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Editorial on the Research Topic: 


Plant specialized metabolisms: physiological responses and molecular mechanisms


Plant specialized metabolites (PSMs), also referred to as “secondary metabolites”, encompass a wide range of compounds such as flavonoids, quinones, terpenoids, alkaloids, and phenolic compounds. These metabolites have evolved to perform specific physiological and ecological roles, significantly contributing to plant adaptation under diverse environmental conditions, stress resistance, development processes, and metabolic regulation. Notably, certain PSMs possess physiological activities and pharmacological effects that hold promise in the prevention and treatment of various human diseases, including cancer, aging-related disorders, and cardiovascular conditions. Additionally, some PSMs have valuable industrial applications, such as natural rubber. The biosynthesis of PSMs exhibits remarkable diversity and complexity, varying across species, organs, tissues, and developmental stages. This biosynthetic complexity is governed by genetic factors and tightly regulated through interactions among transcription factors (TFs), cis-regulatory elements, and environmental cues (both biotic and abiotic stimuli).

Elucidating the biosynthetic pathways and gene functions associated with specific metabolites is essential for understanding their regulatory mechanisms. For instance, Long et al. employed comparative metabolomics across wolfberry and six other species (maize, rice, wheat, soybean, tomato, and grape), identifying 16 metabolites specific to wolfberry. By comparing the copy number of key enzymes in metabolite synthesis and degradation, they found that the phenyllactate degradation gene UGT1 had the lowest copy number among the six species, whereas the riboflavin and phenyllactate synthesis genes RFK and HPPR had higher copy numbers. This suggests that the copy numbers of RFK, HPPR, and UGT1 may be the main reasons for the specific accumulation of riboflavin and phenyllactate in wolfberry. In Rubus chingii, Xu et al. identified 32 RcBBX transcriptional factors. By integrating BBX expression profiles across organs (roots, stems, leaves, flowers, fruits), developmental stages, and abscisic acid (ABA) treatments, they predicted RcBBX26 as a potential activator of anthocyanin biosynthesis and accumulation in red chestnut fruits. Moreover, the expression trends of seven anthocyanin biosynthetic genes (Rc4CL4, Rc4CL5, Rc4CL6, Rc4CL12, RcUFGT8, RcUFGT9, and RcUFGT11) were consistent with RcBBX26 and anthocyanin accumulation during fruit ripening, indicating that RcBBX26 positively regulates anthocyanin biosynthesis by activating target gene expression. In mung bean, Cho et al. identified six genes encoding four key enzymes (CCoAOMT1, CYP81E1, DFR, HCT), which commonly affect the levels of secondary metabolites (catechin, chlorogenic acid, formononetin, genistin). Regulatory network analysis revealed that NAC042 and MYB74 TFs orchestrate the expression of these enzymes, enhancing flavonoid content. These results could improve the nutritional value of mung beans and contribute to developing high-quality mung bean varieties.

Deciphering the biosynthetic mechanisms of various PSMs and increasing the production of valuable metabolites through gene editing are the key objectives in this field. Functional characterization plays a crucial role in unraveling complex molecular mechanisms. For example, Ma et al. utilized yeast two-hybrid and two-luciferase assays to show that CaMYBA, CaMYC, and CaTTG1 form an MYB-bHLH-WD40(MBW) complex, which directly bind promoters of anthocyanin synthesis structural genes such as CaANS to promote transcription and anthocyanin accumulation in pepper leaves. Covarrubias et al. found that overexpression of SlLIP1 in tomato enhances fruit-specific SlLIP1 transcripts, accompanied by increased bound and unbound linoleic acid (LA) content in fruit. Targeted metabolomics analysis of polar metabolites using LC-MS/MS showed that the LA content increase was associated with modifications at the level of transcripts of various genes involved in LA biosynthesis. Martinez-Sanchez et al. used RNA-seq and qPCR to analyze anthocyanin profiles and the expression of genes encoding anthocyanin biosynthetic enzymes revealed that SlATV represses anthocyanin biosynthesis by inhibiting key gene expression. Transient and stable transformation showed that pepino R2R3 MYB113 (AN1-like) is a key transcriptional activator for pepino anthocyanin accumulation. The study by Wolters et al. elucidated the interaction of dandelion TkSRPP with TkUGT80B1 providing a new connection between TkSRPPs and triterpenoid saponin synthesis in T. koksaghyz latex. This result will help to further elucidate the network of proteins linking TkSRPPs, stress responses, and NR biosynthesis within the cellular complexity of latex.

Plant adaptation to environmental changes is closely associated with the dynamic changes in the profiles of PSMs. Therefore, exposing plants to specific induced conditions is an effective way to identify changes in the corresponding metabolites and their regulatory genes. In tobacco, Wei et al. demonstrated the transformation of tobacco metabolites through different roasting processes. The analysis revealed a series of differentially expressed metabolites (DEMs) among fresh leaf, normal curing (NC), excessive curing (EC), and insufficient curing (IC) leaves at the end of 42°C, 54°C, and 68°C, respectively, suggesting that the roasting process regulates the transformation of tobacco metabolites and has a significant effect on the formation of tobacco quality. In addition, LC-MS/MS identified 845 metabolites, with flavonoids as the most abundant class. Petrovic et al. found that the specialized metabolism of Nepeta nuda L. leaves is more reprogrammable in response to differential growth conditions than that in inflorescences. Guo et al. combined proteomic and metabolomic analysis of the changes in tobacco leaves under under both topping and non-topping conditions. They found that the expression of proteins such as chalcone synthase (CHS), chalcone isomerase (CHI), naringenin 3-dioxygenase (F3H), and flavonoid 3’-monooxygenase (F3’H) was upregulated, and metabolites like pinocembrin, kaempferol, trifolin, rutin, and quercetin also increased thus enhancing the biosynthetic pathways of “flavonoid” and “flavone and flavonol”.

Evolutionary divergence also shapes metabolite biosynthesis. Farzana et al. revealed and characterized a new ƔTMT-like enzyme, perivine Nb-methyltransferase (TePeNMT) from the plant Tabernaemontana elegans, distinguishing it from other ƔTMTs and ƔTMT-like NMTs. Their findings suggest that parallel evolution of ancestral gTMTs may be responsible for the occurrence of perivine N-methylation in T. elegans and Catharanthus. roseus.

Finally, this Research Topic includes a review by Wang et al. on different factors affecting the synthesis and accumulation of secondary metabolites in Ficus carica, including varieties, tissue type, environmental factors (e.g., light), stresses (e.g., high temperature, low temperature, drought, nutrient deficiencies, salinity), hormonal treatments, and developmental factors. Furthermore, they discussed the role of structural genes and TFs in the biosynthesis of secondary metabolites, specifically anthocyanins and furanocoumarins. The results of this research have important application prospects for further research and development of new F. carica varieties.
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Wolfberry (Lycium, of the family Solanaceae) has special nutritional benefits due to its valuable metabolites. Here, 16 wolfberry-specific metabolites were identified by comparing the metabolome of wolfberry with those of six species, including maize, rice, wheat, soybean, tomato and grape. The copy numbers of the riboflavin and phenyllactate degradation genes riboflavin kinase (RFK) and phenyllactate UDP-glycosyltransferase (UGT1) were lower in wolfberry than in other species, while the copy number of the phenyllactate synthesis gene hydroxyphenyl-pyruvate reductase (HPPR) was higher in wolfberry, suggesting that the copy number variation of these genes among species may be the main reason for the specific accumulation of riboflavin and phenyllactate in wolfberry. Moreover, the metabolome-based neighbor-joining tree revealed distinct clustering of monocots and dicots, suggesting that metabolites could reflect the evolutionary relationship among those species. Taken together, we identified 16 specific metabolites in wolfberry and provided new insight into the accumulation mechanism of species-specific metabolites at the genomic level.




Keywords: metabolome, nutrition, riboflavin, phenyllactate, copy number variation




1 Introduction

Wolfberry (Lycium, of the family Solanaceae) has excellent nutritional value, with a history dating back thousands of years (Jin et al., 2013). The wolfberry genus contains ~80 species, with a discrete geographic distribution from South and North America to Australia, Eurasia, the Pacific Islands, and South Africa. There are 7 species and 3 varieties in China, mainly distributed in the north (Levin and Miller, 2005). Consuming wolfberry could promote human health by nourishing the liver and kidneys, enhancing vision and regulating the immune system (Vidović et al., 2022). As a result, a large number of studies have assessed the nutritional value of wolfberry from various perspectives. For example, one of the key components responsible for the antioxidant, immunomodulatory, and anticancer effects in Lycium barbarum L. is Lycium barbarum polysaccharide (LBP) (Jin et al., 2013; Masci et al., 2018). Lycium barbarum fruits (LBFs) flavonoids are involved in prominent antioxidant, hypolipidemic, hypoglycemic, immunity-enhancing, and antitumor activities (Yang et al., 2022). The anthocyanins from Lycium ruthenicum Murray have a positive role in maintaining intestinal health and play an antioxidant role (Yan et al., 2018). Ascorbic acid and its derivatives in LBFs can regulate the intestinal flora in mice (Huang et al., 2020). However, except for these known active substances, wolfberry-specific metabolites are still poorly known.

To date, various metabolic methods have been applied to the determination of metabolites in wolfberry. Fifty-six volatile compounds in Ningxia goji berries were characterized by gas chromatography-spectrometry (GC-MS) and identified by gas chromatography-olfactometry (GC-O) and aroma dilution analysis (AEDA) (Lu et al., 2017). Using ultrahigh-performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS), 41 spermidine derivatives were tentatively characterized from LBFs (Ahad et al., 2020). Nine alkaloids were yielded in LBFs by spectroscopic analyses and chemical methods (Chen et al., 2021). Thirteen flavonoid compounds were identified in LBFs using LC-MS (Yang et al., 2022). Based on these metabolic methods, the comparative metabolome of different varieties (Zhang et al., 2016), tissues (Xiao et al., 2021) or development stages of wolfberry (Zhao et al., 2015) under various environmental conditions (Poggioni et al., 2022) has been extensively studied. For example, by comparing the metabolic groups of Lycium barbarum, Lycium chinense, and Solanum lycopersicum, the metabolic markers distinguishing Lycium and Solanum fruits were revealed (Dumont et al., 2020). However, there is still a large gap in metabolome comparison between wolfberry and different species, which needs further exploration.

To study the metabolic mechanism of wolfberry-specific substances, many studies have been carried out on the regulatory mechanism of metabolites during fruit ripening. The LbNCED1 transcript level was transcriptionally activated by the developmental cues of Lycium fruit, enhancing the accumulation of abscisic acid (ABA), thereby promoting anthocyanin production and leading to fruit coloration (Li et al., 2019). Distinction in the expression patterns of 22 transcription regulators may be the main reason for the morphological and phytochemical differences between L. barbarum (LB) and L. ruthenicum (LR) fruits at five developmental stages (Zhao et al., 2020b). Recent research has shown that LbNR (nitric reductase (NR) from L. barbarum) inhibited anthocyanin biosynthesis and enhanced proanthocyanidin (PA) accumulation by regulating nitric oxide (NO) (Li et al., 2020a). Moreover, based on metabolome and transcriptome analysis, many key genes involved in metabolite synthesis were identified in wolfberry. For example, candidate genes for flavonoid biosynthesis were identified by conducting transcriptome and flavonoid metabolic profiling, and the molecular regulatory mechanism of LrAN1b on anthocyanins and fruit color was verified, which provided a new understanding of the potential mechanism of action of flavonoids (Li et al., 2020b). Through competitive transcriptome analysis between LB and LR, 38 MYB transcription factors that may regulate the fruit development of wolfberry were identified (Wang et al., 2020). Recently, the first reference genome of wolfberry was published (Cao et al., 2021), indicating that the genetic basis of metabolites in wolfberry can be analyzed at the genomic level.

To comprehensively explore the specific metabolites and their causes in wolfberry, we compared the metabolome of wolfberry, rice, maize, wheat, soybean, grape, and tomato. A total of 1043 distinct metabolic features were detected and were divided into 10 categories, 16 of which were identified as wolfberry-specific metabolites. Our results showed that metabolites could reflect the evolutionary relationship among different species. We further showed that the copy numbers of RFK, HPPR, and UGT1 may be the main reasons for the specific accumulation of riboflavin and phenyllactate in wolfberry.




2 Materials and methods



2.1 Plant materials

To study the differences in metabolites between wolfberry (Lycium, of the family Solanaceae) and other species, we selected three monocot crops and three dicot crops as reference objects. The monocot crops included three major staple crops maize (Zea mays L.), rice (Oryza sativa L.) and wheat (Triticum aestivum L.), with rice being the model plant for monocots. The dicot crops included legume crop soybean (Glycine max (L.) Merr.) and the fruit crops tomato (Solanum lycopersicum L.) and grape (Vitis vinifera L.). Wolfberry (L.barbarum ‘Ningqi No.1’, L. barbarum var. auranticarpum, L. ruthenicum) was obtained from Yinchuan, Ningxia (E113°42′, N34°48′). Maize (Waxy maize, Red Waxy maize, Fruit maize, Sweet maize), Grape (Red grape, Green grape, Seedless red grape, Jufeng grape), Tomato (Pink tomato, Tomato, Cherry tomato, Millennium cherry tomato) were obtained from Haikou, Hainan (E110°20′, N20°02′). Soybeans (GDC058, GDC062, GDC063) were obtained from Zhengzhou, Henan (E113°42′, N34°48′). Wheat (Lumai 21, Heng 7228, Linmai No. 2, Xinong 529) was obtained from Zhaoxian, Hebei (E114°28′, N38°02′). Rice (Huanghuazhan, Nipponbare, Mimghui 63, Zhengshan 97, Zhonghua 11) was obtained from Hainan University (E110°20′, N20°02′).




2.2 Sample preparation and extraction

The samples were put in a lyophilizer for vacuum freeze-drying, and they were crushed in a mixer mill (MM 400; Retsch, Haan, Germany) for 1 min at 30 Hz. Next, 80 mg of the powdered sample was weighed into a 2 mL centrifuge tube, and 70% aqueous methanol (v/v) with lidocaine internal standard was added to extract the water-soluble metabolites (pure methanol was used to extract the fat-soluble metabolites). Then, the tube was vortexed for 10 seconds, allowed to stand for 10 min, repeated three times, and placed in a refrigerator at 4°C for 10-12 hours. Then, the sample was centrifuged (4°C, 10000 rpm, 10 min), the supernatant was pipetted, the water-soluble and fat-soluble metabolites were mixed 1:1 and filtered by a microporous filtration membrane (SCAA-104, 13 mm, 0.22 μm, Shanghai Anpu Experimental Technology Co., Ltd., http://www.anpel.com.cn/), and the sample was filtered into an injection bottle for storage for UPLC-MS analysis.




2.3 Detection of metabolites

The instruments used for LC-MS/MS analysis included UPLC-Q Exactive Plus Orbitrap HRMS and UPLC-Q-Trap 6500+ MS. The analytical column used was a C18 column (Shim-pack GLSS C18, 1.9 μm, 2.1*100, Shimadzu).

UPLC chromatographic conditions: mobile phase A is an aqueous solution containing 0.04% glacial acetic acid, and mobile phase B is a methanol solution containing 0.04% glacial acetic acid. Elution gradient: At 0 min, Vphase A: Vphase B = 95:5; At 10 min, Vphase A: Vphase B = 5:95; At 11 min, Vphase A: Vphase B = 5:95; At 11.1 min, Vphase A: Vphase B = 95:5, this ratio was continued until the end (duration is 14 minutes). The column temperature was set to 40°C, the injection volume of the injector was 2 μL, and the flow rate was 0.35 mL/min.

Orbitrap HRMS mass spectrometry conditions: ESI ionization method, mass spectrometry scanning mode is Full MS/ddMS2, ion collection mass range is 100~1200 m/z, and the lysis voltage is set to 20, 40, 60 eV; The spray voltage in positive ion mode is 3.5 kV, the capillary temperature is 350°C, the heater temperature is 350°C, the sheath gas (nitrogen) flow rate is 40 arb, and the auxiliary gas (nitrogen) flow rate is 10 arb. The spray voltage in negative ion mode is -3.0 kV, the capillary temperature is 350°C, the heater temperature is 350°C, the sheath flow rate is 30 arb, and the auxiliary air flow rate is 10 arb.

For wide-target detection of metabolites by UPLC-Q-Trap 6500+ multiplex reaction monitoring mode, the MRM detection window was set to 60 s, and the target cycle time was set to 0.8 s. The raw data were integrated by Multi Quant 3.0.3 to accurately obtain the relative content of each substance.




2.4 Metabolome analyses

All statistical analyses were carried out using R (4.1.1, http://www.r-project.org). (PCA) was performed using the R package “FactoMineR” (Lê et al., 2008) with 587 metabolite data from 3 biological replicates of mixed samples of each species to evaluate the metabolome differences across seven species. Circular plots were constructed using the R package Circlize, with the raw data normalized and scaled in the R program; the y-axes of the seven circles were set on the same scale. The hierarchical clustering tree using metabolome data of the seven species was constructed using the R package “hclust”. Orthogonal partial least squares discriminant analysis (OPLS-DA) was conducted by the R package “ropls” (Thévenot et al., 2015) to identify the major discriminant metabolite features among different species. A metabolite feature was considered a species-specific metabolic trait when matching the following criteria compared with the other six species: (i) P value of paired t-test ≤ 0.05; (ii) Fold Change ≥ 3. Venn diagrams were generated on the online website jvenn (http://jvenn.toulouse.inra.fr/app/index.html).




2.5 Enrichment analysis

Heatmaps were generated using the R package “pheatmap” with data normalization to divide the metabolome into eight clusters, and comparisons were performed via an average linkage method based on the Manhattan distance. Metabolic traits of different clusters were used for the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis to elucidate the differential metabolic pathways among these seven different species. Enrichment analysis was carried out using the online platform MetaboAnalyst (https://www.metaboanalyst.ca/) selecting Oryza sativa japonica (Japanese rice) (KEGG) as a reference database. The bubble plot was drawn by the R package “ggplot2” (Ginestet, 2011).





3 Results



3.1 Metabolomic profiling of seven species

To dissect the metabolome differences between wolfberry and diverse species, six popular species were selected for comparison with wolfberry for analysis in this study. These species include four cereal crops maize, rice, wheat, legume crop soybean and two fruit crops tomato and grape. To reduce the specific error associated with a variety, we collected commercially available varieties of these seven species and mixed them to prepare mixed samples that represented the metabolome of each species. Collectively, a total of 1043 distinct metabolic features were detected and quantified in these seven species, the identification class is shown in Supplementary Figure S1A. Based on the comparison of our local metabolite database and commercial standards (Chen et al., 2014; Li et al., 2022b), 587 metabolites were identified, which could be divided into 10 categories, including 127 phenylpropanoids, 125 amino acids and their derivatives, 116 organic acids and sugars, 66 lipids, 40 nucleic acids and their derivatives, 35 vitamins and cofactor derivatives, 20 terpenoids, 15 alkaloids, 10 phytohormones and 33 other metabolites (Figure 1A, Supplementary Table S1).
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Figure 1 | Multispecies metabolic spectrum composition analysis. (A) Classification of metabolites that have been speculated or verified. A total of 587 metabolites in wolfberry, soybean, tomato, grape, maize, wheat and rice were detected in this study. (B) Principal component analysis of the 587 metabolites among the seven species. (C) Features of the 587 metabolites in the seven species. Raw data were normalized and scaled using the R program, and data points show the average values of three replicates of each metabolite. The y-axes of the seven circles are on the same scale, from 0.508 to 1.556. Substance classes are represented by the line colors.



Principal component analysis (PCA) was performed to assess the overall metabolome differences under the unsupervised model. The first principal component (PC1) explained the greatest variance (27.7%) of the variation among the seven species. Among the top 50 contributors of PC1, the proportion of amino acid and their derivative was the highest, followed by organic acids and sugars (Supplementary Table S2). The second principal component (PC2) was orthogonal to PC1 and was the largest in the remaining variance, accounting for 19.4% of the variance. Among the top 50 contributors in PC2, phenylpropanoids had the highest proportion, followed by amino acid and their derivative (Supplementary Table S2). For example, ornithine hydrochloride (ms025), the first-ranked identified metabolite, was found to accumulate more in the species with negative PC2 (grape, wolfberry and rice) than in those with positive PC2 (maize, wheat, soybean and tomato) (Supplementary Figure S1B). The results showed that the seven species were clearly separated, and three biological replicates of each species were compactly grouped together. This discrete clustering of the respective species indicates the distinct attributes of each species and the high repeatability and reliability of the experimental results (Figure 1B).

To visualize the variation in the metabolome among different species, we generated a circular plot for the seven species (Figure 1C). In the circular plot, strong variation in metabolic accumulation across seven species could be observed, with phenylpropanoids, nucleic acids and derivatives as well as phytohormones showing the most pronounced variation. To quantify the degree of variation, we used the coefficient of variation (CV) values of metabolites across the seven species. Phenylpropanoids were found to be the most variable metabolites, with a CV range from 11.56% to 244.93%, which is consistent with the results shown in the circular plot (Supplementary Figure S1C, Supplementary Table S3). In contrast, nucleic acids and derivatives have the least variation, probably because they are crucial components of genetic material in all species, some of which play vital roles in influencing the structure and function of RNA or in post-transcriptional gene regulation (Dominissini et al., 2016). Therefore, the conservation of these compounds, which represented the minimum variation in our data, implied their importance in living organisms, illustrating the role of nucleic acids and derivatives as building blocks in the life of organisms.




3.2 Differential accumulation patterns of metabolites among seven species

The overall profile of all identified metabolites in the seven species was analyzed by hierarchical cluster analysis (HCA). As shown in the heatmap, the metabolic diversity in different species was further indicated. Furthermore, all the compounds were hierarchically clustered into eight main clades, the first seven of which specifically accumulated in wolfberry, rice, maize, wheat, tomato, grape and soybean, indicating that each species has its preferential metabolites (Figure 2A, Supplementary Table S4).


[image: Panel A shows a heatmap illustrating metabolite distribution across various plant species, categorized by class: phenylpropanoid, amino acid, lipid, and others. Panel B is a scatter plot depicting pathway impact analysis, highlighting different metabolic pathways such as glycine metabolism and aminoacyl-tRNA biosynthesis, with dot size representing metabolite number and color indicating p-value.]

Figure 2 | Analysis of differences in the relative content of metabolites. (A) Cluster analysis of the relative content of annotated metabolites in 7 species. The relative content of the annotated metabolites was represented by the mean of three biological replicates and normalized by z score standardization. Metabolites were clustered by hierarchical cluster analysis. Shades from blue to red in the figure represent increasing levels of metabolites, and the 10 color blocks in the class column indicate the classification of metabolites. (B) KEGG enrichment analysis of metabolites specifically accumulated in wolfberry. The P value ranges from 0.125 to 0.025, as seen by the color scheme of red to blue. The size of the dots represents the number of metabolites.



To explore the preferred metabolic pathway of each species, we performed pathway enrichment analysis of the metabolites in clade 1 to clade 7 by the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Figure 2B, Supplementary Figure S2). Here, we focused on the preferred metabolite of wolfberry in clade 1. The 43 substances in clade 1 showed specific accumulation in wolfberry and were classified into 9 different categories. The two largest metabolites among them are organic acids and sugars and amino acids and their derivatives, accounting for 25.58% and 23.26%, respectively. Organic acids and sugars in wolfberry fruit are not only important nutrients but also the main influencing factors of flavor quality, while amino acids and derivatives are the main nutritional and medicinal components in LBFs (Zhao et al., 2020a). In the KEGG pathway enrichment analysis, the 43 metabolites were involved in 19 pathways. The major pathways are presented in the bubble plot (Figure 2B). In addition to amino acid metabolism, they also include glyoxylate and dicarboxylate metabolism, thiamine metabolism, aminoacyl-tRNA metabolism, purine metabolism, cyanoamino acid metabolism and anthocyanin biosynthesis. Similarly, 48 metabolites in clade 6 showed more accumulation in grapes and were enriched in the glutathione metabolic pathway. This could explain the antioxidant activity conferred by glutathione in grapes (Supplementary Figure S2F). Collectively, these results suggest that the specific accumulation of metabolites in different species can represent and determine their specific nutritional value.




3.3 Metabolic profile reflects the evolutionary relationship between monocotyledons and dicotyledons

To explore the affinities among the seven species, a neighbor-joining tree was constructed using metabolome data of the seven species (Figure 3A), and we also created a phylogenetic tree using the whole genome protein sequence of the seven species Supplementary (Figure S3). The dicotyledons wolfberry, tomato, soybean and grape were clustered in both metabolome-based and protein-based trees, while the monocotyledons wheat, rice and maize were clustered together. These results indicate that there are differences in the metabolome between monocots and dicots, and the metabolomes could reflect the evolutionary relationship among different species.


[image: Composite image consisting of four panels: A displays a phylogenetic tree illustrating relationships among seven plant species. B shows a scatter plot with species categorized into Dicots and Monocots using T-scores. C and D present heatmaps displaying metabolite data across these species, with varying colors indicating intensity levels.]

Figure 3 | Metabolome analysis between monocotyledons and dicotyledons. (A) Neighbor-joining tree of the seven species with metabolome data. (B) PLS-DA analysis of the metabolite profiling of seven species. The data represent the mean values obtained from three biological replicates of each species. Powder blue and baby pink indicate dicots and monocots, respectively. (C, D) Comparisons of the relative accumulation levels of the top 50 (C) and bottom 50 (D) contributors identified in the PLS-DA distribution in the dicots and monocots. The relative content of metabolites was represented by the mean of three biological replicates and normalized by z score standardization. Metabolites were clustered by hierarchical cluster analysis. Shades from blue to red in the figure represent increasing levels of metabolites. Phe, Phenylpropanoids; AA, Amino acids/derivatives; OA, Organic acids and sugars; Nuc, Nucleics/derivatives; Ter, Terpenoids; Vit, Vitamins and Cofactor derivates; Alk, Alkaloids; Oth, Others; Lip, Lipids; KIN, Phytohormones.



To estimate the classification performance of monocots and dicots, we conducted supervised PCA and partial least-squares discriminant analysis (PLS-DA) among the seven species. The R2X, R2Y and Q2 are 0.436, 0.998 and 0.849, respectively, which are the prediction parameters of the PLS-DA model. The R2X value reflects the degree to which the model explains the variability of the input data, while the R2Y and Q2 values represent the model’s explanatory power for the output variable and its predictive accuracy, respectively. Here, R2Y and Q2 were both close to 0.9, with the same order of magnitude, indicating the stability and trustworthiness of this model (Golbraikh and Tropsha, 2002; Blasco et al., 2015; Su et al., 2022). The results showed that the main principal components (PC1 and PC2) explained 46.6% of the variability, with monocots and dicots being well discriminated from each other (Figure 3B).

The PLS-DA loading values of these 587 compounds are listed in Supplementary Table S5 to quantify the contribution to the classification of the metabolites. On the basis of these data, two heatmaps were generated to organize the accumulation levels of the most effective contributors within monocots and dicots. We found that the top 50 contributors preferentially accumulated in dicots (Figure 3C, according to Supplementary Table S5, indicated in red), and organic acids and sugars (38%) as well as amino acids and derivatives (22%) were predominant among them, which might be identified as the specific accumulated components of dicots. In contrast, the bottom 50 contributors tended to have a preferential accumulation pattern in monocots (Figure 3D, Supplementary Table S5, indicated in blue), and it can be inferred that lipids and phytohormones accumulated specifically only in monocots. The aforementioned results reveal that the differentiation between monocots and dicots can mainly be ascribed to the considerable variation in compounds such as organic acids and sugars, amino acids and derivatives, phenylpropanoids and lipids. Together, these results indicate that the metabolome reflects evolutionary relationships between different crops.




3.4 Species-specific metabolites of the seven species

To identify those metabolites that could be used to split and distinguish the seven species, we calculated the fold change for each compound among the species. We defined the metabolites in a certain species whose content was more than 3 times higher than that of other species as species-specific metabolites. There were 16, 29, 14, 21, 15, 52 and 23 species-specific metabolites in wolfberry, rice, wheat, maize, soybean, tomato, and grape, respectively (Figure 4A). Seven phenylpropanoids (cyanidin chloride, echinacoside, esculoside, isorhamnetin 3-O-neohesperidoside, methyl p-coumarate, narcissoside and scopoletin), two amino acids and their derivatives (L-asparagine and N-acetylneuraminic acid), four organic acids and sugars (2-hydroxyisocaproic acid, 5-hydroxyhexanoic acid, phenyllactate and shikimic acid), one lipid (cholesterol), one vitamin and coenzyme derivative (riboflavin), and one alkaloid (4-amino-5-hydroxymethyl-2-methylpyrimidine) were among the 16 wolfberry-specific metabolites. Twenty-nine rice-specific metabolites comprised six terpenoids, two phytohormones, four amino acids and their derivatives, five organic acids and sugars, three lipids, eight phenylpropanoids and one vitamin and coenzyme derivative. Six phenylpropanoids, two amino acids and their derivatives, one organic acid and sugar, three lipids, and two nucleic acids and their derivatives are among the 14 wheat-specific metabolites. Among the 21 maize-specific metabolites were two phenylpropanoids, three amino acids and their derivatives, three organic acids and sugars, nine lipids, two nucleic acids and their derivatives, one alkaloid and one other compound. Fifteen soybean-specific metabolites included one phenylpropanoid, two amino acids and their derivatives, three organic acids and sugars, five lipids, one nucleic acid and its derivative, one terpenoid, one alkaloid and one other substance. Fifty-two tomato-specific metabolites included nine phenylpropanoids, 16 amino acids and their derivatives, five organic acids and sugars, 12 nucleic acids and their derivatives, four vitamins and coenzyme derivatives, three alkaloids, one phytohormone and two other compounds. In addition, 23 grape-specific metabolites were identified, comprising 15 phenylpropanoids, three amino acids and their derivatives, three organic acids and sugars, one phytohormone and one other compound.


[image: Bar graph and radar chart comparing metabolites in different crops. Panel A shows the number of metabolites in wolfberry, rice, wheat, maize, soybean, tomato, and grape, categorized by type. Panel B displays a radar chart indicating metabolite overlap among rice, wheat, maize, soybean, tomato, and grape, with numbers showing intersecting metabolites. A bar chart indicates the total size of each metabolite list for the crops.]

Figure 4 | Comparison of differential metabolites between different species. (A) The number of known classified metabolites in each species showing more than threefold higher content than those in the other six species. The Y-axis refers to the number of metabolites. (B) Venn diagram analysis of wolfberry-specific metabolites relative to each species. Each color triangle denotes the wolfberry-specific metabolites relative to each species (top). Each color bar represents the number of wolfberry-specific metabolites relative to each species (bottom). The Y-axis represents the number of metabolites. Green: rice; purple: wheat; pink: maize; blue-green: soybean; blue: tomato; yellow: grape.



We found that phenylpropanoids, organic acids and sugars accounted for the largest proportion of specific metabolites in wolfberry, which may determine the special nutritional value of wolfberry. To further compare the metabolites specifically accumulated in wolfberry compared to each species, we performed a Venn diagram analysis. The Venn diagram shows the number of wolfberry-specific metabolites compared with other species. Wolfberry had the most differential metabolites compared with grapes, followed by rice, corn and wheat, the three monocotyledon crops (Figure 4B). Venn diagrams of specific metabolites of other species are shown in Supplementary Figure S4. We found that all species had the highest number of specific metabolites relative to grape, while grape had the most specific metabolites compared to wheat.




3.5 Variation in the number of gene copies causes specific metabolites of Lycium barbarum to accumulate

The copy numbers of the riboflavin and phenyllactate degradation genes riboflavin kinase (RFK) and phenyllactate UDP-glycosyltransferase (UGT1) were lower in wolfberry than in other species, while the copy number of the phenyllactate synthesis gene hydroxyphenyl-pyruvate reductase (HPPR) were higher in wolfberry, suggesting that the copy number variation of these genes among species may be the main reason for the specific accumulation of riboflavin and phenyllactate in wolfberry. To illuminate the genetic basis of the high metabolite content in wolfberry, we investigated the metabolic pathway of riboflavin and phenyllactate, which are more than five times more abundant in wolfberry than in other species. RFK, encoding riboflavin kinase, which is responsible for the degradation of riboflavin, had the lowest number of copies in wolfberry (Figure 5). This could lead to the weakening of riboflavin’s ability to turn into flavin mononucleotide (FMN), thus increasing the accumulation of riboflavin in wolfberry. HPPR, encoding hydroxyphenyl-pyruvate reductase, which is responsible for synthesizing phenyllactate, has the highest copy number in wolfberry when compared with the other six species (Figure 6). As a result, the amount of phenyllactate in wolfberry may dramatically increase. Moreover, UGT1, encoding a key enzyme in the initial step of phenyllactate degradation, had the fewest copies in wolfberry (Figure 6). This will slow down the reaction of phenyllactate to phenyllactylglucose in wolfberry. Therefore, the increased synthesis and decreased degradation of phenyllactate are jointly responsible for the specific accumulation of phenyllactate in wolfberry (Figure 6). Taken together, our results showed that specific accumulation of riboflavin and phenyllactate in wolfberry may be caused by variation in the number of genes involved in riboflavin and phenyllactate synthesis or degradation.


[image: Diagram of riboflavin metabolism, highlighting the transformation of 6,7-dimethyl-8-(D-ribityl)lumazine to riboflavin, then to FMN and FAD. Enzymes like RIB5, BLVRB, and riboflavinase are depicted, along with gene expression levels for different plants, represented by a color-coded chart for species like wolfberry, maize, and tomato. Chemical structures are shown at each step.]

Figure 5 | Riboflavin metabolic pathway. The heatmap shows the accumulation of metabolites and the copy number of genes among the seven species. Left corner there is a scale bar. The circles represent the accumulation levels of metabolites, and the data are represented by the average values of three biological replicates and normalized with z score standardization. Shades from blue to red represent increasing metabolite levels. The rectangular heatmap represents the copy numbers of genes, with green representing a high copy number and white representing a low copy number. The rectangle box indicates the key enzyme, and the abbreviation: RIB5, riboflavin synthase; BLVRB, biliverdin reductase/flavin reductase; hpaC, flavin reductase (NADH); fre, NAD(P)H-flavin reductase; PHO, acid phosphatase; FHY1, FMN hydrolase/5-amino-6-(5-phospho-D-ribitylamino) uracil phosphatase; RFK, riboflavin kinase; FLAD1, FAD synthetase; ENPP1_3, ectonucleotide pyrophosphatase/phosphodiesterase family member 1/3; NUDT23, ADP-ribose/FAD diphosphatase. Wo, M, R, Wh, S, G and T represent wolfberry, maize, rice, wheat, soybean, grape and tomato, respectively.




[image: Diagram illustrating phenyllactate metabolism, showing the conversion of L-Phenylalanine to phenylpyruvate, phenyllactate, phenylactyl-CoA, and finally phenylactylglucose. Metabolite sources are indicated by circular diagrams, detailing contributions from wolfberry, maize, rice, wheat, soybean, grape, and tomato. Enzymes such as tyrB, ARO9, GOT2, TAT, hisC, fldH, HPPR, fldA, and UGT1 are involved in various stages. Gene expression levels are represented by a heatmap ranging from zero to ten.]

Figure 6 | Phenyllactate metabolism pathway. The heatmap shows the accumulation of metabolites and the copy number of genes among the seven species. Left corner there is a scale bar. The circles represent the accumulation levels of metabolites, and the data are represented by the average values of three biological replicates and normalized with z score standardization. Shades from blue to red represent increasing metabolite levels. The rectangular heatmap represents the copy numbers of genes, with green representing a high copy number and white representing a low copy number. The rectangular box indicates the key enzyme, and the abbreviations are as follows: GOT2, aspartate aminotransferase, mitochondrial; TAT, tyrosine aminotransferase; hisC, histidinol-phosphate aminotransferase; tyrB, aromatic-amino-acid transaminase; ARO9, aromatic amino acid aminotransferase II; fldH, aromatic 2-oxoacid reductase; HPPR, hydroxyphenyl-pyruvate reductase; fldA, cinnamoyl-CoA:phenyllactate CoA-transferase; UGT1, phenyllactate UDP-glycosyltransferase. Wo, M, R, Wh, S, G and T represent wolfberry, maize, rice, wheat, soybean, grape and tomato, respectively.







4 Discussion

In this study, we discovered 16 metabolites that preferentially accumulate in wolfberry and showed that the copy number of genes may be one of the main factors contributing to the accumulation of these metabolites. We also demonstrate that metabolite contents can be utilized as indicators to determine the evolutionary relationship between various species.

In recent years, the nutritional components in plants have aroused broad concern. (Sun et al., 2024) Wolfberry has special nutritional value, and scholars have conducted extensive research on it. Over the past few years, with the advancement of metabolomic methods, metabolomic studies of various plants have been extensively studied, including wolfberry. Using widely targeted LC-MS/MS, the metabolites and their spatial distribution in dried kernels of six representative bread wheat cultivars in China were determined. Flavonoids varied the most in different varieties, and the concentration was higher in the outer layer of the grain but lower only in the kernel (Zhu et al., 2022). The metabolome study of maize and rice showed significant interspecific differences in their metabolic variation and identified flavonoids as the key constituent of interspecific metabolic divergence (Deng et al., 2020). A study with widely targeted metabolomics in three major food crops (wheat, maize and rice) and three fruits (banana, mango and grape) revealed that the main differential metabolites in crops and fruits were vitamins, amino acids, flavonoids and lipids and identified complementary patterns of essential nutrients in crops and fruits (Shi et al., 2022). Through the analysis of metabolites in wolfberry and tomato, it was found that the typical markers of tomato were lycopene, carotene, glutamate and GABA, while the characteristic metabolites of wolfberry were lycibarbarphenylpropanoids and zeaxanthin esters (Dumont et al., 2020). However, few direct comparisons have been made between the metabolomes of wolfberry and other common species. In this work, we demonstrated that the metabolomes of monocots and dicots differed significantly. By comparing wolfberry with other common species, we identified more undiscovered specific metabolites in wolfberry, which may be closely linked to wolfberry’s biological functions.

Numerous active ingredients have been identified in wolfberry. Lutein, zeaxanthin and carotene in wolfberry can reduce the risk of age-related macular degeneration (AMD) (Bertoldi et al., 2019). Together with vitamin B, they are responsible for the vision-improving effects of wolfberry (Kocyigit and Sanlier, 2017). Phenolic substances in wolfberry have been widely reported, and wolfberry has antioxidant, anti-inflammatory, neuroprotective, anticancer properties and intestinal microbiome regulatory effects (Ilić et al., 2020). In addition, LBPs, organic acids and carotenoids can also enhance the antioxidant capacity of wolfberry (Kocyigit and Sanlier, 2017). Changes in anthocyanin content are associated with the difference in fruit color of different wolfberry varieties and with the antioxidant capacity of the fruit (Zheng et al., 2011). In addition, wolfberry fruit also lowers blood sugar, blood fat and blood pressure, which is mainly due to the accumulation of amino acids, various monosaccharides and LBP in wolfberry (Potterat, 2010). In this study, we identified important active components in wolfberry. For example, betaine has been widely reported as an important active substance in wolfberry due to its antioxidant activity (Vidović et al., 2022). Our findings revealed that the concentration of betaine in wolfberry exceeds that of rice, maize, soybean, tomato, and grape by over 30 times, while its content in wheat is comparable to that in wolfberry (Supplementary Table S2). Besides, compared to those previously described in wolfberry, we discovered more metabolites that accumulate specifically in wolfberry, including N-acetylneuraminic acid, asparagine, 2-hydroxyisocaproic acid, 5-hydroxyhexanoic acid, phenyllactate, shikimic acid, echinacoside, esculin, isorhamnetin 3-O-neohesperidoside, narcissoside, scopoletin, cyanidin chloride, methyl p-coumarate, riboflavin, 4-amino-5-hydroxymethyl-2-methylpyrimidine and cholesterol. Of these, phenyllactate, N-acetylneuraminic acid, echinacoside, esculin, isorhamnetin 3-O-neohesperidoside, narcissoside and 4-amino-5-hydroxymethyl-2-methylpyrimidine were first identified as wolfberry-specific metabolites. Previous studies have shown that wolfberry can improve people’s vision (Kocyigit and Sanlier, 2017). Riboflavin, often known as vitamin B2, has been shown to sustain proper visual capabilities in living beings (Kocyigit and Sanlier, 2017). Wolfberry contains high levels of riboflavin, which suggests that riboflavin is responsible for the fruit’s ability to improve vision. Anthocyanins and organic acids in wolfberry have been reported to be associated with conferring antioxidant activity to wolfberry (Yan et al., 2018; Oğuz et al., 2021). In this study, we identified cyanidin chloride and four organic acids and sugars as wolfberry-specific metabolites, which may be significant anthocyanins and organic acids that confer antioxidant activity to wolfberry. Additionally, it has been reported that scopoletin has antioxidant activity in rats (Panda and Kar, 2006), and its specific accumulation in wolfberry may also be responsible for the antioxidant capacity of wolfberry.

The dissection of the genetic mechanism of important nutrient production in wolfberry is conducive to accelerating the process of plant breeding. Combining transcription and metabolism has become a widely used method to analyze the formation mechanisms of important metabolites in wolfberry. Using this research method, researchers have identified several key genes that regulate important metabolites of wolfberry through differences in transcription levels. For instance, the transcript level of LbNCED1 positively regulates anthocyanin accumulation in wolfberry, thereby promoting fruit coloration. Nowadays, the genome has become a powerful tool for identifying functional genes (Zhao and Shi, 2022; Li et al., 2022a). The wolfberry reference genome is the first published reference genome of woody Solanaceae, which is beneficial for analyzing the genetic basis of wolfberry metabolites at the genome level. However, there is still a gap in the research analyzing the formation mechanism of wolfberry-specific metabolites at the genome level. In this work, we identified 16 wolfberry-specific metabolites, among which 10 exhibited a more distinct accumulation pattern in wolfberry. The concentration of these 10 metabolites in wolfberry was more than five times higher than in other species. Specifically, these metabolites include N-acetylneuraminic acid, 2-hydroxyisocaproic acid, 5-hydroxyhexanoic acid, phenyllactate, echinacoside, esculoside, isorhamnetin 3-O-neohesperidoside, narcissoside, scopoletin and riboflavin. Among them, the metabolic pathways of phenyllactate and riboflavin have been clearly analyzed in KEGG, we compared the copy number of the genes encoding key enzymes for the synthesis and degradation of specific metabolites in wolfberry and other species. Compared with other species, riboflavin and phenyllactate have more copies of key enzymes for synthesis and fewer copies of key enzymes for degradation in wolfberry, which may be the reason for their specific accumulation in wolfberry. Our work demonstrates that the formation of wolfberry-specific metabolites is controlled not only by the level of gene expression but also by the copy number of key genes that may lead to differences in metabolite synthesis pathways.




5 Conclusion

In this study, we compared the metabolome of wolfberry with that of six species, including the cereal crops maize, rice, wheat, legume crop soybean, and the fruit crops tomato and grape, and identified metabolites that accumulate specifically in wolfberry. Through high-throughput metabolomic analysis with widely targeted liquid chromatography-tandem mass spectrometry (LC-MS/MS), a total of 16 wolfberry-specific metabolites were identified, including seven phenylpropanoids, two amino acids and their derivatives, four organic acids and sugars, one lipid, one vitamin and coenzyme derivative, and one alkaloid. The phenyllactate degradation gene UGT1 had the lowest copy number of the six species, whereas the riboflavin and phenyllactate synthesis genes RFK and HPPR had higher copy numbers than those of the other six species. This suggests that the copy numbers of RFK, HPPR, and UGT1 may be the main reasons for the specific accumulation of riboflavin and phenyllactate in wolfberry. Moreover, the metabolome-based neighbor-joining tree showed that monocots and dicots clustered together separately, suggesting that metabolites could reflect the evolutionary relationship among different species. Taken together, we identified specific metabolites in wolfberry and provided new insight into the accumulation mechanism of species-specific metabolites at the genomic level.
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Pepino (Solanum muricatum) is an herbaceous crop phylogenetically related to tomato and potato. Pepino fruit vary in color, size and shape, and are eaten fresh. In this study, we use pepino as a fruit model to understand the transcriptional regulatory mechanisms controlling fruit quality. To identify the key genes involved in anthocyanin biosynthesis in pepino, two genotypes were studied that contrasted in foliar and fruit pigmentation. Anthocyanin profiles were analyzed, as well as the expression of genes that encode enzymes for anthocyanin biosynthesis and transcriptional regulators using both RNA-seq and quantitative PCR. The differential expression of the transcription factor genes R2R3 MYB SmuMYB113 and R3MYB SmuATV suggested their association with purple skin and foliage phenotype. Functional analysis of these genes in both tobacco and pepino showed that SmuMYB113 activates anthocyanins, while SmuATV suppresses anthocyanin accumulation. However, despite elevated expression in all tissues, SmuMYB113 does not significantly elevate flesh pigmentation, suggesting a strong repressive background in fruit flesh tissue. These results will aid understanding of the differential regulation controlling fruit quality aspects between skin and flesh in other fruiting species.
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Introduction

Pepino (Solanum muricatum Aiton, 2n=24), is an herbaceous crop native to the High Andes region of South America (Anderson et al., 1996). This crop is in the same genus as tomato (S. lycopersicum L.) and potato (S. tuberosum L.) and is phylogenetically closely related to other major solanaceous fruit crops such as pepper (Capsicum annuum L.) and eggplant (Solanum melongena L.) (Spooner et al., 1993; Rodríguez-Burruezo et al., 2011; Sarkinen et al., 2013). However, it has a number of advantageous characteristics, including propagation and growing practices. Pepino plants are easy to grow and propagate, have a relatively short life cycle, simple genetics (diploid), and a recently sequenced genome (Song et al., 2022). Pepino has a tendency to produce parthenocarpic fruit (Prohens et al., 2005), and the fruit need over 90 days to reach rich full ripeness. Pepino plants are sensitive to high temperatures during pollination, which can significantly reduce fruit set (Burge, 1989) and affect ripening, fruit quality and taste (Rodríguez-Burruezo et al., 2011).

Pepino fruit can be round, ellipsoid or elongated (Herraiz et al., 2015), and have attractive characteristics for consumers, such as brightly colored skin with stripes in some genotypes, intense aroma and a yellow juicy flesh with a mild sweet taste (Rodríguez-Burruezo et al., 2011; Herraiz et al., 2016). Fruit are generally consumed when fully ripe in the same way as melon, as a dessert fruit, although they are notably less sweet (Prohens et al., 2005). Another use for the un-ripe fruit is to cut and use in a similar way to cucumber. The pepino fruit is recognized for its beneficial attributes for human health (Hsu et al., 2011; (Shathish and Guruvayoorappan, 2014). The relatively large variation in appearance, anthocyanin concentration, soluble solids content, acidity, and vitamin C content (Rodríguez-Burruezo et al., 2011 (Prohens et al., 2003), Herraiz et al., 2016), suggests that improvement can be made via selection and breeding (Rodríguez-Burruezo et al., 2011), with breeding goals such as enhanced yield, reduced ripening time, improved heat tolerance and increased fruit quality.

Anthocyanins are flavonoids synthesized by plants and along with other pigments such as betalains and carotenoids, are responsible for the red to blue color in leaves, flowers and fruits (Holton and Cornish, 1995; Grotewold, 2006; Petroni and Tonelli, 2011). They help attract pollinators and seed distributors (Davies et al., 2012) and also play a critical role in protecting the plant against abiotic stresses including drought (Castellarin et al., 2007; André et al., 2009), UV radiation and cold temperatures (Christie et al., 1994; Sarma and Sharma, 1999). In addition, anthocyanins have been identified as powerful antioxidants and anti-inflammatory agents in the human body (Kähkönen and Heinonen, 2003; Miguel, 2011).

Anthocyanin biosynthesis and regulatory pathways have been extensively characterized in many plant species (Holton and Cornish, 1995; Petroni and Tonelli, 2011). The co-ordinated expression of what has been termed ‘early’ biosynthetic genes: chalcone synthase (CHS), chalcone isomerase (CHI) and flavone3-hydroxylase (F3H); and what has been termed ‘late’ biosynthetic genes encoding flavonoid 3'5'-hydroxylase ((F3'5'H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), flavonoid 3-o-glucosyltransferase (3GT), anthocyanin rhamnosyltransferase (RT), anthocyanin acyltransferase (AAC), flavonoid 5-O-glucosyltransferasese (5GT), and glutathione S-transferase (GST) generate anthocyanins. This transcriptional regulation is by DNA-binding R2R3 MYB transcription factors (TFs), MYC-like basic helix-loop-helix (bHLH) TFs, and WD40-repeat proteins in the MYB-bHLH-WD40 (MBW) complex (Baudry et al., 2004; Allan et al., 2008; Wang et al., 2020).

Expression of the genes encoding the MBW complex is activated or repressed by environmental and developmental factors which then drive expression of downstream targets (Allan and Espley, 2018). It is often a MYB transcription factor (TF) that is the limiting factor in this response. The R2R3 MYBs participate in regulating both early and late genes of the anthocyanin biosynthetic pathway (Schwinn et al., 2006; Dubos et al., 2010). These activators (often MYB TFs sub-group 6) have been characterized in many species including Arabidopsis (Borevitz et al., 2000; Gonzalez et al., 2008), and many others including maize (Paz-Ares et al., 1987), potato (Jung et al., 2005, 2009; Zhang et al., 2009), tomato (Mathews et al., 2003), pepper (Borovsky et al., 2004), sweet potato (Chu et al., 2013), petunia (Quattrocchio et al., 1999), grapevine (Kobayashi et al., 2005; Walker et al., 2007; Deluc et al., 2008), Bayberry (Liu et al., 2013), and apple (Takos et al., 2006; Ban et al., 2007; Espley et al., 2007). However, there is apparently strong repression or restrictions on these activators, as certain tissues accumulate anthocyanins while other tissues do not.

In contrast, R2R3 MYB TFs of subgroup 4 have been identified as negative regulators of the anthocyanin biosynthetic pathway (LaFountain and Yuan, 2021) in several species, including strawberry (Aharoni et al., 2001), snapdragon (Tamagnone et al., 1998), apple (Lin-Wang et al., 2011), grapevine (Cavallini et al., 2015), Arabidopsis (Jin et al., 2000), petunia (Albert et al., 2011; Albert et al., 2014a) and ginkgo (Xu et al., 2014). Subgroup 4 repressors actively repress transcription of their target genes, mediated by repressive motifs (e.g. ERF Amphiphilic Repression – EAR, and TLLLFR) within their C-termini (Tamagnone et al., 1998; Aharoni et al., 2001; Matsui et al., 2008). These R2R3 MYB repressors are co-repressors acting within the MBW complex, binding to the bHLH proteins, and can convert an MBW complex into one that inhibits transcription (Matsui et al., 2008; Albert et al., 2014a, 2014b).

R3 MYBs contain a single imperfect repeat and are therefore classed within the 1R-MYB-like subclass. However, these MYBs are unable to bind DNA directly, as they lack a transcriptional activation domain present in R2R3 MYB TFs, and therefore these R3 MYBs affect transcription of their target genes with other partners such as bHLHs (Du et al., 2015). The R3 repeat allows the R3 MYB to interact with bHLH partners, and several have been shown to act as inhibitors of transcriptional regulation, by competing with R2R3 MYBs for the MBW complex (Matsui et al., 2008; Xu et al., 2015). In Arabidopsis, AtCPC competes with the activator MYB, AtPAP1, for the formation of the MBW complex (Zhu et al., 2009). In tomato, the R3 MYB SlATV inhibits the expression of the structural genes responsible for anthocyanin biosynthesis, leading to a repression of anthocyanin production (Cao et al., 2017).

Anthocyanin biosynthesis and regulation has been widely characterized in solanaceous species (Albert et al., 2011; Albert et al., 2014a; Kiferle et al., 2015; Montefiori et al., 2015; Liu et al., 2016, 2018; Colanero et al., 2020; Sun et al., 2020; Yan et al., 2020; Zhou et al., 2022). However, less is known about anthocyanin production in pepino, although key genes have been reported in the recently published genome (Song et al., 2022). The profile of phenolic acids, flavonoids, and anthocyanins in aqueous extracts of pepino fruit was reported (Hsu et al., 2011) with (Wu et al., 2013) identifying eight phenolic compounds and one flavonoid in the fruit. The diversity of plant color within pepino fruit, including green, yellow and purple-skinned varieties, as well as its close phylogenetic relationship to potato and tomato, makes pepino an ideal candidate for further investigation and modeling of anthocyanin biosynthesis in the Solanaceae, as well as fruiting plant crops outside the Solanaceae family. In pepino, the variation in phenolic and polyphenolic compounds (including flavonoids and total anthocyanins) has been studied (Anderson et al., 1987; Hsu et al., 2011; Herraiz et al., 2016; Hsu et al., 2018). Also, by comparing wild pepino and a cultivated pepino, Song et al. (2022) used RNAseq aligned to their constructed genome, to study the anthocyanin pathway and its regulation. Here, we studied pepino lines with different fruit and foliar pigmentation, identified the anthocyanin profile present in pepino skin, and used transcriptomics to determine the controlling transcription factors for anthocyanin biosynthesis. Transient and stable transformation showed that pepino R2R3 MYB113 (AN1-like) is a key transcriptional activator for pepino anthocyanin accumulation. However, a strong repressive background is suggested in the fruit flesh, which prevents anthocyanin accumulation in this tissue.





Materials and methods




Plant material

A purple-skinned pepino (S. muricatum) genotype, termed Purple Selection (PS, purple skin and yellow flesh) and a yellow-skinned pepino selection, Yellow Selection (YS, yellow skin and yellow flesh) were propagated by cuttings in a greenhouse at Plant & Food Research, Auckland, New Zealand. After 56 days, rooted cuttings were transferred into 30-L pots and grown in a greenhouse at Plant & Food Research, Pukekohe, New Zealand, at ambient conditions. Ten to thirteen pepino fruit from separate plants were collected at 20, 34, 48 and 73 days after flowering (DAF), and pooled from at least three plants (each stage of fruit development had three biological replicates). Skin tissue was carefully separated from flesh tissue, with any residual flesh tissue removed (pepino has a very strong skin layer) and frozen separately in liquid nitrogen and stored at −80°C.

For functional gene testing, Nicotiana tabacum (tobacco) and pepino plants were grown under glasshouse conditions between 20 to 24°C using natural daylight with extension to 16 h at Plant & Food Research, Auckland, New Zealand.





Anthocyanin identification and quantification

Pepino extracts were analyzed with a Waters Acquity® Ultra Performance Liquid Chromatography (UPLC) system (Milford, MA, USA) equipped with a photodiode array detector (PDA) and a single quadrupole mass spectrometer (QDa, Waters, MA, USA). The separation of the 5-μL aliquot was performed on a reverse-phase Acquity UPLC HSS T3 column (2.1 × 100 mm, 1.8 μm particle size, Waters, MA, USA). The eluents were 0.1% formic acid in water (A), and 0.1% formic acid in acetonitrile (B). The gradient was as follows: 0 min, 5% B; 5 min, 10% B; 10 min, 20% B; 12 min, 100% B; 14 min, 100% B; 14.5 min, 10% B; 18 min, 10% B. The flow rate was 0.5 mL min−1 and the column temperature was 50°C. Anthocyanins were detected at 520 nm and quantified as petunidin-3-glucoside equivalents using a six-point calibration curve. Furthermore, a validation standard was injected after every tenth injection.





Transcriptome analysis using RNA-sequencing

Total RNA was extracted using the Spectrum Plant Total RNA kit® (Sigma-Aldrich). Three biological replicates were used. Library construction, sequencing, mapping to reference genome, and quality control were performed at Australian Genome Research Facility (AGRF; www.agrf.org.au) (Illumina Stranded mRNA with 150 paired end reads and sequencing to 20M depth). The primary sequence data were generated using the Illumina DRAGEN BCL Convert 07.021.624.3.10.8 pipeline. Data yield for the 48 samples from the pipeline ranged from 6.91Gb to 12.7 Gb, with mean yield of 9.3 Gb. Methods at AGRF followed the strict requirements of the International standard ISO17025 for quality control, testing and calibration. The per-base sequence quality for the 48 samples was excellent, with >87% bases above Q30 across all samples. Reads were mapped using the STAR aligner (v2.5.3a) to the Solanum muricatum genome downloaded from http://songlab.bio2db.com/pepino.html. Mapping QC results are presented in Supplementary Figure 1. Counts were normalized using the Relative Log Expression method in the DESeq2 package (Love et al., 2014). Principal component analysis was performed using common variance on the top 500 most variable genes, to check consistency of the biological replicates. The transcriptome response of the three biological replicates was similar, allowing differences in genotype, tissue type and developmental stage to be examined (Supplementary Figure 2).





Phylogenetic analysis

Sequence alignment was performed using Geneious Prime® (version 2022.0.1) Muscle alignment with eight iterations and the phylogenetic tree was constructed using the Neighbor-Joining method with 1000 bootstrap replicates.





Real time qPCR expression analysis

Total RNA of skin and flesh of the two pepino genotypes, PS and YS, was extracted using the Spectrum Plant Total RNA Kit (Sigma -Aldrich, St. Louis, MO, USA). Removal of genomic DNA and first strand cDNA synthesis was carried out using the QuantiTect Reverse Transcription kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.

Real-time qPCR DNA amplification and analysis was carried out using the LightCycler 480 Real-Time PCR System (Roche Diagnostics, Switzerland), with LightCycler 480 software version 1.5. The LightCycler 480 SYBR Green I Master Mix (Roche) was used. Each reaction volume was 10 µL; reactions were run with four replicates and a water control was included in each run. qPCR conditions were as follows: 5 min at 95°C, followed by 40 cycles of 5 s at 95°C, 5 s at 60°C, and 10 s at 72°C, followed by 65–95°C melting curve detection. The qPCR efficiency of each gene was obtained by analyzing the raw fluorescence data using the LinRegPCR (2014.x) software (Ruijter et al., 2009). Used primer sequences are listed in Supplementary Table 1. These were normalized to elongation factor-1 of pepino (Sm06G02378).





Gene cloning and sequence analysis

Sequences of candidate genes were identified by BLAST (Altschul et al., 1997) from the S. muricatum pepino genome (Song et al., 2022) and PCR-amplified from leaf cDNA using specific primers and Phusion® High Fidelity DNA polymerase (Thermo Fisher Scientific, USA). PCR products of anthocyanin-related regulatory genes (SmMYB113 and SmATV) and genes that encode enzymes of the anthocyanin pathway (SmDFR and SmF3’5’H) were cloned into pENTR-TOPO (ThermoFisher) followed by In-Fusion cloning (Takara Bio) into pHEX2. Clones were confirmed by sequencing (Macrogen).





Transient assays of gene function

Transient assays were performed in tobacco as previously reported (Hellens et al., 2005). Approximately 300 μL of Agrobacterium tumefaciens GV3101 culture containing genes of interest were infiltrated into a young N. tabacum leaf. Final color development was evaluated by taking digital photographs four days after the infiltration.





Stable transformation of pepino

SmMYB113 was transformed into etiolated hypocotyls of pepino (S. muricatum) yellow-skinned selection (YS) following a previously described transformation protocol (Horsch et al., 1985) adapted to use hypocotyls as explants. Briefly, etiolated hypocotyls were cut into 5-mm long pieces. Explants were inoculated with 10 mL Agrobacterium culture for 10 min and blotted dry with sterile filter paper. Inoculated explants were transferred onto co-cultivation medium for 3 days in the dark. After co-cultivation, explants were transferred onto regeneration medium (MS basal salts and vitamins (Duchefa, Haarlem, The Netherlands), 3% sucrose, 0.7% agar (Invitrogen, Waltham, MA, USA), 1 mg/L BAP + 0.1 mg/L NAA and 300 mg/L Timentin) and selection media (MS basal salts and vitamins (Duchefa), 3% sucrose, 0.7% agar (Germantown, 0.1 mg/L NAA and 300 mg/L Timentin) to induce adventitious shoots from callus tissue. Selection was by the inclusion of 150 mg/L kanamycin in the medium. A single shoot was selected from each explant and transferred onto elongation medium which also included 150 mg/L kanamycin. Three to four weeks later shoots started to develop roots. Once roots were established, rooted plants were transferred into potting mix and moved to glasshouse conditions between 20 to 24°C using natural daylight with extension to 16 h.






Results




Anthocyanins are responsible for differences in pepino fruit pigmentation

Two pepino selections that differ in anthocyanin pigmentation of the fruit skin, denoted purple skin (PS) or yellow skin (YS), were chosen for analysis. They produce fruit of comparable size, shape, growth rate and yellow flesh color (Figures 1A, B). Anthocyanins were absent from the skin and flesh of the YS genotype, throughout fruit development. Both YS and PS genotypes can produce anthocyanins in leaves and petals, although PS has much darker purple foliage and petals (Supplementary Figure 3). Total anthocyanin concentrations were evaluated throughout the fruit development in the PS genotype (Figure 1C). The total amount of anthocyanin was significantly higher at stage 4 than in stages 1 to 3, reaching 1.7 mg g-1 (dry weight or DW) at stage 4.


[image: Images A and B show five different stages of fruit development, both whole and sliced, from purple-red to yellow-green. Image C is a box plot displaying total anthocyanins at each fruit stage, highlighting an increase, especially at Stage IV. Image D presents a chromatogram with labeled peaks and a chemical structure of petunidin-3-trans-p-coumaroyl-rutinoside-5-glucoside.]

Figure 1 | Stages of pepino fruit development. I (20 Days after flowering, DAF), II (34 DAF), III (48 DAF), IV (73 DAF) for the purple-skinned (A) selection and the yellow-skinned (B) selection. (C) Total anthocyanin content in the purple-skinned selection of pepino at four different stages of development (n =9). Data were expressed in µg of petunidin-3-glucoside equivalent (P3G) per gram of freeze-dried weight (FDW). Stages with different letters are significantly different at the p <0.05 level. Anthocyanins are absent in the yellow-skinned cultivar. (D) UPLC-PDA chromatogram of pepino skin (Stage IV) recorded at 520 nm, with molecular structure of the predominant anthocyanin 2 identified as petunidin-3-trans-p-coumaroyl-rutinoside-5-glucoside. Scale bar on (A) is equivalent to 4 cm.



Anthocyanin composition was first determined in the skin of the PS genotype by Ultra Performance Liquid Chromatography-High-Resolution Mass Spectrometry (UPLC-HR/MS) and Ultra Performance Liquid Chromatography- diode Array Detector (UPLC-DAD) and compared with available data from the literature. Four predominant anthocyanin compounds were detected in the profiles (Figure 1D). Peak 2 represented about 60% of total anthocyanins and was identified as petunidin-3-p-coumaroyl-rutinoside-5-glucoside (Figure 1D; Supplementary Figure 4). The presence of this anthocyanin has previously been reported in other fruits of the Solanaceae family, such as purple tomatoes (Solanum lycopersicum L.) (Silva Souza et al., 2020), and purple-fleshed potato tubers (Solanum tuberosum L.) (Andre et al., 2007). When anthocyanins are acylated, both cis- and trans- isomers can be found (Saha et al., 2020). Considering the predominance of trans isomers in Solanum species, it is likely that peak 2 is petunidin-3-trans-coumaroyl-rutinoside-5-glucoside (also known as petanin), whereas peak 3 is its cis- stereoisomer.

The other anthocyanin compounds followed the same substitution pattern: -3-acylrutinoside-5-glucoside and exhibited a similar anthocyanidin fragment at m/z 317, indicative of petunidin derivatives. Consequently, peaks 1 and 4 were identified as petunidin-3-caffeoyl-rutinoside-5-glucoside and petunidin-3-feruloyl-rutinoside-5-glucoside, respectively.

There were no significant differences in the proportions of the different anthocyanins at the four developmental stages investigated, suggesting that there is a common regulatory system for all four anthocyanin compounds.





RNAseq analysis of the anthocyanin biosynthetic and regulator genes

To study the transcripts associated with anthocyanin accumulation in pepino, skin and flesh samples were collected from PS and YS genotypes over the four developmental stages and subjected to RNA-seq. A comparative analysis between purple and yellow tissues at the same developmental stage was performed and differentially expressed genes (DEGs) with the minimum of log2-fold change in expression (DESeq, adjusted p-value<0.05, mean count 100) between the purple and yellow cultivars were identified. This analysis revealed 1540 up-regulated DEGs and 1467 down-regulated DEGs in skin, and 1524 up-regulated DEGs and 1269 down-regulated DEGs in flesh, when PS was compared with YS. Of these genes, there was an enrichment for candidate genes related to anthocyanin biosynthesis or regulation of this pathway.

Previously, 17 pepino regulatory genes and 11 biosynthetic enzymes have been identified as participating in anthocyanin biosynthesis (Song et al., 2022). Most of these gene models were differentially expressed between YS and PS (Figure 2). In our study, a total of 25 anthocyanin-related DEGs were consistently up-regulated, with four down-regulated in PS skin samples compared with YS (Figure 2). Four genes were DEGs but had variable expression across skin developmental stages. In flesh, 13 and seven DEGs were consistently up- or down-regulated, respectively and when comparing the DEGs in skin and flesh, eight biosynthetic genes were up-regulated (SmuPAL6, SmuPAL7, SmuPAL10, Smu4CL3, Smu4CL4, SmuCHI3, SmuF3’H and SmuUGT). Also, the anthocyanin-related R2R3 MYB regulator SmuMYB113 was up-regulated in both PS tissues, whereas the bHLH SmuTT8 was up-regulated in skin only. In contrast, Smu4CL1 and SmuCHS2 (both anthocyanin biosynthesis-related genes) were down-regulated in both skin and flesh tissues. In addition, five genes were DEGs but had variable expression across flesh developmental stages.


[image: Gene expression heatmaps and pathway diagrams show the biosynthesis of anthocyanins in skin (A) and flesh (C) tissues. The pathway (B) details the conversion from phenylalanine to petunidin, illustrating enzyme involvement. Heatmaps (D) display transcription factors affecting gene expression in skin and flesh, with a color key indicating expression levels.]

Figure 2 | Heatmaps showing the differential expression of anthocyanin biosynthesis, regulatory and transport genes in the purple-skinned selection vs yellow-skinned selection pepino skin (A) and flesh (C), in four stages of development. An abbreviated version of the anthocyanin biosynthetic pathway is provided (B). (D) Transcription factors implicated in regulating this pathway. The color of any given cell represents the normalized read values, with red representing high expression levels and blue representing low expression levels, with two color keys separate for skin and flesh. Genes are annotated according to Song et al. (2022).



Transcript reads of SmuDFR2 (Sm02G02175) were significantly higher in the purple-skinned genotype than in the yellow-skinned cultivar (Figure 3). Reads of less than 10 per stage were present in flesh of both PS and YS (Figures 3A, B). A similar trend was seen with SmuF3’5’H (Sm11G02385), where transcripts were significantly higher in the PS genotype than in the YS cultivar. Reads peaked at stage 4, which correlated with the highest concentrations of anthocyanins (Figure 1). In the flesh, reads for SmuF3’5’H were again less than 5 normalized reads per stage.


[image: Bar charts comparing normalized reads for genes SmuDFR, SmuF3'5'H, SmuMYB113, and SmuATV in skin and flesh tissues. Data is shown for biological stages labeled 1 to 4 with conditions PS (black) and YS (gray). Charts A, C, E show skin; B, D, F show flesh. Error bars indicate variability.]

Figure 3 | Transcript levels in skin (A) and flesh (B) of anthocyanins biosynthetic genes (SmuDFR and SmuF3’5’H) and regulatory genes (SmuMYB113 and SmuATV) in the skin and flesh of two pepino selections at four developmental stages. Error bars represent standard errors of the means (STE) of three biological replicates.



An examination of candidate transcriptional regulators of anthocyanin-related enzymes was made. There were four candidate MYB transcription factors in the DEG lists, as well as a bHLH, which is homologous (69% identity) to AtTT8 (Figure 2A) and was previously annotated as SmuTT8 (Song et al., 2022) (Table 1). This TT8-like bHLH was highly expressed in PS skin, but not as well expressed in PS flesh. However, the R2R3 MYB SmMYB113 was consistently up-regulated, in both skin and flesh of the purple-skinned selection. Transcript counts were high in all purple fruit tissues (Figure 3B). In contrast, reads were absent or very low in YS fruit tissues.



Table 1 | Normalized reads of candidate transcription factors in pepino selections.

[image: Table showing gene expression data for various gene models, including descriptions, total normalized reads across different stages (PS skin, YS skin, PS flesh, YS flesh), and fold changes in purple-skinned versus yellow-skinned samples. Specific values are presented for each gene under the respective columns.]

Candidate repressors of anthocyanins, such as R3 MYBs and LOB domain TFs, did not explain the phenotypes, as they were not up-regulated either in YS, or in PS flesh tissues (Figure 2). In addition, a homologue of the tomato anthocyanin repressor SlATV, which we termed SmATV, was identified by blast match in the pepino genome (chr.7, 78.8Mb). Reads mapping to this gene model (previously un-annotated) were low, but present in both skin and flesh (Figures 3A, B). Furthermore, a flavonol-related subgroup 7 MYB (SmuMYB12) was expressed in skin of both selections (Table 1), and therefore increased flux of precursor substrates away from anthocyanins does not appear be the cause of the YS phenotype.





Phylogenetic analysis of SmuMYB113, SmuATV and MYB repressors of the anthocyanin pathway

Phylogenetic analysis of these MYBs revealed close similarities between SmuMYB113 and StAN1 of potato, and SmuMYB114, and SlANT1 of tomato (Figure 4). In potato, StAN1 is a key regulator of skin coloration (Payyavula et al., 2013). Although differentially expressed, SmMYB114 showed low expression in pepino (Table 1). Therefore, both expression and sequence similarity suggest SmuMYB113 is the causative controller of pepino skin anthocyanin content. However, this does not explain the flesh phenotype, where high levels of SmMYB113 expression are seen, yet no anthocyanins accumulate. In this phylogenetic tree, SmuATV clustered with a group of R3 MYB TFs. Within this group, SmuATV was closely related to PhMYBx and SlMYBATV, both negative regulators of anthocyanin biosynthesis (Kroon, 2004; Albert et al., 2011; Albert et al., 2014b).


[image: Phylogenetic tree diagram showing the evolutionary relationships among various MYB genes from different plant species, including Arabidopsis, Tomato, Petunia, and others. Each branch is labeled with gene identifiers and species names, illustrating genetic similarities and differences. Bootstrap values indicate the statistical support for each branch.]

Figure 4 | Phylogenetic relationship analysis of pepino MYBs and known anthocyanin MYB regulators from other species. Sequences were aligned using predicted protein sequences in Geneious (version Geneious Prime® 2022.0.1) Muscle alignment with eight iterations, and the phylogenetic tree was constructed using the Neighbor-Joining method with 1000 bootstrap replicates.







qPCR analysis validation of candidate genes

Expression of anthocyanin-related genes was verified using RT-qPCR. Accumulation of transcripts of anthocyanin biosynthetic genes SmuDFR2 and SmuF3’5’H was confirmed in purple skin, but these were absent from yellow skin and flesh at all studied stages of fruit development (Figure 5). An increase at 34 DAF for SmuDFR was followed by a decline at later fruit developmental stages, while transcripts of SmuF3’5’H increased at 34 DAF and peaked at 73 DAF.


[image: Graphs showing relative expression levels of genes in skin and flesh tissues. Panel A displays expression of SmuDFR and SmuF3’H5’. Panel B shows SmuMYB113 and SmuATV expression. Black bars represent PC, gray bars represent YC. Error bars indicate variability. Figure 5 confirms expression through qPCR.]

Figure 5 | Expression analysis of anthocyanin biosynthetic genes SmuDFR and SmuF3’5’H and anthocyanin regulatory genes SmuMYB113 and SmuATV, across four developmental stages of two pepino selections. (A) Relative expression levels of biosynthetic genes SmuDFR and SmuF3’5’H and regulatory genes, and (B) regulatory genes SmuMYB113 and SmuATV in purple-skinned and yellow-skinned selection skins.



The expression of SmuMYB113 and SmuATV in flesh and skin was examined using qPCR. For SmuMYB113, the purple-skinned stage 2 of development showed the highest value, followed by a decline. For yellow-skinned (YS) pepino, the values were significantly lower in all stages of development, in both skin and flesh. However, in the flesh of the purple-skinned genotype, high levels of expression were seen at three of the four stages. This confirms patterns seen with RNAseq, and suggests a repressive mechanism exists in the pepino flesh. Expression levels of the potential repressor SmuATV were low in the purple- and yellow-skinned cultivars. However, PS had higher levels of expression generally than YS.

As SmuMYB113 appears to be a key regulatory difference between the purple-skinned and yellow-skinned cultivars, further correlations were made between its expression and other putative target genes within the phenylpropanoid and flavonoid pathways. Early steps in the anthocyanin pathway, such as PAL, C4H, 4CL, CHS, and F3’H, were all well expressed in yellow skin and flesh tissues of both selections (Table 2). This is despite the fact that no anthocyanin accumulated in yellow skin or flesh, or in the flesh of the PS selection. In skin tissues, there was a strong positive correlation between SmuMYB113/anthocyanin and expression of CHI3, F3’5’H, DFR, and the GST, TT19. An exception was the previously annotated UFGT (Sm09G02395) (Song et al., 2022), which showed high expression in all fruit tissues. By blasting the Arabidopsis anthocyanidin 3-O-glucosyltransferase (At5g17050) and grape UFGT (Ford et al., 1998), better matching pepino gene models were retrieved, such as Sm10G01884 (Table 2), which was expressed in a skin-specific manner, especially in PS tissue. We therefore hypothesize that the absence of SmuMYB113 in the yellow-skinned selection of pepino results in a loss of expression of later steps in the anthocyanin pathway. This would also lead to a loss of expression of the bHLH partner, SmTT8, which is known to be part of a hierarchy of regulation in solanaceous plants (Montefiori et al., 2015). However, this does not explain the presence of SmuMYB113 expression in the flesh of the purple-skinned selection, where there is no elevation of expression of these later biosynthetic steps, or indeed of the co-regulator SmTT8.



Table 2 | Normalized reads of candidate biosynthetic-related genes in pepino selections.

[image: A table displaying gene expression data for various gene models in purple-skinned (PS) and yellow-skinned (YS) samples. Columns include gene model, description, normalized reads across all stages for PS skin, YS skin, PS flesh, YS flesh, and fold change up in PS versus YS for both skin and flesh. Data includes fold changes where applicable, with notes indicating analysis conditions.]





Functional assays of SmuMYB113 and SmuATV in tobacco

To functionally test the R2R3 MYB SmuMYB113 and R3 MYB SmuATV, their full-length coding regions were cloned, and placed under the control of the 35S promoter. These sequences were infiltrated using Agrobacterium into tobacco leaves (Espley et al., 2007). Infiltration of SmuMYB113 activated anthocyanin production in tobacco leaves (Figure 6). No anthocyanin production was observed with the negative control GUS construct. The potato StAN1 (NCBI protein accession number: AKA95392) construct (Liu et al., 2016) was infiltrated as a positive control and resulted in strong activation of anthocyanin accumulation (Figure 6). In contrast, co-infiltration of StAN1 with SmuATV significantly reduced anthocyanin accumulation compared with StAN1 alone. Similarly, when SmuATV was co-infiltrated with SmMYB113, there was no anthocyanin accumulation, suggesting strong repression of the R2R3 MYB by this R3 MYB. These findings support the hypothesis that SmuATV acts as a repressor of anthocyanin accumulation.


[image: Two leaves are shown side by side with sections labeled A, B, C, D on the left leaf and E, F, G, H on the right leaf. The labeled areas indicate varying shades and textures, suggesting different stages or effects of a condition on the leaves.]

Figure 6 | SmuMYB113 and SmuATV regulate anthocyanin accumulation in Nicotiana tabacum leaves. N. tabacum tobacco leaves were infiltrated with Agrobacterium strains expressing anthocyanin activators StAN1 and SmuMYB113, or the R3-MYB repressor SmuATV is various combinations. Agrobacterium carrying a plasmid with GUS-only was included as a negative control and to maintain equivalent proportions of each strain. Anthocyanin accumulation (visibly assessed) 4 d post-infiltration. (A) StAN1 + GUS, (B) GUS only (C) StAN1 + SmuATV (D) SmuATV with GUS, (E) SmuMYB113 + GUS, (F) GUS only (G). SmuMYB113 + SmuATV and (H). SmuATV (+ GUS).







Functional characterization of SmMYB113 in transformed pepino lines

To characterize the effect of SmMYB113 on pepino anthocyanin biosynthesis, we transformed pepino (YS genotype) with a 35S:SmMYB113 overexpression construct. Three independent lines were produced that showed intense purple pigmentation in leaves and flowers (Figures 7A, B). Fruit developed normally and had visibly enhanced purple color (Figure 7C). These fruits were tested by qPCR, which showed increased expression of the SmuMYB113 gene in both fruit skin and flesh (Figure 7D). A correlation between transgene expression and fruit skin and flesh color intensity was apparent, with transgenic pepino Line 1 showing the highest SmuMYB113 transcript levels and the darkest skin and flesh (Figures 7C, D). In contrast, SmuATV transcript was higher in the skin and flesh of a control fruit than in Lines 1 and 3, although increased SmuATV was detected in the skin of Line 2. Transcript abundance of SmuTT8 was also elevated in the transgenic lines, compared with the untransformed YS control. In the flesh of YS wild-type lines, there were very few reads of TT8 in the RNA seq dataset (Table 1). However, when MYB113 was overexpressed as a cDNA transgene, TT8 transcript was induced. Over-expression of SmuMYB113 therefore changes a YS phenotype into a plant with purple-skinned fruit, although the flesh color was still not as intense as expected from a strong promoter. This is further evidence that a strong repressive background is not fully overcome by over-expression of the R2R3 MYB.


[image: Panel A shows a comparison between wild type (WT) and L1 flowers. The WT flower is light-colored, while the L1 flower is a deep purple. Panel B depicts WT and L1 fruits and leaves. The WT fruit is light with soft stripes, whereas L1 has darker coloration. WT leaves are green, while L1 leaves are darker. Panel C displays fruits from lines L1, L2, and L3, showing varying degrees of purple striping and flesh coloration. Panel D presents bar graphs comparing relative expression levels of SmuMYB113, SmuATV, and SmuTT8 genes in fruit skin and flesh for control and lines L1, L2, and L3.]

Figure 7 | Overexpression of SmuMYB113 induced anthocyanin accumulation in flowers, leaves and fruit skin and flesh in pepino plants. (A) Wild-type (WT) flower phenotype and line overexpressing SmuMYB113 phenotype (L1). (B) Left: WT pepino fruit phenotype. Right: WT leaf phenotype and line over-expressing SmuMYB113 phenotype (L1). (C) Transformed lines (L1, L2 and L3) showing anthocyanin accumulation in skin and flesh. (D) Transcript levels in skin and flesh of anthocyanin-regulatory genes SmuMYB113 and SmuATV of three independent lines overexpressing SmuMYB113.








Discussion

Enhancing fruit quality, particularly by providing higher vitamin and antioxidant contents, can provide numerous health benefits. For this reason, accumulation of compounds such as anthocyanins have been studied in many plants. Anthocyanin biosynthesis has been widely characterized in solanaceous species (Albert et al., 2011; Kiferle et al., 2015; Montefiori et al., 2015; Liu et al., 2016; Sun et al., 2020; Yan et al., 2020; Zhou et al., 2022). In tomato, R2R3 MYB genes SlANT1, SlANT1like and SlAN2 have been identified as positive anthocyanin regulators (Kiferle et al., 2015; Colanero et al., 2020). Also in tomato, the R3 MYB gene, SlATV, has been shown to be a negative regulator for anthocyanin biosynthesis (Yan et al., 2020). In pepino, key anthocyanin-related genes have been reported (Song et al., 2022), as well as several potential transcription factors regulating the anthocyanin pathway, but these are yet to be characterized.

In this current study we characterized two candidate genes: SmuMYB113, encoding an R2R3-MYB TF, and SmuATV, encoding an R3-MYB TF. Our results suggest that expression of SmuMYB113 is the key difference between the two evaluated pepino selections, PS and YS. This is based on RNA-seq and qPCR data, as well as tests of gene function in both tobacco and pepino transgenics. A previously un-annotated MYB, SmuATV, was shown to be a strong repressor of anthocyanin accumulation, so this could be a candidate for inhibiting accumulation of anthocyanins in the pepino flesh.

Although expression of MYB113 appears to be a key difference between purple-skinned and yellow-skinned pepinos, there is still expression in flesh of purple-skinned cultivars where no anthocyanins accumulate. In the 35S:SmuMYB113 transformants, which is a yellow-skinned selection, flesh expression of the transgene was high but once again flesh anthocyanins did not accumulate to a high concentration. In the close relative, eggplant (Solanum melongena), it has been reported that eggplant MYB113 significantly increased the anthocyanin and flavonol content in both peel and fruit pulp (Yang et al., 2022).

The RNAseq dataset revealed a large number of differentially expressed transcripts, obtained from comparing the tissues of pepino skin and flesh (PS vs PY) at four stages of development. Genes encoding early anthocyanin biosynthetic enzymes (PAL, C4H, 4CL, CHI and CHS) were well expressed in fruit tissues even in YS, and in the flesh of PS (Table 2). However, the late stages of the anthocyanin pathway (F3H, F3’5’H, DFR, ANS, GST) were low in expression in tissues with low anthocyanin content. The transcript levels of SmuF3’5’H and SmuDFR were validated using qPCR and were significantly up regulated in PS skin, compared with PS flesh, and with YS skin and flesh. These results align with the observed distribution pattern of anthocyanins in both the skin and flesh of the pepino fruit (Figure 1C). The exception to this is the expression of UFGT (Sm09G02395), which showed high expression levels in yellow and purple tissues (Table 2). However, re-examination of the pepino genome suggested better candidate genes for UFGT (Sm10G01884) that did corelate with anthocyanin contents (Table 2). Recently transcriptomic and metabolomic analysis of ramie (Boehmeria nivea) was also used to identify UFGT as a key gene in foliage anthocyanin production (Feng et al., 2021).

Candidate regulatory genes were examined in the RNAseq datasets. The transcript of SmuMYB113 was upregulated in PS skin and flesh in the four stages of development. Its potential partner, SmuTT8, was expressed in PS skin, but not highly expressed in flesh. Strong over-expression of SmuMYB113 activates more expression of SmuTT8 in transgenics and triggers some activation of the anthocyanin pathway in flesh. We observed no increase in expression of candidate repressors that could explain the lack of activation of SmuMYB113 in YS, or the lack of anthocyanins in PS flesh. Cao et al. (2017), suggested that in tomato, SlATV inhibits the expression of the genes responsible for anthocyanin biosynthesis, leading to a repression in anthocyanin production. Transcript analysis from the pepino RNA-seq data and RT-qPCR, showed that SmuATV was expressed in PS skin and flesh. Although SmuATV plays a repressive role in regulating the activity of SmMYB113 from functional assays (Figure 6), its expression did not correlate with loss of anthocyanins in pepino fruit.

Over-expression of SmMYB113 in the yellow-skinned pepino selection complemented the phenotype, producing a purple foliage, petals and fruit skin. However, flesh anthocyanin concentrations were still low. This further suggests a strong repressive background in the pepino flesh, despite good expression of the SmuMYB113 transgene. In apple, Espley et al. (2007) identified the MYB component, MdMYB10, as the principal factor for strong flesh pigment accumulation in the MBW complex. However, in solanaceous plants this does not appear to occur. Albert et al. (2014a) showed that petunia MYB AN1-like genes are normally regulated by the MBW complex, as part of a feed-forward mechanism, while Montefiori et al. (2015) identified that a hierarchy of bHLHs is needed for the tobacco MYB activators to bind promoters of the anthocyanin pathway. In YS there is no expression of TT8 in the flesh. However, in lines overexpressing MYB113, some TT8 transcript was induced. Interestingly, skin pigmentation was striped in both purple-fruited cultivars and in transgenics over-expressing SmuMYB113. Other levels of regulation, such as degradation of transcripts by RNA processing, or rapid turnover of MYB protein, may well explain why pepino flesh remains relatively un-pigmented or why uneven pigmentation occurs in the skin. If these conundrums can be addressed, considerable improvement in total fruit anthocyanins will be achievable, which is a trait useful in many fruits and vegetables.
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Ficus carica is an economically important horticultural plant. Due to its abundant secondary metabolites, F. carica has gained interest for its applications in medicine and as a nutritional supplement. Both external and internal factors affect the accumulation of secondary metabolites in F. carica. The assembly of the F. carica genome has facilitated functional analysis of key genes and transcription factors associated with the biosynthesis of secondary metabolites, particularly anthocyanin. In this review, we summarize the various types and functions of secondary metabolites, with a particular focus on flavonoids, coumarins, and terpenes. We also explore the factors influencing their biosynthesis and accumulation, including varieties, tissue, environmental factors (e.g., light), stresses (e.g., high temperature, low temperature, drought, nutrient deficiencies, salinity), hormonal treatments, and developmental factors. Furthermore, we discuss the involvement of structural genes and transcription factors in the biosynthesis of secondary metabolites, specifically anthocyanin and furanocoumarins, knowledge of which will promote the breeding and genetic engineering of novel F. carica varieties.
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1 Introduction

Ficus carica, commonly known as the fig tree, is one of the oldest cultivated plants and is among the most important commercial fruit trees in the genus Ficus. F. carica is extensively cultivated in numerous regions worldwide, particularly in nations of the Mediterranean Basin such as Portugal and Turkey (Dueñas et al., 2008). Fresh and dried F. carica fruits are nutritious sources of secondary metabolites, making them popular ingredients in culinary preparations such as sauces, fruit wines, and dried fruit assortments. Extracts of F. carica leaves and fruits, as well as latex, have been used to treat gastrointestinal, respiratory, inflammatory, metabolic, and cardiovascular conditions (Mawa et al., 2013). The accumulation of secondary metabolites in F. carica is influenced by internal and external factors, such as light quality, high temperature, drought, salt stress, and stress-associated hormones. Development, storage, and processing techniques also affect the accumulation of secondary metabolites in F. carica fruit (Sandhu et al., 2023). The availability of the genome of F. carica and advancements in molecular biology and sequencing technologies have yielded insights into the biosynthetic mechanisms of important secondary metabolites in F. carica (Usai et al., 2020). A comprehensive understanding of secondary metabolites in F. carica is essential for its horticultural cultivation, commercial significance, and potential health benefits. Here, we review the types and functions of secondary metabolites in F. carica, as well as the factors influencing their biosynthesis and accumulation. We also summarize the regulatory mechanisms of important secondary metabolites, including anthocyanins and furanocoumarins, in F. carica, focusing on the related structural genes and transcription factors.




2 Types and functions of secondary metabolites in F. carica

More than 100 bioactive compounds have been identified in F. carica. Almost all parts of the F. carica tree are abundant in secondary metabolites, particularly flavonoids, terpenes, and coumarins (Hajam and Saleem, 2022) (Figure 1). In this section, we focus on these secondary metabolites and their effects on health.
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Figure 1 | The schematic representation illustrates the distribution of main secondary metabolite in the leaves, fruits barks, roots, and latex of F. carica.





2.1 Flavonoids

Flavonoids, a class of polyphenolic secondary metabolites, are formed through the combination of two six-carbon phenyl rings connected by an oxygen heterocycle-containing ring. F. carica produces flavonoids in various organs, and the latex secreted from the vascular bundles of the petioles and peduncles also contains flavonoids and phenolic acids (Abdel-Aty et al., 2019). Flavonoids encompass several types, including anthocyanins, flavonols, and isoflavones, with significant research focusing on anthocyanins in F. carica fruit (Mao et al., 2023). The content and composition of these anthocyanins play a crucial role in determining the fruit’s color (Castañeda-Ovando et al., 2009). Anthocyanin pigments such as cyanidin, delphinidin, peonidin, petudinin, and malvidin are found in red, purple, and other dark-colored fruits.

Cyanidin is the predominant anthocyanin found in F. carica. During the ripening process of purple peel, cyanidin O-malonylhexoside levels increase dramatically. Other cyanidins, including cyanidin 3-O-glucoside and cyanidin-3, 5-O-diglucoside, also experience a significant increase (Wang et al., 2019). Among five different varieties of F. carica with distinct peel colors, cyanidin 3-rutinoside was the predominant anthocyanin, accounting for 48–81% of peel content and 68–79% of pulp content, while cyanidin 3-glucoside constituted 5–18% of peel content and 10–15% of pulp content (Dueñas et al., 2008). Notably, the dark-purple peel of the ‘Soltani’ variety contains nine identified anthocyanins, primarily cyanidin 3-rutinoside and cyanidin 3,5-diglucoside. The peel of ‘Soltani’ also revealed the presence of a novel rutinoside and petunidin dimer, yet its function remains unclear (Ammar et al., 2015).

Quercetin, an abundant flavonol in nature, has been extensively studied for its antioxidative and anti-inflammatory properties. In vitro, animal, and clinical studies have shown that quercetin can effectively reduce oxidative stress and exhibit anti-inflammatory activity (Ginwala et al., 2019; Jucá et al., 2020). Notably, quercetin has been found to reduce blood glucose levels in diabetic mice (Deepa et al., 2018; Dureshahwar et al., 2019). It is hypothesized that quercetin, along with other compounds, contributes to the observed hypoglycemic effect of the extract. Rutin, a glycoside form of quercetin, is predominantly present in F. carica fruit and leaves. Rutin has significant antioxidant activity, anticancer activity, and anti-inflammatory and antibacterial effects (Yang et al., 2008; Hao et al., 2016). It is a popular dietary supplement without any significant side effects. According to the available reports, the highest extraction rate of rutin from F. carica pulp was 0.44% (Ammar et al., 2015). In addition to flavonols like quercetin and rutin, F. carica also contains isoflavones. Isoflavones, which are 3-phenyl derivatives of benzone rings, are synthesized during the phenylalanine metabolism in plants. F. carica fruit has been found to contain 16 types of isoflavones, while the leaf contains 2 types. Interestingly, the isoflavones present in F. carica fruit have been shown to possess anti-inflammatory effects by inhibiting the production of nitric oxide (NO) (Liu et al., 2019). Several specific isoflavones, including ficucaricone A, ficucaricone B, and indicanine A, have been reported to exhibit potent anti-inflammatory activities (Magalhães et al., 2006).




2.2 Coumarins

Coumarins account for 51.46% of the volatile oils in F. carica leaves (Shahrajabian et al., 2021). Psoralen, bergapten, angelicin, rutaretin, pimpinellin, and seselin are all members of the coumarin family, serving as important secondary metabolites in F. carica (Marrelli et al., 2012). Among them, psoralen and bergapten are two of the most prominent coumarins due to their medicinal importance. They have been identified as anticancer agents with the ability to suppress the survival and migration of triple-negative breast cancer MDA-MB-231 cells (Zhang et al., 2018). Psoralens have shown promise in clinical studies, upregulating the level of ERα protein in osteoclasts and inhibiting the growth of breast cancer cells (Zhang et al., 2017). Additionally, psoralens and bergaptens can inhibit acetylcholinesterase (AChE) activity and play a role in the treatment of Alzheimer’s disease (Parhiz et al., 2015). Due to their ability to interact with DNA when exposed to ultraviolet A radiation (UV-A), these compounds, especially psoralens, are often used in the treatment of skin diseases such as vitiligo, alopecia areata, psoriasis, and neodermal diseases (Son et al., 2017). Psoralens and bergaptens have also demonstrated significant insecticidal activity properties (Chung et al., 2011; Siyadatpanah et al., 2022).




2.3 Terpenes

F. carica is rich in terpenes. Carotenoids, which belong to the group of tetraterpenoids, are a large group of phytochemicals with powerful antioxidant activities (Kaulmann and Bohn, 2014). F. carica contains the carotenoids typically present in human plasma, including β-carotene, lutein, and lycopene (Su et al., 2002). Similar to anthocyanins, carotenoids contribute to the coloration of F. carica fruits, giving them an orange or yellow color. The carotenoid contents of fresh and dried fruits differ. B-carotene, zeaxanthin, and lutein are predominant in fresh F. carica and β-cryptoxanthin and lutein in dried F. carica (Arvaniti et al., 2019). These carotenoids can prevent cardiovascular disease by reducing blood pressure, preventing oxidative stress, and decreasing the secretion of pro-inflammatory factors (Mordente et al., 2011).

Triterpenoids and sesquiterpenes are abundant in the extracts of F. carica root, leaf, and latex. Dried and young F. carica fruits contain the triterpenoid 9,19-cyclopropyl-24,25-ethylene-5ene-3β-spirosterol, which has anticancer activity (Yin et al., 1997). The main sesquiterpenes in F. carica leaf are genanthene, β-caryophyllene, and τ-elemiene (Oliveira et al., 2010c). β-Caryophyllene is used in cosmetics for its spicy aroma (Reinsvold, 2010). Sesquiterpenes are also the most abundant terpenes in F. carica latex, accounting for 91% of all identified compounds.

Fresh latex from F. carica has been used to treat a variety of types of cancers (Oliveira et al., 2010b; Arvaniti et al., 2019).





3 Accumulation and distribution of secondary metabolites in F. carica



3.1 Varieties (cultivars)

The accumulation and distribution of secondary metabolites vary markedly among F. carica cultivars (Table 1). In general, dark F. carica varieties exhibit higher polyphenol content and total anthocyanin content. Compared with those with light-colored peels, such as green and yellowish-green peels, cultivars with black and purple peels have higher levels of phenolics, flavonoids, and anthocyanins (Çalişkan and Polat, 2011; Ercişli et al., 2012; Hssaini et al., 2020). ‘Bursa siyahi’ (purple) F. carica shows a much higher total proanthocyanidin content than ‘Sarilop’ (yellow) F. carica (yellow) (Kamiloglu and Çapanoğlu, 2015). However, some light-colored F. carica varieties exhibit slightly higher proanthocyanidin content (Hssaini et al., 2020). Additionally, varieties of different colors reportedly share some similar anthocyanin profiles, principally cyanidin-3-O-rutinoside (> 90% of total anthocyanins). Moreover, varieties with black peels have high levels of total phenolic compounds, and those with green, greenish-yellow, and brown fruit peels have high levels of chlorogenic acid, vitamin C, and total tannins (Solomon et al., 2006; Pereira et al., 2017).



Table 1 | Advantageous secondary metabolites in the main cultivated F. carica varieties in fruit peel.
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Among the diverse array of F. carica varieties, certain varieties have shown exceptional potential. Notably, in the ‘Dottato’ and ‘Cuello de Dama’ varieties from Italy, cyanidin-3-rutinoside, a type of anthocyanin, was identified within the fruit’s pulp (Russo et al., 2014). Additionally, the ‘Boughandjo’, a high-yielding variety, and the ‘Bither’, an early-ripening variety from Algeria, although not the richest in secondary metabolites, have gained consumer favor for their taste (Mahmoudi et al., 2018). Moreover, cluster analysis of 37 F. carica varieties has identified ‘Grise de Saint Jean’ and ‘Grise de Tarascon’ as having minimal levels of furanocoumarins (which cause skin inflammation), making them promising candidates for the development of functional foods and pharmaceutical products (Takahashi et al., 2017).




3.2 Tissues

Different tissues of F. carica have different secondary metabolite profiles (Table 2). Previous studies have focused more on the secondary metabolites found in the fruits, pulp, peel, leaves, and latex of F. carica, with only a limited number of studies exploring the roots and bark.



Table 2 | Dominate compounds in different tissues of F. carica.
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F. carica fruits serve as a rich reservoir of flavonoids, which notably include quercetin 3-O-rutinoside, quercetin-3-glucosides, polymeric procyanidins, and cyanidin-3-O-rutinoside among their key constituents (Mopuri and Islam, 2016). Quercetin-3-O-rutinoside (rutin) is the predominant flavonoid found in light-colored F. carica peel, whereas cyanidin-3-O-rutinoside is the primary flavonoid present in dark-colored F. carica peel (Palmeira et al., 2019; Calani et al., 2022). Within fruits, the peel is richer in secondary metabolites than the pulp. For example, the anthocyanin content of the peel of the dark-colored ‘Mission’ variety was 100-fold that of the pulp (Solomon et al., 2006). Portuguese F. carica variety had higher levels of nutritional and phenolic components 158 (Palmeira et al., 2019). Interestingly, an exception is observed in the green F. carica varieties ‘Bidhi’ and ‘Kadota’, where the concentration of total phenolics in the edible pulp significantly surpasses that found in the peel (Mahmoudi et al., 2018). However, in the F. carica processing industry, peels are frequently discarded as waste, highlighting the importance of studying the bioactivity of F. carica peels and the need to develop and utilize by-products.

Notably, the fruit pulp is a significantly richer source of prenylated flavonoids compared to the fruit peel (Ammar et al., 2015; Liu et al., 2019). A study analyzed the phenolic composition of leaves, fruit, peel, and pulp, identifying an isomer of prenylhydroxygenistein as the primary compound in the pulps (Ammar et al., 2015). This compound, a type of prenylated flavonoids, is known for its anti-inflammatory and cancer-preventive activities, making it a valuable constituent for the development of functional foods (Chang et al., 2021).

The bioactive compounds present in F. carica leaves were extensively summarized in a previous review (Li et al., 2021). Leaves are found to be more abundant in secondary metabolites compared to their fruit counterparts. Overall, F. carica leaves are a good source of flavonoids, coumarins, and terpenes. Rutin is the main flavonoid in F. carica leaves, and psoralen is the main furanocoumarin compound (Ammar et al., 2015). An experiment measuring coumarin content in leaves, bark, and the woody part of F. carica showed that the leaves contain higher levels of psoralen and bergapten (Conforti et al., 2012). Psoralen and bergapten are also major coumarin compounds in the root heartwood (Jaina et al., 2013). Recent research on the phenolic composition of F. carica bark identified rutin as the predominant compound (Yahiaoui et al., 2024). In addition, compared with pulp and peel, F. carica leaves contain a notably higher content of sesquiterpenes, with β-Caryophyllene and δ-Elemene as the main components, but monoterpenes are rare (Oliveira et al., 2010c).

Latex is rich in coumarins and has a large amount of sterols. A hexane extract of Tunisian common ‘Jrani caprifig’ latex identified 36 compounds, 14 of which were coumarins (Lazreg-Aref et al., 2012). A total of 7 phytosterols were identified, among which β-sitosterol and lupeol were the compounds with higher concentrations (Oliveira et al., 2010a). Notably, a mixture of 6-O-acyl-beta-D-glucosyl-beta-sitosterols, which has a significant inhibitory effect on cancer cells, was only isolated from latex (Rubnov et al., 2001).





4 Factors that affect the secondary metabolite biosynthesis and accumulation



4.1 Abiotic stresses

Environmental factors and stressors affect secondary metabolite accumulation in F. carica. Light influences the biosynthesis of anthocyanins in plants (Mao et al., 2023). Although light deprivation did not affect the coloration or anthocyanin content of F. carica female flower tissues, it significantly inhibited the biosynthesis of anthocyanins in fruit peel (Wang et al., 2019). In the bagged fruit (female flower tissue), 12 flavonoids were detected, of which 11 increased, and apigenin increased by 11 times (Wang et al., 2021). In addition, pulse light treatment using a high-energy xenon flashlight after harvesting resulted in a 20-fold increase in the anthocyanin content of F. carica fruit peel. Moreover, pulse light treatment increased the total phenolic content of fruit. Therefore, pulse light markedly promotes the accumulation of anthocyanins and other phenolic compounds in F. carica (Rodov et al., 2012).

Increased production of secondary metabolites can ameliorate stress-induced damage in plants (Figure 2). The total phenolic level of F. carica is increased by phosphorus and calcium deficiency (Garza-Alonso et al., 2020). Salt stress increased the total phenolic content of F. carica by 5.6%, with a particularly pronounced increase observed in the levels of epicatechin (Francini et al., 2021). Additionally, high temperatures increase the phenolic content of the leaves of F. carica seedlings (Guo et al., 2017), and drought stress increases the α-tocopherol content (Gholami et al., 2012). In a study of fresh, frozen, and processed fruit, storage of F. carica at −18°for 4 months resulted in significant decreases in the total phenolic, total flavonoid, and total anthocyanin contents (Petkova et al., 2019).
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Figure 2 | Effects of environmental stresses affect the accumulation of secondary metabolites. (A) high temperature and drought, (B) low temperature, (C) nutrient deficiencies, and (D) salinity.






4.2 Phytohormone treatments

Phytohormones related to stress resistance, such as abscisic acid (ABA), jasmonic acid, and ethylene, can modulate the biosynthesis of anthocyanins in F. carica (Figure 3) (Guo et al., 2017; Lama et al., 2019; Cui et al., 2021). ABA promotes the accumulation of anthocyanins during fruit ripening, thereby initiating color development (Lama et al., 2019). F. carica treated with ABA had higher levels of cyanidin 3-O-glucoside and cyanidin 3-O-rucoside and developed a dark-purple color earlier compared with those treated with an ABA inhibitor (Lama et al., 2020). Transcriptomic analysis indicated that ABA upregulated the expression levels of genes related to anthocyanin biosynthesis, whereas an ABA inhibitor reversed this effect, confirming the importance of ABA for the biosynthesis of anthocyanins. Ethylene is a phytohormone associated with plant maturation and is implicated in fruit development and stress responses. Ethylene has bidirectional regulatory effects on female flower and peel coloration in F. carica. Treatment of F. carica with exogenous ethylene upregulated the expression levels of genes related to flavonoid biosynthesis, thereby accelerating the coloration of the receptacle, whereas downregulation of these genes delayed the coloration of female tissues (Cui et al., 2019). In addition, F. carica seedlings treated with methyl jasmonate under high-temperature stress had elevated total phenolic contents (Guo et al., 2017).
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Figure 3 | The synthesis pathways of anthocyanin and coumarin in F. carica and the external factors (ABA, light, and JA) affect the expression of genes and TFs. (A) The biosynthesis of anthocyanins in F. carica is regulated by MYB, bHLH, WD40, bZIP, and MADS-box transcription factors, as well as the MBW (MYB-bHLH-WD40) complex. Effects of exogenous abscisic acid (ABA) or ethylene (B), ABA inhibitors nordihydroguaiaretic acid (NDGA) or fluridone (C), and jasmonic acids (JAs) (D) on the expression of anthocyanin biosynthesis genes in fruit. Effects of light deprivation on anthocyanin biosynthesis genes in fig peel (E) and female flower tissue (F). The structural genes involved in the biosynthesis of anthocyanins include phenylalanine ammonium lyase (PAL), cinnamate-4-hydroxylase (C4H), 4-coumarate: coenzyme A ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavanone 3’-hydroxylase (F3’H), dihydroflavonol 4-reductase (DFR), anthocyanin synthetase (ANS), and UDP glucose: flavonoid 3-O-glucosyltransferase (UFGT). The simplified biosynthetic pathways of coumarin and furanocoumarin (FC). The core skeleton structures of linear and angular FCs are psoralen and angelicin. The key enzymes involved in the biosynthesis of FCs include umbelliferone 6-dimethylallyltransferase (U6DT), umbelliferone 8-dimethylallyltransferase (U8DT), marmesin synthase (MS), columbianetin synthase (CS), psoralen synthase (PS), angelicin synthase (AS), psoralen 5-hydroxylase (P5H), psoralen 8-hydroxylase (P8H), bergaptol 5-O-methyltransferase (B5OMT), xanthotoxol 8-O-methyltransferase (X8OMT), bergapten 8-hydroxylase (B8H), xanthotoxin 5-hydroxlyase (X5H), 8-hydroxybergapten 8-O-methyltransferase (8HB8OMT), and 5-hydroxyxanthotoxin 5-O-methyltransferase (5HX5OMT).






4.3 Developmental factors

Developmental and ripening stages affect the accumulation of secondary metabolites in F. carica fruit (Veberic et al., 2008). Some species of F. carica can ripen twice and be harvested twice annually: first from late May until the end of June (‘Breba’) and subsequently from mid-July to early September (main crop). In the F. carica cultivars ‘Zuccherina’, ‘Crna Petrovka’, and ‘Miljska’, fruits from the second ripening had higher levels of phenolic than those from the first ripening (Veberic et al., 2008). Similarly, the main crops of two ‘Albanian’ cultivars had higher phenolics contents compared with the ‘Brebas’ from the second ripening (Hoxha and Kongoli, 2016). However, in the cultivars ‘VB1’, ‘Antonio’, and ‘Santado’, the levels of phenolic compounds were higher in fruits from the first ripening than in those from the second ripening, suggesting that secondary metabolite accumulation varies among developmental and ripening stages (Vallejo et al., 2012). In addition, the contents of furanocoumarins and pyranocoumarins are higher in the first ripening in June, whereas those of polyphenolics are highest in the second ripening in September (Marrelli et al., 2012).

The types and levels of secondary metabolites also vary according to the maturity of F. carica fruit within a ripening stage. Among fruits at the immature, mature, and fully mature stages, the total phenolic content increased during maturation and peaked at the fully mature stage (Pereira et al., 2017). However, others have reported that the total phenolic content decreases with fruit development (Gündeli et al., 2021; Hoxha et al., 2022). In addition, the polyphenolic contents of dark-colored F. carica cultivars change more during ripening compared with light-colored cultivars (Wang et al., 2019). Overall, the accumulation of secondary metabolites in F. carica fruit is influenced by the developmental time, stage of maturity, and also depends on the cultivars.




4.4 Post-harvest processing techniques

As a result of its susceptibility to physical damage and post-harvest infection, fresh F. carica fruit is typically processed into dried fruits, jams, jellies, and syrups, as examples. These processes affect the secondary metabolite profiles of F. carica fruit (Liu et al., 2020). Drying, including sun- and oven-drying, is the most common method for preserving fresh F. carica fruit. Sun drying markedly reduces the levels of polyphenols in fruit, and the effect is greater on flavonoids than on phenolic acids. Sun drying decreased the contents of phenolic acids and flavonoids in fruit by 29% and 86%, respectively (Bachir et al., 2016). Similarly, the total phenolic and total anthocyanin contents of a yellow- and a purple-colored fruit variety decreased significantly after drying, but the total flavonoid and proanthocyanidin contents of the yellow fruit variety significantly increased (Kamiloglu and Çapanoğlu, 2015). However, the levels of phenolic compounds, except apigenin-3-O-rutinoside, were high after oven drying, suggesting that oven drying can increase the total phenolic content and the antioxidant activity of fruit (Slatnar et al., 2011). The processing of fruit pulp into jam and honey also reduces the content of secondary metabolites (Tanwar et al., 2014). Although nectar processing, and jam processing reduce the levels of secondary metabolites, considerable quantities, particularly of carotenoids and phenols, remain after jam processing (Tanwar et al., 2014; Petkova et al., 2019). This suggests that the processing of fruit into jams maintains, at least in part, their contents of phenolics and carotenoids.





5 Enzymes involved in secondary metabolism in F. carica

The first preliminary genome sequence of F. carica was obtained by sequencing the genome of the Japanese traditional variety ‘Horaishi’ based on the Illumina platform. The first high-density linkage map was constructed using restriction enzyme site-associated sequencing (Mori et al., 2017). Further sequencing and assembly of the F. carica genome, ‘Dottato’, have been conducted using third-generation sequencing technologies (Usai et al., 2020). This version of the genome assembly of F. carica comprises 333 Mbp, 80% of which is anchored to 13 chromosomes (Usai et al., 2020). Later, the newest genome of F. carica ‘Orphan’ was built, with a total length of 366.34 Mb and a contig N50 of 9.78 Mb (Bao et al., 2023). Generally, ten families of structural genes associated with the anthocyanin biosynthesis pathway have been identified: FcPAL (two genes), FcC4H (one gene), Fc4CL (three genes), FcCHS (five genes), FcCHI (three genes), FcF3H (one gene), FcF3’H (three genes), FcDFR (three genes), FcANS (three genes), and FcUFGT (two genes) (Li et al., 2020) (Figure 3).



5.1 Chalcone synthase and chalcone isomerase

Chalcone synthase (CHS) is a key enzyme that catalyzes the first committed step in the anthocyanin biosynthesis pathway (Jez and Noel, 2001). As the receptacle tissues of F. carica develop and ripen, the contents of flavonoids increase, and the expression level of FcCHS is upregulated (Cui et al., 2021). FcCHS1 encodes 389 amino acid residues, including two phenylalanine residues essential for substrate specificity (Li et al., 2020). In addition, the transcription of FcCHS1 can be regulated by light-induced signal transduction elements such as HY5 (Wang et al., 2019). Subsequent to the reaction catalyzed by CHS, chalcone isomerase (CHI) catalyzes the conversion of chalcone into naringenin (Ralston et al., 2005). FcCHI1 encodes a 257 amino-acid type I chalcone isomerase, which includes four conserved active sites (Li et al., 2020). The expression levels of FcCHS1 and FcCHI1 increase with the accumulation of anthocyanins and are significantly higher in pigmented tissues (fruit peels and flowers) than non-pigmented tissues. The expression of FcCHS1 is very low in non-pigmented tissues (Li et al., 2020). FcCHS1 and FcCHI1, together with their homologs associated with anthocyanin accumulation, have similar molecular characteristics and secondary structures, implicating their involvement in F. carica fruit coloration.




5.2 Dihydroflavonol-4-reductase

Dihydroflavonol-4-reductase (DFR) is a key enzyme involved in the later steps of anthocyanin biosynthesis. It catalyzes the conversion of dihydroflavonols to colorless anthocyanins. Metabolomic and transcriptomic analyses showed that the expression levels of three FcDFR genes were significantly increased in fruit peel. Among them, the expression levels of FcDFR2 and FcDFR3 were upregulated by light deprivation, whereas FcDFR1 was downregulated (Wang et al., 2019). FcDFR1 encodes a 363-amino-acid protein encompassing a typical NADP-binding region and a substrate-binding region (Li et al., 2020). The secondary structure of FcDFR1 is similar to MnDFR1 (Morus notabilis), which has been implicated in anthocyanin accumulation, suggesting that FcDFR1 is involved in the anthocyanin biosynthesis of F. carica.




5.3 Anthocyanidin synthase and UDP-glycose flavonoid glycosyltransferase

Anthocyanidin synthase (ANS) catalyzes the penultimate step in the anthocyanin biosynthesis pathway, the conversion of colorless into colored anthocyanins. FcANS1 encodes a 358-amino-acid protein encompassing a conserved domain 2OG-FeII-Oxy (Cao et al., 2016). FcANS1 was significantly upregulated in F. carica fruit peel compared with flower tissue (Wang et al., 2019). The expression pattern of FcANS1 and the anthocyanin content are correlated during fruit development. Bagging treatment resulted in downregulation of FcANS1 expression in fruit peel and female flowers, suggesting that FcANS1 functions in anthocyanin biosynthesis (Cao et al., 2016). On the contrary, three FcANS genes FcANS1, FcANS2 and FcANS3 in female flower tissues were upregulated after bagging (Wang et al., 2021).

UFGT is the last key enzyme in the anthocyanin synthesis pathway, which can catalyze the glycosylation of unstable anthocyanins to form stable anthocyanins. The open reading frame of FcUFGT1 is 1374 bp. The expression level of FcUFGT1 in the fruit peel of F. carica at the mature stage was much higher than that in female flower tissue. However, the expression of FcUFGT1 was significantly downregulated in the fruit peel by light deprivation but significantly upregulated in the female flower tissue (Wang et al., 2019).




5.4 Other enzymes

Glutathione S-transferases (GSTs) are multifunctional enzymes involved in the transport of anthocyanins to vacuoles (Gullner et al., 2018). A total of 53 GST genes from five subfamilies are present in the F. carica genome. FcGSTF1 and FcGSTU5/6/7 may be important in anthocyanin accumulation in F. carica peel, but further research is needed (Liu et al., 2023).

Compared to anthocyanins, less research has focused on the regulation of the biosynthesis of other secondary metabolites in F. carica. Furanocoumarins (FCs), like anthocyanins, are synthesized via the phenylpropanoid pathway and are structurally classified as angular and linear furanocoumarins (Villard et al., 2019). The first step of the furanocoumarin pathway is catalyzed by the umbelliferone dimethylallyl transferase (UDT) and is important for the prenylation of umbelliferone (Figure 3). Comparative RNA-seq and enzyme activity analyses of F. carica latex organs have shown that FcPT1 has UDT activity and participates in the biosynthesis of furanocoumarins in F. carica, converting umbelliferone into demethylsuberosin (DMS) (Munakata et al., 2020). However, the functions of these enzymes need to be validated by in vitro studies. Marmesin synthase is a key enzyme in the biosynthesis of furanocoumarins and is involved in the production of the defense compound psoralen from p-coumaroyl coenzyme A (Villard et al., 2021). The cytochrome P450 gene CYP76F112 in F. carica encodes marmesin synthase, which can convert DMS into marmesin with high affinity. The discovery of CYP76F112, the first identified marmesin synthase, expands the potential applications of the furancoumarin pathway (Villard et al., 2021).





6 Transcription factors regulating the biosynthesis of secondary metabolites in F. carica

Transcription factors modulate the expression of structural genes associated with the biosynthesis of secondary metabolites. They bind to cis-acting regions, thereby inhibiting or promoting gene expression. These factors collaboratively or independently regulate the synthesis of enzymes involved in the biosynthesis of secondary metabolites, such as anthocyanins.



6.1 MYB transcription factors

MYB transcription factors are widely distributed in plants and are involved in a variety of aspects of plant growth and metabolism (Pratyusha and Sarada, 2022). Transcriptomic analysis revealed that light deprivation alters the expression of several F. carica genes, such as MYB114 and three R2R3MYB transcription factors, with FcMYB114 specifically regulating FcDFR1 and anthocyanin biosynthesis via promoter interaction (Wang et al., 2019). Virus-induced gene silencing of FcMYB114 led to significant downregulation of FcDFR1, FcANS1, and FcUFGT1, resulting in a reduction of anthocyanin content in F. carica fruit peel (Chen et al., 2023). Overexpression of two R2R3-MYB genes, FcMYB21 and FcMYB123, led to significantly increased anthocyanin content in apple peel and fruit callus tissues (Li et al., 2020). Furthermore, the significant promotion of MdMYC2 expression by overexpressing FcMYB21 suggests a potential close relationship between FcMYB21 and FcMYC2 in promoting F. carica fruit coloring.




6.2 Basic helix-loop-helix transcription factors

The bHLH family is the second largest group of plant transcription factors involved in plant growth, development, and signal transduction. bHLH transcription factors can interact with MYB transcription factors to regulate the biosynthesis of anthocyanins (Hichri et al., 2010). The genome of F. carica contains 118 bHLH genes (Song et al., 2021). According to the bHLH family classification in Arabidopsis, FcbHLH genes can be classified into 25 subgroups. bHLH genes of different subfamilies show different expression patterns in female flower tissues and fruit peel during F. carica fruit development. The transient transformation of FcbHLH42 in tobacco induced a significant increase in anthocyanin content, suggesting that FcbHLH42 promotes the accumulation of anthocyanins in F. carica. The levels of WD40 and other MYB transcription factors were positively correlated with the expression of FcbHLH42, providing insight into the regulatory mechanism of flavonoid biosynthesis in F. carica (Song et al., 2021).




6.3 WD40

The WD40 transcription factors are structurally stable and important regulators of plant development and physiology, including the biosynthesis of anthocyanins. TTG1 was the first WD40 protein discovered in Arabidopsis thaliana, and it forms a trimer with AtMYB123 and AtbHLH42 to promote anthocyanin biosynthesis (Baudry et al., 2004). The F. carica genome contains a total of 204 WD40 genes. Subcellular localization prediction showed that 109 FcWD40 proteins were localized to the cytoplasm, 69 to the nucleus, and 26 to other cellular compartments. FcWD4097 has been identified and named FcTTG1. The expression level of FcTTG1 was significantly highest in the flesh and peel, followed by the stem of F. carica (Fan et al., 2022).

MYB transcription factors form the MBW complex by binding to the FcMYB113, FcGL3, and FcWD40 proteins of the MYB, bHLH, and WD-repeat families, respectively. This complex directly activates the expression of genes involved in the biosynthesis of anthocyanins (Gonzalez et al., 2008). The MBW complex was identified in pollinated and parthenocarpic F. carica fruits. FcMYB113 was significantly downregulated, whereas FcGL3 and FcWD40 were moderately upregulated by exogenous ABA and ethylene. The high expression of FcMYB113, FcGL3, and FcWD40 during the later stages of anthocyanin biosynthesis may affect coloration (Lama et al., 2020). In addition, yeast two-hybrid assays and biomolecular fluorescence complementation experiments showed that FcWD40–97 and FcbHLH42 regulate the biosynthesis of anthocyanins by forming MBW complexes with FcMYB114 and FcMYB123 (Fan et al., 2022).




6.4 Other transcription factors

Other families of transcription factors, such as MADS-box and bZIP, have been identified in F. carica. MADS-box proteins are functionally diverse and regulate multiple processes, including floral organ development, fruit development and maturation, and seed coloring (Aerts et al., 2018). The F. carica genome has a total of 64 FcMADS-box genes, the expression levels of which were shown to be tissue specific (Kmeli et al., 2023). FcMADS9 has been cloned, and its regulation of the biosynthesis of anthocyanins in F. carica has been validated by heterologous expression in apple fruit and callus tissues (Li et al., 2021).

The bZIP family is one of the largest gene families in plants and is important for biological processes such as secondary metabolism, stress responses, and seed maturation. Y1 screening indicated that FcHY5 (bZIP) binds to the promoter region of FcCHS, implicating the latter in transcription of the structural genes linked to the biosynthesis of anthocyanins (Wang et al., 2019).





7 Concluding remarks and future perspectives

We have conducted a comprehensive review of the functions and biosynthesis of secondary metabolites in the economically significant F. carica. A diverse array of secondary metabolites in F. carica, such as flavonoids, terpenes, and coumarins, exhibit various beneficial activities. Dark-colored F. carica varieties and the fruit peel display elevated levels of secondary metabolites.

To fully exploit the potential application of these metabolites in food and medicine, it is crucial to acquire a more in-depth understanding of their biological activity and pharmacological efficacy. The functions of the flavonoids, terpenoids, and coumarins of F. carica require further investigation in cell-culture experiments, animal models, and clinical studies to identify potential health benefits. In addition, while F. carica is primarily consumed as fruit, the leaves contain higher levels of coumarin compounds, which are usually discarded as industrial byproducts without utilization; therefore, further research on the use and value of these byproducts is necessary.

The content of secondary metabolites undergoes substantial changes during the development and maturation of F. carica fruits, and it is also influenced by the genotype of F. carica. Additionally, a range of environmental factors (e.g., light), stresses (e.g., high temperature, low temperature, drought, nutrient deficiencies, salinity), hormone treatments (e.g., ABA, ethylene, NDGA, fluridone, and methyl jasmonate), as well as developmental factors, can affect the accumulation of secondary metabolites in F. carica. Post-harvest processing methods are worth further exploration as a low-cost and practical technique to maximize the retention of secondary metabolites in F. carica. Some cultivation and management practices can be applied to F. carica to achieve better fruit quality, including artificial light supplementation systems, fertilizer rationing, and the application of growth regulators.

Anthocyanins, as secondary metabolites in F. carica, play a significant role in determining the fruit’s appearance and nutritional value. The availability of the F. carica genome has facilitated the investigation of key genes involved in anthocyanin biosynthesis and their regulatory mechanisms. Transcriptomic and bioinformatics analyses have identified several structural genes, including FcPAL, FcCHS, FcCHI, FcF3H, FcDFR, FcANS, FcUFGT, and FcGST, which regulate anthocyanin synthesis. Furthermore, CYP76F112 and FcPT1 have been identified as crucial enzymes in the coumarin compound synthesis pathway. Moreover, MYB, bHLH, WD40, bZIP, and MADS-box transcription factors are implicated in the regulation of the biosynthesis of anthocyanins. Genetic and molecular studies are needed to further identify the functional genes involved in the regulation of secondary metabolite biosynthesis. The application of genetic transformation systems (root hair transformation, virus-induced gene silencing, and gene editing) will facilitate the development of biotechnological techniques for increased contents of bioactive secondary metabolites in F. carica varieties. Studies on the biosynthesis mechanisms of anticancer bioactive compounds such as psoralens and saponins in F. carica warrant further research.
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The B-box (BBX) family, which is a class of zinc finger transcription factors, exhibits special roles in plant growth and development as well as in plants’ ability to cope with various stresses. Even though Rubus chingii is an important traditional medicinally edible plant in east Asia, there are no comprehensive studies of BBX members in R. chingii. In this study, 32 RcBBX members were identified, and these were divided into five groups. A collinearity analysis showed that gene duplication events were common, and when combined with a motif analysis of the RcBBX genes, it was concluded that group V genes might have undergone deletion of gene fragments or mutations. Analysis of cis-acting elements revealed that each RcBBX gene contained hormone-, light-, and stress-related elements. Expression patterns of the 32 RcBBX genes during fruit ripening revealed that highest expression occurred at the small green fruit stage. Of note, the expression of several RcBBX genes increased rapidly as fruit developed. These findings, combined with the expression profiles of anthocyanin biosynthetic genes during fruit ripening, allowed us to identify the nuclear-targeted RcBBX26, which positively promoted anthocyanin production in R. chingii. The collective findings of this study shed light on the function of RcBBX genes in different tissues, developmental stages, and in response to two abiotic stresses.
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1 Introduction

Transcription factors (TFs) are a class of proteins that are able to bind to specific genes, allowing for gene expression to be regulated (Spitz and Furlong, 2012). They can act as communication hubs by networking with other interacting proteins, synergizing with them, and resulting in gene transcription (Stortz et al., 2024). Among a wealth of plant TFs, the zinc finger protein is a specialized TF that folds upon itself to form a finger structure, and is composed of Zn (II) and different amounts of histidine (His) and cysteine (Cys). Different zinc finger proteins play varying roles in plants (Laity et al., 2001). For instance, zinc finger proteins are involved in mRNA recognition, DNA packing, transcription activation, and protein-protein interactions, and can thus impact plant growth and development (Noman et al., 2019), while playing an integral role in plants’ responses to stresses (Cao et al., 2023).

The B-box domain protein, or BBX, which is one type of zinc finger protein, has attracted widespread attention. In recent years, BBX families have been identified and functionally characterized in the genomes of several plants, such as Dioscorea opposita (Chang et al., 2023), Vaccinium corymbosum (Liu et al., 2023), Dendrobium officinale (Cao et al., 2019), Glycine max (Shan et al., 2022), and Vitis vinifera (Wei et al., 2020). The BBX family is well-studied in the model plant Arabidopsis thaliana at physiological, molecular, and biochemical levels (Khanna et al., 2009). All BBX proteins contain one or two highly conserved B-box domains, B-box1 (C-X2-C-X7-8-C-X2-D-X-A-X-L-C-X2-C-D-X3-HB) and B-box2 (C-X2-C-X3-P-X4-C-X2-D-X3-L-C-X2-C-D-X3-H), with about 40 amino acids at the N-terminus, and some of them may possess a conserved CCT (CONSTANS, CO-like and TOC1) domain with 42-43 amino acids at the C-terminus (Cao et al., 2023). Based on their structures and functions in A. thaliana, the BBX genes have been divided into five subfamilies (groups I, II, III, IV, and V) that are closely associated with a number of B-box and CCT conserved domains (Gangappa and Botto, 2014). Groups I and II contain two B-box domains (B-box1 and B-box2) and one CCT domain, group III contains a B-box1 domain and a CCT domain, group IV contains two B-box domains but no CCT domain, whereas group V only contains a B-box1 domain (Khanna et al., 2009). Hence, addressing the diversity of the BBX family may be conducive to understand its roles.

Increasing evidence has demonstrated that BBX is involved in various developmental processes and in response to environmental stresses (Cao et al., 2023). In Chinese yam (D. opposita), overexpression of DoBBX2 and DoBBX8 accelerated tuber formation under short-day conditions (8-h photoperiod; light intensity: 38 μmol m-2 s-1) while overexpression of DoBBX8 alone promoted tuber formation in the dark (Chang et al., 2023). In tomato (Solanum lycopersicum), SlBBX17 interacted with SlHY5 and stimulated transcription of the SlHY5 gene, positively enhanced CBF-dependent cold tolerance, whereas silencing of SlBBX17 promoted susceptibility to low-temperature stress (Song et al., 2023). The expression of 68.4% of D. officinale BBX genes increased to varying degrees after treatment with methyl jasmonate (MeJA), especially DoBBX17, which was strongly up-regulated (by 65-fold) after 24 h (Cao et al., 2019). In apple (Malus domestica), MdBBX20, induced by UV-B and low temperatures, interacted with MdHY5 to activate MdMYB1 expression, binding directly to the promoters of MdDFR and MdANS genes, and promoting the accumulation of anthocyanins (Fang et al., 2019). In pear (Pyrus pyrifolia), the expression of PpBBX16 was significantly enhanced under constant white light (light intensity: 13.19 µmol m-2 s-1) induction for 10 d, and strongly interacted with PpHY5 to induce the promoter activity of PpMYB10, while integrating the well-characterized COP1-HY5-MYB10 regulatory complex, which is involved in the determination of red coloration and anthocyanin biosynthesis (Bai et al., 2019a). Despite these studies in other plants, no information regarding the BBX family is available for the medicinally edible plant, Rubus chingii Hu (Rosaceae).

R. chingii, commonly known as hanging hooks in English, acquired its name due to the shape of ripe fruits, which resemble an upside-down hanging bowl on branches. R. chingii is used in the Chinese pharmacopoeia, and is widely cultivated in Zhejiang and Jiangxi provinces of China. Not only is it consumed as a fresh fruit when ripe, its unripe dried fruit serves as a medicinal herb (Wang et al., 2022). Ripening R. chingii fruit undergoes a change in color from green to red, and this is dependent on relevant TFs that can regulate the biosynthesis and accumulation of anthocyanins (Li et al., 2021). For instance, BBX can directly or indirectly regulate anthocyanin biosynthetic genes at transcriptional and post-transcriptional levels, thereby adjusting the levels of anthocyanin production (Wang et al., 2023). In A. thaliana seedlings, overexpression of BBX21, BBX22 and BBX23 accumulated dramatically more anthocyanin than control seedlings when induced by light, while BBX24, BBX25 and BBX32 negatively regulated the accumulation of anthocyanins (Job et al., 2018; Bai et al., 2019b; Podolec et al., 2022). Furthermore, R. chingii fruit has an abundance of flavonoids, terpenoids, alkaloids, and phenolics (Wang et al., 2021). Collectively, these exhibit a wealth of pharmacological properties, including antibacterial, antioxidant, anti-tumor, and anti-inflammatory (Chen, 2023). The accumulation of these secondary metabolites is potentially related to induction by phytohormones, and may be transcriptionally regulated by the BBX family (Gangappa and Botto, 2014; Song et al., 2020). The expression profiles of the BBX family genes in R. chingii are still unknown.

The objective of the present study was to identify the BBX family from R. chingii at the genome-wide level. The physicochemical properties, chromosome location, gene structure, phylogenetic relationships, analysis of cis-acting elements (CAEs), conserved motifs, gene replication, and protein-protein interactions were systematically evaluated. Furthermore, the expression levels of BBX members in different organs (roots, stems, leaves, flowers, and fruits), at different developmental stages, and following exposure to abscisic acid (ABA), were comparatively evaluated. Consequently, these findings will allow candidate genes to be identified while providing a theoretical foundation for understanding the role of BBX family genes during the ripening of R. chingii fruit.




2 Materials and methods



2.1 Plant materials and hormonal treatment

The erect and medium-sized shrub R. chingii Hu, which was identified as such by Professor Xiaoxia Shen (Zhejiang Chinese Medical University), was cultivated in a greenhouse using sandy and clay soil (4:1, v/v) and irrigated every fortnight with 1000-times diluted Hyponex 20-20-20 fertilizer (Hyponex Co., Tokyo, Japan) under natural conditions at the medicinal herb garden (E 119.96°, N 30.05°) of Zhejiang Chinese Medical University, in Zhejiang Province, China. To detect the organ-specific expression of RcBBX genes, roots, stems, leaves, flowers, and unripe fruits of one-year-old R. chingii plants were collected in May 2023, quick-frozen in liquid nitrogen, and stored in a -80°; refrigerator (Thermo Scientific, Waltham, MA, USA). To investigate the dynamic expression of RcBBX genes during fruit ripening, small green (5-6 mm in diameter), big green (11-13 mm in diameter), yellow and red fruits were harvested. Their surfaces were wiped clean with a dry cloth, then stored in a -80°; refrigerator. To understand the effect of ABA on the transcript levels of RcBBX genes, ten leaves of one-year-old R. chingii plants from top to bottom were sampled after treatment with 100 μM ABA (Sigma-Aldrich, St. Louis, MO, USA) 10 mL for each plant over 6 h, then stored in a -80°; refrigerator. Triplicate samples were prepared.




2.2 Identification of R. chingii BBX family members at the genome-wide level

The chromosome-scale genome of R. chingii was retrieved from the Rosaceae Genome Database (https://www.rosaceae.org) with accession number tfGDR1051. A BLASTP search (score value ≥ 100, e-value ≤ 1e-10) was employed to identify all possible R. chingii BBX members by utilizing the 32 published A. thaliana BBX proteins (Khanna et al., 2009) as queries. Each candidate BBX was subsequently verified with the Conserved Domain Database (CDD, www.ncbi.nlm.nih.gov/cdd) and Simple Modular Architecture Research Tool (SMART, https://smart.embl-heidelberg.de/). Redundant sequences or incomplete sequences, excluding the conserved BBX domain (PF00643) which was retrieved from Pfam (https://pfam-legacy.xfam.org/), were excluded. Consequently, all 32 RcBBX members with complete BBX domains were identified (Supplementary Table 1). In addition, physical and chemical properties of all RcBBX proteins, including their molecular weight, theoretical isoelectric point (pI), instability index, aliphatic index, and grand average of hydrophobicity, were investigated with the ExPASy server (https://www.expasy.org). The subcellular localization of all RcBBX members was predicted using the WoLF server (https://wolfpsort.hgc.jp/) and the Plant-mPLoc predictor (Chou and Shen, 2010).




2.3 Phylogenetic analysis of RcBBX members and multiple sequence alignment

The A. thaliana BBX sequences were identified at the Arabidopsis Information Resource (https://www.arabidopsis.org/). The full-length amino acid sequences of the BBX proteins from A. thaliana and R. chingii were subjected to multiple sequence alignment using ClustalX 2.1 (www.clustal.org/). A phylogenetic tree was established using Molecular Evolutionary Genetics Analysis (MEGA) software (Tamura et al., 2021) applying a neighbor-joining (NJ) algorithm (Saitou and Nei, 1987) with 1000 bootstrap replicates, and visualized using the iTOL online tool (https://itol.embl.de).




2.4 Cis-acting elements, gene structure, and conserved motifs of RcBBX members

The 2000-bp long upstream sequences of the 32 RcBBX genes were mined from the R. chingii genome (Wang et al., 2021), sorted in numerical order and inputted into the PlantCARE platform (Lescot et al., 2002) to predict the potential CAEs. According to the annotation information of the R. chingii reference genome (Wang et al., 2021), the structure of RcBBX genes was revisualized with the TBtools program (Chen et al., 2020). To better understand the structure of these RcBBX members, the Multiple Expectation Maximization for Motif Elicitation website (MEME, https://meme-suite.org/) was employed to determine their conserved motifs (motif width: 6-50; max number: 10), and visualized with TBtools software (Chen et al., 2020).




2.5 Chromosome distribution, duplications and synteny analysis of RcBBX members

Based on the relative positions of the 52 characterized RcBBX genes on the seven R. chingii chromosomes, the TBtools program (Chen et al., 2020) was applied to map them on the chromosomes. To explore gene replication events among RcBBX genes, collinearity analysis of RcBBX members was performed using the multiple collinear scanning toolkit MCScanX (Wang et al., 2012) with default parameters. The Dual Synteny Plotter in TBtools tool (Chen et al., 2020) was used to carry out a syntenic analysis of three BBX gene families in R. chingii, A. thaliana, and rice (O. sativa).




2.6 Identification of enzyme-encoding genes related to anthocyanidin biosynthesis

The anthocyanidin biosynthetic pathway in R. chingii was putatively implicated based on an assessment of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (Kanehisa et al., 2023) and previously published reports regarding flavonoid biosynthesis (Li et al., 2021; Lei et al., 2023). Finally, information about the transcriptome (NCBI accession no. PRJNA671545) of R. chingii fruits during different developmental stages (small green, big green, yellow, and red fruits) were retrieved to appreciate the enzyme-encoding genes involved in the biosynthesis of flavonoids. The TBLASTN server (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was employed to align homologous genes against the enzyme-encoding genes. Redundant and incomplete sequences without functional domains were removed. Finally, enzyme-encoding genes were selected from the R. chingii transcriptome database when their FPKM values exceeded 5.0.




2.7 GO and KEGG enrichment analysis of RcBBX sequences

All RcBBX sequences were uploaded into the eggNOG-mapper website (https://eggnog-mapper.embl.de/). The functionally annotated results were downloaded, selected with a P-value less than 0.05, and the GO and KEGG enrichment information was visualized on the Chiplot server (https://www.chiplot.online/).




2.8 Expression profiles of RcBBX genes in different organs, at different growth stages, and following treatment with ABA

Total RNA was isolated from the lyophilized powder of different organs (roots, stems, leaves, flowers, and fruits), different developmental fruits (small green, big green, yellow and red fruits), and ABA-treated R. chingii leaves, using the Quick RNA Isolation Kit (Huayueyang Biotechnology Co., Beijing, China) according to the company’s instruction manual (Yu et al., 2021a). Thereafter, the quality and integrity of RNA were estimated using agarose gel electrophoresis (Bio-Rad Laboratories, Hercules, CA, USA) and a NanoDrop 2000 spectrophotometer (Thermo Scientific). The acquired 1 μg of RNA was reverse-transcribed to first-strand cDNA using the PrimeScript Reagent Kit with gDNA Eraser (Takara, Dalian, China). Real-time quantitative polymerase chain reaction (qRT-PCR) was implemented on an ABI 7500 (Applied Biosystems, Foster City, CA, USA) at the following conditions: 95°C for 30 s, followed by 35 cycles of 95°C for 2 s, and 60°C for 30 s. A total of 10 μL detection solution included 5 μL of 2× iTaq™ Universal SYBR® Green Supermix (Bio-Rad Laboratories), 50 ng of obtained cDNA, 500 nM of forward/reverse primer, and the remaining volume with deionized water. Relative transcript abundance was assessed based on the 2-ΔΔCt protocol (Livak and Schmittgen, 2001), and the elongation factor-1 alpha gene (EF-1α) was employed as the house-keeping gene (Wang et al., 2021). All primers that were used are indicated in Supplementary Table 1.




2.9 Molecular cloning, sequence analysis and subcellular localization of RcBBX26

The sequences encoded by RcBBX26 were propagated and purified from R. chingii fruits using the ApexHF HS DNA Polymerase FS (Accurate Biotechnology (Hunan) Co., Ltd., Changsha, China). The secondary structure of RcBBX26 was visualized at the SOPM webserver (https://npsa-pbil.ibcp.fr). The subcellular localization of RcBBX26 was assessed as described previously (Yu et al., 2021a), NLS-mCherry was used as a nuclear localization marker, and YFP fluorescence was observed and images were captured under a TCS SP8 STED microscope (Leica Camera AG, Solms, Germany).




2.10 Transient overexpression of RcBBX26 in R. chingii leaves

To induce gene overexpression, a 765-bp coding sequence of RcBBX26 without a stop codon (TGA) was introduced into the pCAMBIA1301 vector (CAMBIA, Canberra, Australia) at the EcoRI and BamHI sites using the In-Fusion solution (Takara). After verification by sequencing (Zhejiang SUNYA Co., Hangzhou, China), the pCAMBIA1301-RcBBX26 recombinant was introduced into Agrobacterium tumefaciens GV3101 (pSoup-p19; Weidi Biotechnology Co., Shanghai, China) using a previously published freeze-thaw protocol (Yu et al., 2021b). Infiltration solution, containing 10 mM 2-morpholinoethanesulfonic acid (MES; Sigma-Aldrich), 10 mM MgCl2 (Sigma-Aldrich), and 20 mM acetosyringone (Sigma-Aldrich) (pH = 5.6) was injected into the third leaves from the terminus of one-year-old R. chingii plants. Total RNA was isolated from MOCK and overexpressing RcBBX26 leaves as mentioned above. Semi-quantitative RT-PCR was performed following thermocycling as initially published (Yu et al., 2021b). Eventually, positive leaves overexpressing RcBBX26 were verified by semi-quantitative RT-PCR and qRT-PCR as indicated above.




2.11 Determination of total anthocyanidin content during fruit ripening

To investigate total anthocyanidin content during fruit ripening, four developmental fruits (small green, big green, yellow and red fruits) of one-year-old greenhouse R. chingii were harvested in May 2023. Anthocyanin content in different R. chingii fruits was determined by a pH differential protocol (Yu et al., 2018). Dried powder (1 g) derived from a vertical-type pulverizer (Xinda Machinery Co., Jiangyin, China) was mixed with 2 mL methanol (Sigma-Aldrich), mixed with 1.0% formic acid (Sigma-Aldrich), and extracted by ultrasonication with a 40 Hz ultrasonic homogenizer (Ningbo Scientz Biotechnology Co., Ningbo, China) in the mixture of ice and water for 15 min. The supernatant was obtained after centrifugation (4000 ×g) at 25°. Anthocyanidin content was spectroscopically evaluated at 510 and 700 nm in separate acidic buffers at pH 1.0 and 4.5, respectively. The formula utilized to quantify anthocyanin was: A = (A510nm – A700nm) pH1.0 – (A510nm – A700nm) pH4.5. Cyanidin 3-O-rutinose (CAS no. 18719-76-1; Sigma-Aldrich) was used as the reference standard to establish a standard curve (A = 2.3016C + 0.021, R²=0.9991; C indicates the concentration of cyanidin 3-O-rutinose). Total anthocyanidin content of different R. chingii fruits was expressed as mg of cyanidin 3-O-rutinose equivalents per gram of dry weight (DW).




2.12 Statistical analysis

All utilized data are presented as the mean ± standard deviation (SD) of no less than three independent replicates. Statistical analysis was executed using SPSS Statistics version 22.0 (IBM Corp., Armonk, NY, USA). In graphs, asterisks above columns indicate statistical differences in expression abundance between CK and ABA, as assessed by a student’s t-test at P < 0.01. Furthermore, different lowercase letters above columns indicate significant differences of anthocyanin content among different fruit ripening stages (small green, big green, yellow and red fruits), as assessed by Duncan’s multiple range test at P < 0.01. Significant differences between control and treated group were evaluated by student’s t-test (P < 0.01). Heatmaps of the expression abundance of all RcBBX genes at different tissues, or at different ripening stages, were charted using TBtools software (Chen et al., 2020), and color scales indicate the log2-transformation of average expression levels, with high expression noted by red/orange and low expression indicated by blue/cyan. A correlation of expression abundance between all RcBBX genes and anthocyanidin biosynthetic genes was implemented using Pearson’s correlation coefficient (r) at P < 0.05.





3 Results



3.1 Identification and characterization of RcBBX protein family members

To mine BBX members on the seven chromosomes in the R. chingii genome, local Hidden Markov Model searches with the BBX core domain (PF00643) and a BLAST with all 32 A. thaliana BBX proteins as queries were carried out. The obtained BBX proteins were confirmed using the Simple Modular Architecture Research Tool and an NCBI CD-Search. Thereafter, redundant or erroneous sequences without PF00643 were removed. A total of 32 BBX members were finally identified from the R. chingii genome and sequentially named RcBBX1-RcBBX32 according to their chromosomal positions (Table 1; Supplementary Table 2).



Table 1 | Physicochemical properties of RcBBX proteins in R. chingii.
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The RcBBX proteins ranged from 173 aa (RcBBX25) to 866 aa (RcBBX16) in length, and their molecular weight ranged from 18.89 to 95.32 kDa. The pI ranged from 4.06 (RcBBX14) to 9.45 (RcBBX19), similar to the pIs of BBX proteins from soybean (Shan et al., 2022) and grapevine (Wei et al., 2020). The number of unstable proteins was high (29/32), suggesting that these RcBBX proteins, with an instability index > 40, exhibited low overall stability. The grand average of hydropathicity of RcBBX proteins was less than 0, suggesting that they are hydrophilic. Most of the RcBBX proteins (23/32) were located in the nucleus, although some of them were predicted to be located in the cytosol or chloroplast, indicating that these proteins might function as TFs.




3.2 Phylogenetic analysis of RcBBX protein family members

To explore the classification and evolution of these RcBBX family members, the 32 identified RcBBX proteins, together with 32 A. thaliana AtBBX proteins, 26 Cucumis melo CmBBX proteins, 26 C. sativus CsBBX proteins, 30 Solanum lycopersicum SlBBX proteins, and 31 Zea mays ZmBBX proteins (Supplementary Table 3), were sequentially aligned to assess their phylogenetic relationships (Figure 1). According to the phylogenetic analysis, and confirming a prior classification of BBX members into five subfamilies (Gangappa and Botto, 2014), these BBX members were divided into five groups (groups I, II, III, IV, and V), including 3, 6, 2, 7, and 14 RcBBX members (Supplementary Table 4), respectively. Among them, group II was the smallest subgroup, including 20 BBX proteins, whereas group IV had the most BBX proteins (52).
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Figure 1 | Phylogenetic tree of 177 BBX protein family members in A. thaliana, C. melo, C. sativus, R. chingii, S. lycopersicum, and Z. mays. The phylogenetic tree was constructed with MEGA software using a maximum likelihood approach with 1000 bootstrap replications.






3.3 Chromosomal location and gene duplication analysis of all RcBBX genes

The genomic location of the 32 RcBBX genes revealed that they were unevenly mapped across all seven chromosomes (Figure 2). Eight RcBBX genes were distributed on chromosome 6, exhibiting the highest number of RcBBX members. In addition, seven genes were distributed on chromosome 4, while chromosomes 1, 2, and 3 included five RcBBX genes each. Chromosomes 5 and 7 contained only one gene each, RcBBX23 and RcBBX32, respectively.
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Figure 2 | Chromosomal location and collinearity analysis of the RcBBX genes.



Duplication analysis demonstrated that six gene pairs (RcBBX1-RcBBX2, RcBBX9-RcBBX10, RcBBX13-RcBBX14, RcBBX17-RcBBX18, RcBBX21-RcBBX23, RcBBX14-RcBBX29) were defined as tandemly-duplicated segments at the chromosome level (Figure 2). Furthermore, four pairs of gene duplications occurred within the same chromosomes (1, 2, 3, and 4) while another two (RcBBX14-RcBBX29, RcBBX21-RcBBX23) occurred on two different chromosomes (3 and 6, 4 and 5). In addition, collinearity analysis of BBX genes among R. chingii, A. thaliana, and O. sativa was sequentially executed (Figure 3). Comparative syntenic maps of the R. chingii genome with the genomes of two model plants A. thaliana and O. sativa, indicated 28 homologous gene pairs between R. chingii and A. thaliana on 7 chromosomes, and seven homologous gene pairs between R. chingii and O. sativa on 4 chromosomes.


[image: Diagram showing synteny (gene order conservation) among chromosomes of three species: R. chingii, A. thaliana, and O. sativa. The R. chingii chromosomes (orange) are compared with A. thaliana (blue) and O. sativa (green) chromosomes, connected by red lines indicating syntenic regions.]

Figure 3 | Collinearity analysis of BBX genes among A. thaliana, O. sativa, and R. chingii.






3.4 Conserved domains, motifs and gene structure analysis of RcBBX protein family members

Apart from RcBBX28 and RcBBX31, nine RcBBX proteins in groups I and II included two B-box structural domains and one CCT structural domain (Figure 4A). Two RcBBX proteins in group III included one B-box and one CCT domain. Most RcBBX proteins (5/7) in group IV contained two B-box structural domains. All RcBBX proteins in group V included only one B-box structural domain (Figure 4B). Therefore, RcBBX proteins within the same subgroup exhibited similar domain compositions.


[image: Phylogenetic tree and gene structure analysis shows RcBBX family. Panel A: Phylogenetic tree displaying RcBBX gene clusters. Panel B: Distribution of B-box1, B-box2, and CCT domains. Panel C: Motif distribution with legend for motifs. Panel D: Exon-intron organization, with exons shown in green.]

Figure 4 | Phylogenetic tree, structural domains, conserved motifs, and gene structure of the 32 RcBBX members. (A) Phylogenetic classification of the 32 RcBBX proteins. (B) Structural domains of the 32 RcBBX proteins. (C) Conserved motifs of the 32 RcBBX proteins. (D) Gene structure of the 32 RcBBX genes.



Furthermore, 12 motifs were observed and named as motifs 1-12 (Figure 4C). Except for 10 proteins in group V, motif 1 was widely distributed in all other RcBBX members. Motif 7 was distributed in groups I, II, III, and IV. Of note, the distribution of motifs in group V was divided into three types: type 1 (4 members), which only included motif 1; type 2 (4 members), which mainly included motifs 2, 3, 5, and 10; type 3 (6 members), which included motifs 4, 8, and 9. Overall, the number and types of motifs within the same group were relatively similar, although there were considerable differences among different groups.

The CDS/intron patterns of RcBBX genes were also analyzed (Figure 4D). The number of exons in groups I, II, III, and IV was 1-6 (except for 19 exons in RcBBX16). Most RcBBX genes harbored 1-6 exons in group V whereas five genes (RcBBX1, RcBBX2, RcBBX4, RcBBX6, RcBBX16) possessed 13-15 exons. Intriguingly, the number of exons was relatively conserved within the same group, for example, group IV genes contained 2-5 exons.




3.5 Cis-acting element analysis of the promoter region of RcBBX genes

The 2000-bp upstream promoter of the 32 RcBBX genes was utilized to analyze the CAEs, which were divided into three categories: those associated with light, hormone, and stress (Figure 5). A total of 836 CAEs were identified, and 405 of them were associated with light responsiveness. For instance, the G-box, a common CAE in plants exposed to external light stimulation, was the most widely distributed CAE, accounting for 33.83% of all light-responsive CAEs. RcBBX13 contained the most G-boxes (19), followed by RcBBX26 (12) and RcBBX27 (10). The I-box was found in 3.7% of all light-responsive CAEs, and together with the G-box, formed a key component with conserved modular array 5 (CMA5) for the regulation of photosensitive pigments. A total of 278 hormone-responsive CAEs were discovered. ABRE, an ABA-responsive element, was the most widely distributed and accounted for 43.17% of all hormone-responsive CAEs. Most RcBBX genes (23/32) contained an ABRE, indicating that they were potentially induced by ABA. Similar to light responsiveness, RcBBX13 contained the most ABREs (16), followed by RcBBX26 (10) and RcBBX27 (9). CGTCA and TGACG were MeJA-responsive elements, accounting for 29.5% of all hormone-responsive CAEs. In addition, there were 153 CAEs involved in stress response. ARE and GC motifs, two anaerobic inducible CAEs, were the most common, accounting for 52.94% of all stress-responsive elements. Multiple CAEs were associated with stress responsiveness, such as MBS and LTR, which were involved in drought and low temperature responsiveness (Yu et al., 2021b; Nian et al., 2022), respectively. Hence, it is noteworthy that the promoter regions of each RcBBX gene exhibited a different number and composition of CAEs, and might play multifarious roles in photomorphogenesis and stress resistance in R. chingii.


[image: Diagram showing analysis of cis-acting elements. Panel A is a heatmap categorizing genes under light, hormone, and stress elements. Panel B is a bar chart showing the number of elements for each category, with light in blue, hormone in red, and stress in green. Panel C is a pie chart detailing the percentage of various elements, such as G-BOX (16.39%), ABRE (14.35%), and ARE (9.09%). The chart includes a legend with colors representing different elements.]

Figure 5 | Analysis of cis-acting elements in the RcBBX genes. (A) All cis-acting elements were classified into three categories, namely those associated with light, hormone, and stress, and their number is presented as a heatmap. (B) Number of cis-acting elements in each RcBBX gene. (C) Histogram of the number of cis-elements in each category.






3.6 Protein-protein interaction network of RcBBX proteins

To depict the protein-protein interaction of all RcBBX proteins, the STRING database was employed. Results demonstrate that 24 RcBBX proteins were predicted as being homologous to A. thaliana BBX proteins whereas seven other proteins (RcBBX2, RcBBX4, RcBBX6, RcBBX11, RcBBX19, RcBBX27, and RcBBX32) exhibited relatively low connectivity (Figure 6). Among the 17 interacting proteins, the amount of connectivity ranged from 1-12, and the most highly connected protein was RcBBX26, which interacted with 16 other RcBBX proteins. In addition, 2 CONSTANS-like (COL), RcCOL6 and RcCOL7, also interacted with RcBBX proteins.


[image: Network diagram illustrating interactions between labeled circles and diamonds. Circles, labeled RcBBX, vary in size and color (yellow to red). Red diamonds are labeled RcCOL6 and RcCOL7, connected to several circles. Lines indicate connections.]

Figure 6 | Interactive networks of RcBBX proteins assessed with STRING software.






3.7 GO and KEGG enrichment annotation of RcBBX proteins

As shown in Figure 7A, the 32 RcBBX members had 74 annotated GO terms, and they were categorized into three types, including 66 molecular functions (MF), five cellular components (CC), and one biological process (BP). In the MF group, RcBBX proteins were mainly associated with the activity of a transcription regulator or a DNA-binding TF, which can activate or repress the expression levels of downstream structural genes, playing an important regulatory role in plant growth, development and defense against stresses. In the CC group, the RcBBX proteins were enriched in the nucleus, inferring that they might be involved in nuclear transcription. In the BP group, RcBBX proteins showed significant enrichment in response to light and abiotic stress stimuli, indicating they were linked to photo- and bio-stimulation.


[image: Two bubble charts showing gene enrichment analysis results. Chart A, labeled "GO", displays various biological processes, molecular functions, and cellular components along the y-axis with gene ratios on the x-axis. Chart B, labeled "KEGG", presents pathways and processes along the y-axis with gene ratios on the x-axis. Both charts use bubble size and color to represent the count and -Log10(p value), respectively.]

Figure 7 | GO and KEGG annotation of RcBBX proteins. (A) GO enrichment analysis of 32 RcBBX proteins. All annotated GO terms including biological processes (BP), cellular components (CC) and molecular functions (MF). (B) KEGG enrichment analysis of 32 RcBBX proteins.



KEGG annotation revealed that RcBBX proteins were frequently linked to protein families associated with the processing of genetic information (Figure 7B). Moreover, RcBBX proteins were associated with environmental adaptations, concurrent with the BP group in GO enrichment.




3.8 Tissue-specific expression levels of 32 RcBBX genes

To appreciate the expression patterns of RcBBX genes in various tissues, expression levels in flowers, fruits, leaves, roots, and stems were determined (Figure 8). RcBBX genes exhibited differential expression in these five tissues, divided into four groups (I, II, III, and IV). There were 12 RcBBX genes in group I, with the highest expression in stems. Group II contained five RcBBX genes, which displayed the highest expression in leaves. Group III also consisted of five RcBBX genes, with the highest expression in roots. The remaining 10 genes were clustered into group IV, and most of them (9/10) displayed highest expression in fruits, except for RcBBX9, which was highly expressed in flowers. These results suggest that RcBBX genes might play different critical roles during the growth and development of R. chingii.


[image: Heatmap showing RcBBX gene expression in plant organs: roots, stems, leaves, flowers, and fruits. Genes are categorized into four groups. Red indicates high expression; blue indicates low expression. Images of each organ are shown beside the corresponding labels.]

Figure 8 | Expression profiles of 32 RcBBX genes in flowers, fruits, leaves, roots, and stems of R. chingii.






3.9 Expression levels of RcBBX genes following exposure to ABA

Since ABRE, an ABA-responsive CAE, existed widely in RcBBX genes (Figure 5), the response of RcBBX genes to exogenously applied 100 μM ABA was evaluated (Figure 9). A total of 23 RcBBX genes were upregulated, five genes were downregulated, while four genes showed no significant change in expression. Among them, RcBBX26 expression increased the most (39.82-fold), followed by RcBBX10 and RcBBX28 expression, suggesting that ABA might be one of the most influential factors affecting the growth and development of R. chingii and its ability to accumulate secondary metabolites.


[image: Bar charts comparing the relative expression of RcBBX genes under control (CK) and ABA conditions. Each chart shows a distinct RcBBX gene's expression levels, with significant differences marked by asterisks. Blue bars indicate control, and orange bars represent ABA-treated samples.]

Figure 9 | Expression profiles of 32 RcBBX genes after treatment with ABA in R. chingii. Each bar refers to the mean ± SD (standard deviation) of three independent replicates. Double asterisks indicate the significance between CK and ABA based on the student’s t-test at P < 0.01. CK, untreated group. ABA, treatment of 100 μM abscisic acid.






3.10 Expression levels of 32 RcBBX genes during the accumulation of anthocyanin

R. chingii fruits pass through four developmental stages: small green fruits (SG), big green fruits (BG), yellow fruits (YE), and red fruits (RE). As shown in Figure 10, the differential anthocyanin accumulation and expression levels of RcBBX genes was observed among SG, BG, YE, and RE, and was divided into three groups (I, II, and III). Most RcBBX genes (23/32) were highly expressed in SG or BG, and three genes were highly expressed in BG. The RcBBX genes displayed different expression levels at all four stages of fruit development. Two genes (RcBBX13 and RcBBX31) had the highest expression in RE. Highest expression of seven genes (RcBBX7, RcBBX9, RcBBX14, RcBBX15, RcBBX25, RcBBX26, RcBBX27) was observed in YE. The pH differential approach was used to determine total anthocyanin content in SG, BG, YE, and RE, with YE having the highest content, 6.83 μg g-1, 1.68-fold more than SG (4.05 μg g-1), and 2.42-fold more than RE (2.82 μg g-1) (Figure 10B). This result was in agreement with the results of another report, which indicated that total anthocyanin content first increased, then decreased during the ripening of fruits (Lei et al., 2023).


[image: Panel A shows images of fruits at different ripening stages: small green (SG), big green (BG), yellow (YE), and red (RE). Panel B is a bar graph indicating the anthocyanin content (in micrograms per gram) for each stage, with YE having the highest content and RE the lowest. Panel C is a heat map showing gene expression levels (RcBBX genes) across the stages, with color ranging from blue (low expression) to red (high expression).]

Figure 10 | Expression profiles of 32 RcBBX genes in R. chingii during fruit ripening. (A) Phenotype of R. chingii fruits. (B) Anthocyanin content at four different stages of R. chingii fruits. Different lowercase letters indicate significant differences among different fruit ripening stages based on Duncan’s multiple range test at P < 0.01. (C) Expression of RcBBX genes at four stages of R. chingii fruits: SG, small green fruits (5-6 mm in diameter); BG, big green fruits (11-13 mm in diameter); YE, yellow fruits (14-15 mm in diameter); RE, red fruits (18-20 mm in diameter). Bar = 2 mm.



Furthermore, putative anthocyanin biosynthetic enzymes, including phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3′-hydroxylase (F3′H), flavonoid 3′5′-hydroxylase (F3′5′H), flavonol synthase (FLS), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), and UDP-glucose flavonoid 3-O-glucosyl transferase (UFGT), were identified in R. chingii (Figure 11; Supplementary Table 5) based on the reported genome or transcriptome data (Li et al., 2021; Wang et al., 2021). The expression of 44 enzyme-coding genes at all four stages (SG, BG, YE, and RE) was detected (Figure 11). Among them, 14 genes (Rc4CL4, Rc4CL5, Rc4CL6, Rc4CL7, Rc4CL8, Rc4CL12, RcCHI1, RcF3H1, RcFLS1, RcF3′H3, RcANS, RcUFGT8, RcUFGT9, and RcUFGT11) were highly expressed in YE, which was positively related with the seven RcBBX genes that were also highly expressed in YE. Combined with the tissue-specific expression of RcBBX genes in fruits (Figure 8), RcBBX26 was potentially related to anthocyanin accumulation in R. chingii fruits.


[image: Diagram A shows a biochemical pathway with various genes represented by heatmaps indicating their expression levels in different samples (SG, BG, YE, RE). Each step features genes like PAL, C4H, and others linked to metabolite production. Diagram B is a heatmap showing gene expression patterns for RcBBX and other genes, clustered hierarchically, with a color gradient from red (high expression) to green (low expression).]

Figure 11 | Expression profiles of enzyme-encoding genes involved in anthocyanidin biosynthesis during the fruit ripening stage, and their correlation with 32 RcBBX genes. (A) Expression profiles of enzyme-encoding genes associated with anthocyanidin biosynthesis during different fruit ripening stages (SG, small green fruits; BG, big green fruits; YE, yellow fruits; and RE, red fruits). PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 3′-hydroxylase; F3′5′H, flavonoid 3′5′-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UFGT, UDP-glucose flavonoid 3-O-glucosyl transferase. (B) Correlation analysis of the expression between RcBBX genes and anthocyanidin biosynthetic genes.






3.11 Co-expression network of RcBBX genes with anthocyanin biosynthetic genes

Expression levels of RcBBX genes and multiple anthocyanin biosynthetic genes at four developmental stages were matched to construct co-expression networks (Figure 12A). A consistent trend was observed between RcBBX26 and seven anthocyanin biosynthetic genes (Pearson’s r > 0.7, P < 0.05), Rc4CL4, Rc4CL5, Rc4CL6, Rc4CL12, RcUFGT8, RcUFGT9, and RcUFGT11 (Figure 12B), with a correlation coefficient of 0.55 to 0.92 (Supplementary Table-6), indicating that Rc4CL and RcUFGT might be the potential target genes of RcBBX26.


[image: A two-part image consists of a network diagram and bar graphs.   Part A shows a complex network of gene interactions with nodes labeled RcBBX, Rc4CL, RcUFGT, and RcFLS. Nodes are connected by lines indicating interactions.  Part B contains eight bar graphs showing relative gene expression levels for RcBBX26, Rc4CL4, Rc4CL5, Rc4CL6, Rc4CL12, RcUFGT8, RcUFGT9, and RcUFGT11 across four stages: SG, BG, YE, and RE. Expression levels vary, indicated by different colored bars and error bars labeled a, b, c.]

Figure 12 | Co-expression network between RcBBX genes with anthocyanin biosynthetic genes. (A) Co-expression map using Cytoscape. (B) qRT-PCR analysis of RcBBX26 and its potential target genes (Pearson correlation coefficient r > 0.7, P < 0.05) during fruit ripening. The four stages of R. chingii fruits are: SG, small green fruits; BG, big green fruits; YE, yellow fruits; RE, red fruits. Different lowercase letters indicate significant differences during fruit ripening based on Duncan’s multiple range test at P < 0.01.






3.12 Cloning, subcellular localization and functional analysis of RcBBX26

RcBBX26 was amplified, sequenced and submitted to NCBI under accession no. PP723082. RcBBX26 harbored a coding sequence of 765 bp, encoding 254 amino acids with a molecular weight of 27.40 kDa (Figure 13A). The two-dimensional structure showed that RcBBX26 consisted of 50.00% random coils, 43.31% alpha helices, 5.12% extended strands and 1.57% beta turns (Figure 13B). Besides, RcBBX26 was a nuclear-localized protein (Figure 13C), supporting the conclusion that RcBBX26 functions as a TF.


[image: Diagram of a genetic study on RcBBX26: (A) Gene location on chromosome 6 at 37.15 Mb. (B) Gene structure with various colored bars denoting regions. (C) Fluorescent microscopy images showing YFP, chloroplast overlay, NLS-mCherry, merged, and bright field views. (D) Bar graph showing increased relative expression of RcBBX26 compared to mock. (E) Bar graph depicting higher anthocyanin content in RcBBX26 samples compared to mock. Error bars are included, with statistical significance indicated by double asterisks.]

Figure 13 | Functional analysis of RcBBX26 in R. chingii leaves. (A) RcBBX26 in the R. chingii chromosome. (B) Secondary structure of RcBBX26. Alpha helixes, extended strands, beta turns, and random coils are represented in blue, red, cyan, and purple, respectively. (C) Subcellular localization of RcBBX26. (D) qRT-PCR analysis of RcBBX26 in transgenic R. chingii leaves. (E) Content of anthocyanin in transgenic leaves. Data denote the mean ± SD (standard deviation) of six independent replicates. Double asterisks indicate significance between MOCK and RcBBX26 based on a student’s t-test at P < 0.01.



R. chingii is a medicinal xylophyte whose genetic transformation is difficult to achieve (Wang et al., 2021). Herein, efficient transient overexpression was utilized to confirm the function of RcBBX26, resulting in positive transgenic lines through semi-qRT-PCR (Supplementary Figure 1) and qRT-PCR (Figures 13D, E). Overexpression of RcBBX26 accelerated anthocyanin production in R. chingii leaves, representing a 3.57-fold increase compared with the untreated MOCK (Figure 13F). Besides, nine anthocyanin biosynthetic genes (Rc4CL4, Rc4CL5, Rc4CL6, Rc4CL7, Rc4CL12, RcF3′H3, RcANS, RcUFGT8, RcUFGT9, and RcUFGT11) were upregulated by 1.43- to 13.80-fold, with RcUFGT11 showing the largest increase (Supplementary Figure 2).





4 Discussion

The BBX family, which belongs to the zinc finger TF superfamily, is considered to play an important role in plant growth and development. The BBX family has not only been widely studied in model plants A. thaliana, O. sativa, and S. lycopersicum, but also in economic plants Fagopyrum tataricum (Zhao et al., 2021), Lycium barbarum (Yin et al., 2022), Phyllostachys edulis (Ma et al., 2021), and Castanea mollissima (Yu et al., 2024). However, no information is available on the BBX family in R. chingii, which is an edible and medicinal dual-purpose herb.

In this study, a total of 32 genes were identified and named RcBBX1-32 on the basis of their chromosomal positions (Table 1; Supplementary Table 2). This number is the same as the amount of BBX genes in A. thaliana (32) (Khanna et al., 2009) and S. miltiorrhiza (32) (Li et al., 2023), but more than in C. mollissima (18) (Yu et al., 2024), Ananas comosus (19) (Ouyang et al., 2022), F. tataricum (28) (Zhao et al., 2021), L. barbarum (29) (Yin et al., 2022) and O. sativa (30) (Huang et al., 2012), suggesting the diversification of BBX members among different plant species.

Three conserved domains (B-box1, B-box2 and CCT) of the 32 RcBBX proteins displayed high similarity, inferring that the RcBBX sequences have been strongly conserved throughout evolution. A phylogenetic tree categorized the 32 RcBBX family genes into five groups (Figure 1), and the RcBBX members within the same group harbored a strictly consistent combination of conservative domains, which was in line with the BBX genes of A. thaliana (Khanna et al., 2009) and O. sativa (Huang et al., 2012). The number of different groups varied among species. For instance, 13, 4, 8 and 7 A. thaliana BBX genes were clustered into groups I/II, III, IV and V, respectively, compared to 9, 2, 7, and 14 in R. chingii (Supplementary Table 4), and 10, 3, 7, and 16 in S. miltiorrhiza (Li et al., 2023). These findings indicate that the BBX family might share a common ancestor among different plant species, although their evolutionary changes occurred independently. Furthermore, the number of group V RcBBX genes, only harboring a single B-box 1, was significantly higher than in any of the other groups. The loss of B-box 2 and CCT domains in group V may be due to a highly frequent gene expansion (Gangappa and Botto, 2014), while critically functional genes might also be hidden in this group.

Six duplication sets covering 32 RcBBX genes were phylogenetically distributed in a discrete group with similar domains (Figure 4B), motif compositions (Figure 4C) and gene structure (Figure 4D), suggesting that each pair of duplicated genes probably underwent the closest evolutionary processes and shared similar roles in R. chingii. Furthermore, RcBBX genes exhibited 4-fold more homologous gene pairs with A. thaliana than with O. sativa (Figure 3), possibly indicating that different gene duplication events occurred during the evolution of monocotyledonous and dicotyledonous plants. The differences between groups may be associated with widespread diversity of the BBX family (Shan et al., 2022).

Different CAEs present in the promoter region play an essential role in functional diversity (Wittkopp and Kalay, 2011). A total of 836 CAEs were identified, and 48.44% of them were involved in light responsiveness (Figure 5). Notably, the G-box, which was mainly distributed in the promoter region of RcBBX genes (28/32), is an important binding site for BBX regulators, including HY5, PIF3, and PIF8 (Job and Datta, 2021). In A. thaliana, HY5 binds to the G-box at the promoter region of BBX11, positively activates its expression, and ultimately affects light-mediated growth and development (Zhao et al., 2020). Through GO and KEGG enrichment annotation, most RcBBX members were enriched in response to light or abiotic stress stimuli (Figure 7). ABRE, a well-studied CAEs associated with ABA-induced expression, was widely distributed in the promoter region of RcBBX genes (28/32), indicating that they might be of great importance to cope with various environmental stresses. It is widely known that ABA can promote the product of specialized metabolites in multiple medicinal plants, such as tanshinone and salvianolic acid in S. miltiorrhiza, artemisinin in Artemisia annua, and ginsenoside in Panax ginseng (Zheng et al., 2023). Herein, most RcBBX genes were up or down regulated (87.50%) after treatment with ABA (Figure 9), suggesting that they might be involved in ABA-induced anthocyanin biosynthesis.

R. chingii is employed as both food and medicine, and the fruit is the primary tissue. Tissue-specific expression analyses showed that nine RcBBX genes (RcBBX1, RcBBX5, RcBBX10, RcBBX12, RcBBX17, RcBBX20, RcBBX23, RcBBX26, and RcBBX31) were dominantly expressed in fruit (Figure 8), suggesting that they might be related to the accumulation of anthocyanin. Total anthocyanin content gradually increased as ripening proceeded, attained a maximum at the YE stage, then decreased (Figure 10B). Besides, seven RcBBX genes (RcBBX7, RcBBX9, RcBBX14, RcBBX15, RcBBX25, RcBBX26, and RcBBX27) initially increased, then decreased (Figure 10C), a trend that was consistent with the dynamic accumulation of anthocyanin. RcBBX26, which showed fruit-specific expression, is a candidate gene to explain anthocyanin accumulation in R. chingii. Overexpression of PpBBX16 in P. pyrifolia callus promoted red coloration, and resulted in the activated expression of key TF PpMYB10 and structural genes, for instance PpCHS, PpCHI, PpUFGT, and PpDFR (Bai et al., 2019a). Additionally, PpBBX16 interacted with PpHY5, thereby stimulating the expression of PpMYB10, while PpBBX21 interacted with PpHY5, but suppressed anthocyanin biosynthesis (Bai et al., 2019b). During fruit ripening, seven enzyme-coding genes (Rc4CL4, Rc4CL5, Rc4CL6, Rc4CL12, RcUFGT8, RcUFGT9, and RcUFGT11) related to anthocyanin biosynthesis (Figure 12) also exhibited almost the same trend as RcBBX26 expression and anthocyanin accumulation. The nuclear-located RcBBX26 was conductive to anthocyanin production in transgenic R. chingii leaves (Figure 13). These results suggest that RcBBX26 is a positive regulator that potentially activates the expression of anthocyanin biosynthetic genes (Supplementary Table-2) and thus promotes the accumulation of anthocyanin in R. chingii fruits.




5 Conclusion

In this study, a total of 32 BBX genes were identified from the high-quality genome of R. chingii. The complete series of RcBBX genes was analyzed, including a phylogenetic analysis, an assessment of their structure and motifs, prediction of chromosome location, and analysis of CAEs in the gene promoter region. Expression profiles of the 32 RcBBX genes in different tissues, at different developmental stages, and following treatment with ABA were diverse. A combination of the co-expression of RcBBX genes and functional overexpression unveiled the role of RcBBX26, which was closely involved in anthocyanin biosynthesis in R. chingii fruits. This study lays a foundation for further studies of these RcBBX genes and contributes to the ability of breeders to genetically improve the quality of R. chingii varieties.
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Monoterpenoid indole alkaloids (MIA) are one of the largest and most complex alkaloid class in nature, boasting many clinically significant drugs such as anticancer vinblastine and antiarrhythmic ajmaline. Many MIAs undergo nitrogen N-methylation, altering their reactivity and affinity to the biological targets through a straightforward reaction. Remarkably, all known MIA N-methyltransferases (NMT) originate from the neofunctionalization of ancestral γ-tocopherol C-methyltransferases (γTMTs), a phenomenon seemingly unique to the Apocynaceae family. In this study, we unveil and characterize a new γTMT-like enzyme from the plant Tabernaemontana elegans (toad tree): perivine Nβ-methyltransferase (TePeNMT). TePeNMT and other homologs form a distinct clade in our phylogenetic study, setting them apart from other γTMTs and γTMT-like NMTs discovered to date. Enzyme kinetic experiments and enzyme homology modeling studies reveal the significant differences in enzyme active sites between TePeNMT and CrPeNMT, a previously characterized perivine Nβ-methyltransferase from Catharanthus roseus (Madagascar periwinkle). Collectively, our findings suggest that parallel evolution of ancestral γTMTs may be responsible for the occurrence of perivine N-methylation in T. elegans and C. roseus.
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Introduction

Natural product methylation plays a key role in diversifying structures, altering compound polarity, membrane permeability and stability, and modifying their electronic properties for target interaction (Morris and Facchini, 2019). A prominent example lies in the frequent O-methylation of phenylpropanoids and flavonoids within plants, integral to cell wall biosynthesis and specialized metabolism, with profound implications for human health (Lam et al., 2007). Similarly, nitrogen N-methylation, alongside O-methylation, significantly contribute to the diversity of plant alkaloids, such as benzylisoquinoline alkaloids (BIA) and monoterpenoid indole alkaloids (MIA). Notable instances include (S)-coclaurine N-methylation and benzylisoquinoline O-methylations in the biosynthesis of morphine (BIA), as well as tabersonine 16-O-methylation and 16-methoxy-2,3-dihydrotabersonine N-methylation in vinblastine (MIA) production (Levac et al., 2008; Liscombe et al., 2010). Promoting van der Waals interactions and alterations in molecular electronic properties, these methylations are crucial for downstream biosynthetic enzyme recognition, underscoring their indispensability in morphine and vinblastine biosynthesis. The acquisition and retention of these methylations likely conferred adaptive advantages during the evolutionary processes of host plants opium poppy and Catharanthus roseus (Madagascar’s periwinkle).

Phylogenetic investigations propose that all identified MIA N-methyltransferases (NMT) likely originated from the neofunctionalization of ancestral γ-tocopherol (vitamin E) C-methyltransferases (γTMT) (Liscombe et al., 2010) (Figure 1). The first characterized MIA NMT is the 16-methoxy-2,3-dihydrotabersonine N-methyltransferase (CrDhtNMT) from C. roseus (Deluca et al., 1987; Luca and Cutler, 1987; Liscombe et al., 2010). Unlike the plastid-located γTMTs, CrDhtNMT lacks a chloroplast transit peptide, indicative of its novel role in cytosolic MIA biosynthesis. While CrDhtNMT does not catalyze γ-tocopherol methylation, it retains the ability to bind γ-tocopherol, as evidenced by its inhibition by γ-tocopherol (Liscombe et al., 2010). Homologous γTMT-like NMTs have also been identified in other MIA-producing species within the Apocynaceae family. RsNNMT, RsANMT, RsPiNMT, VmPiNMT, and CrPeNMT are responsible for the N-methylation of norajmaline, ajmaline, picrinine, and perivine respectively, in Rauwolfia serpentina (Indian snakeroot), Vinca minor, and C. roseus (Cázares-Flores et al., 2016; Levac et al., 2016; Koudounas et al., 2022; Levac et al., 2022) (Figure 2). Although previous studies associated CrDhtNMT activity with the chloroplast through sucrose gradient centrifugation (Luca and Cutler, 1987), recent findings utilizing fluorescent protein tagging suggest its localization in peroxisomes, while other MIA NMT members exhibit either cytosolic or vacuolar association (Koudounas et al., 2022).


[image: Phylogenetic tree diagram comparing various methyltransferases. The tree includes several branches with different enzyme abbreviations, including γ-tocopherol CMT and characterized MIA-NMT groups. Notable enzymes such as TeyTMT-like, CrPeNMT, and TePeNMT are highlighted in magenta. Bootstrap values are indicated near the nodes, with a scale bar showing evolutionary distance. The tree structure suggests relationships among enzymes involved in methylation processes.]

Figure 1 | Phylogeny of γ-tocopherol C-methyltransferase (CMT)-like N-methyltransferases (NMT) in Apocynaceae family. The Tabernaemontana elegans perivine Nβ-NMT (TePeNMT, TeMT1) and homologs from Catharanthus roseus and Vinca minor form a new clade, distinguishing them from the bona fide γ-TMTs and other characterized monoterpenoid indole alkaloid (MIA) NMTs to date. The enzymes labeled in red were investigated in this study. The evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based model. The tree with the highest log likelihood is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches (500 bootstrap replicates). Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT model, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site (scale bar). Evolutionary analyses were conducted in MEGA11. OMT, O-methyltransferase; BIA, benzylisoquinoline alkaloids; PiNMT, picrinine NMT; DhtNMT, 16-methoxyl-2,3-dihydrotabersonine NMT; NNMT, norajmaline NMT; ANMT; ajmaline Nβ-NMT; CNMT, coclaurine NMT; RNMT, reticuline NMT; At, Arabidopsis thaliana; Ca, Coffea arabica; Cp, Cinchona pubescens; Cr, Catharanthus roseus; Cre, Chlamydomonas reinhardtii; Cj, Coptis japonica; Ha, Helianthus annuus; Hp, Hamelia patens; Pf, Perilla frutescens; Ps, Papaver somniferum; Rs, Rauvolfia serpentina; Te, Tabernaemontana elegans; Ti, Tabernanthe iboga; Vm, Vinca minor. The alignment for constructing the phylogenetic tree is included in Supplementary Data 1.




[image: Chemical transformation pathways of Tabernaemontana alkaloids showing structures like ervincine, picrinine, apparicine, strictosidine, and others. Enzymes involved include CrPiNMT, VmPiNMT, RsPiNMT, TePeNMT, CrPeNMT, and RsNNMT, highlighting the conversion steps and structural changes.]

Figure 2 | γ-tocopherol C-methyltransferase-like N-methyltransferases (NMT) catalyze diverse reactions, contributing to monoterpenoid indole alkaloid (MIA) diversity. The methyl substitutions on MIAs are labeled in red. The previously characterized NMTs are labeled in blue. The Tabernaemontana elegans perivine Nβ-NMT characterized in this study is labeled in magenta.



The Nβ-methylation of perivine (i.e., methylation of the non-indole nitrogen), resulting in the formation of vobasine, is frequently observed in Tabernaemontana genus and in other plants in the Apocynaceae family. Vobasine exhibits moderate antifungal and anticancer properties, characteristics shared by its two 19,20-reduced derivatives, tabernaemontanine, and dregamine (Mansoor et al., 2009; Singh et al., 2011; Paterna et al., 2017; Ferreira and Paterna, 2019) (Figure 2). Notably, vobasine and vobasine-type MIAs are often detected as dimerized bisindole alkaloids, either with the same type or a different MIA type, in Tabernaemontana spp., demonstrating heightened anticancer activities (Paterna et al., 2016a; Paterna et al., 2016b; Paterna et al., 2017; Ferreira and Paterna, 2019). For example, the iboga-vobasinyl bisindole alkaloid (3’R)-hydroxytabernaelegantine C (Figure 2) has been shown to induce potent apoptosis in colon and liver cancer cells (Paterna et al., 2016b). Although Nβ-methylperivine (vobasine) and Nβ-formylperivine (periformyline) have been identified in Catharanthus spp (Maloney et al., 1965; Mukhopadhyay and Cordell, 1981)., our research indicated that non-methylated perivine is the primary accumulating form for vobasine type MIAs in C. roseus (Eng et al., 2022). In Tabernaemontana spp., N-methylated vobasine and its derivatives are frequently observed (Beek et al., 1985; Dagnino et al., 1994; Singh et al., 2011).

In this study, we discover and characterize a novel enzyme TePeNMT responsible for perivine Nβ-methylation in the plant Tabernaemontana elegans (toad tree). Surprisingly, despite both enzymes catalyzing the same reaction, TePeNMT exhibited a low amino acid identity of 50% when compared to CrPeNMT. Phylogenetic analysis revealed that TePeNMT, along with several other γTMT-like enzymes in the Apocynaceae family, constitutes a distinct subgroup that shares closer evolutionary ties with genuine γTMTs. Homology modeling of CrPeNMT and TePeNMT revealed drastic differences in active site conformation and perivine substrate docking positions. Our findings strongly suggest the possibility of parallel evolution being responsible for perivine N-methylation in C. roseus and T. elegans.





Results




Vobasine and apparicine are the two most abundant MIAs in T. elegans leaf

To study the biosynthesis of vobasine and vobasinyl bisindole alkaloids, we investigated the MIA profiles of the leaf, leaf latex, flower, and young root tissues of T. elegans growing in our greenhouse using liquid chromatography tandem mass spectrometry (LC-MS/MS). Two major MIAs with [M+H]+ m/z 265 and 353 accumulated in leaf and flowers (Figure 3A). In comparison, the MIA profile in T. elegans young roots exhibited greater diversity, encompassing the m/z 265 and m/z 353 MIAs. Notably, leaf latex contained only minimal amounts of MIAs (Figure 3A). This finding suggests that MIAs in T. elegans are not sequestered within the leaf latex, in contrast to C. roseus and Rauvolfia tetraphylla, where laticifers and idioblasts (a special type of parenchyma cells) serve as major sinks for MIAs (Facchini and Luca, 2008; Guedes et al., 2023; Stander et al., 2023; Uzaki et al., 2024).


[image: Composite image showing chemical analysis data. Part (A) displays chromatograms for samples labeled Leaf, Young root, Flower, and Latex, with peaks for vobasine, apparicine, dregamine, and tabernaemontanine. Part (B) illustrates molecular structures and their corresponding UV spectra and mass spectrometry data for perivine, vobasine, dregamine (20R), and tabernaemontanine (20S) with UV absorption peaks at various wavelengths and annotated mass-to-charge (m/z) values.]

Figure 3 | Representative LC-MS chromatograms (A) for Tabernaemontana elegans tissues (leaf, young root, flower, and latex) and alkaloid UV absorption and MS/MS profiles (B). Each chromatogram (UV 280 nm) was normalized by tissue weight and drawn to scale. Apparicine and vobasine were the two most abundant alkaloids in leaf tissues, while peaks tentatively identified as bisindole alkaloids (m/z 735 and 737) were detected in young root tissues. The chromophores are labeled in red.



We purified the m/z 265 and m/z 353 MIAs from T. elegans leaf by thin layer chromatography, and identified them as apparicine and vobasine, respectively, through LC-MS/MS and 1D/2D nuclear magnetic resonance (NMR) analyses. (Supplementary Figures 1–12; Supplementary Tables 1, 2). The identification was further corroborated by comparing the NMR chemical shifts to literature values (Kutney et al., 1980; Pereira et al., 2008; Bennasar et al., 2009). Both MIAs showed UV absorption maxima shifted to longer wavelengths (302 nm for apparicine, and 316 nm for vobasine) compared to the typical indole UV absorption maxima at 280-290 nm (Figure 3B; Supplementary Figure 1), consistent with their extended indole conjugation (Figure 2). Additionally, we purified and identified two diastereomers (m/z 355), tabernaemontanine and dregamine (Figures 2, 3; Supplementary Figures 13–22, Supplementary Tables 1, 2), derived from vobasine 19,20-reduction. The disappearance of 19,20-alkene signals in both 1H and 13C NMR spectra was consistent with their 19,20-reduction, and Nuclear Overhauser Effect Spectroscopy (NOESY) cross peaks clearly differentiated the two diastereomers. Similar to vobasine and perivine, both tabernaemontanine and dregamine showed UV absorption profiles and MS/MS fingerprints indicative of the unique indole-C3-ketone chromophore (Supplementary Figure 1). There are several bisindole alkaloids found only in young roots, which we tentatively identified as 3’-methoxytabernaelegantine A and C (m/z 737), and 3’-methoxyconodurine (m/z 735) based on m/z values (Figures 2, 3A). Structural elucidation of these bis-MIAs awaits additional NMR studies.





γTMT-like methyltransferases identified in T. elegans comprise a novel clade that is distantly related to characterized MIA NMTs

To identify the enzymes for vobasine biosynthesis, we sequenced T. elegans leaf and root total RNA and successfully identified many putative vobasine biosynthetic enzymes using known MIA biosynthetic enzymes (Table 1). For the last step of vobasine biosynthesis, we searched the transcriptomes with six characterized MIA NMT protein sequences. Given the substantial accumulation of vobasine as a major MIA in T. elegans leaf, we expected the putative MT to be highly expressed in this tissue. From all hits, we selected the top three highest-expressed γTMT-like methyltransferases (MTs), namely TeMT1-3 (Genbank PP067959- PP067961), in descending order of expression levels in leaf tissue, for further investigation (Table 1). TeMT1 was the predominant MT in both leaf and root, showing transcripts per million (TPM) values 7.7 and 26.3 folds of those for TeMT2 and 3 (Table 1). In addition, TeMT1’s leaf TPM (401.8) was comparable to other vobasine biosynthetic genes such as TeSBE (450.2) and TeGS (173.9). TeMT2 showed over 80% amino acid sequence identity to various bona fide γTMTs, suggesting its potential status as a γTMT. The low expression of other γTMT-like transcripts preclude them from further analyses.



Table 1 | The transcripts per million (TPM) values and sequence alignment results of TePeNMT, TeMT2/3, and ten other vobasine biosynthetic genes in Tabernaemontana elegans leaf and root tissues.

[image: Table showing enzyme data with columns for E-value, amino acid identity percentage, accession, leaf TPM, and root TPM. Enzymes include Te7DLS with 94.3% identity, 85.6 leaf TPM, and 1315 root TPM. TeSTR has an E-value of 2.2E-163, 72.3% identity, and 20.6 leaf TPM. TePeNMT (TeMT1) has an E-value of 1.7E-104, 52.3% identity, 401.8 leaf TPM, and 574.9 root TPM. Other enzymes include TeGS, TeSBE, and TeGO, with various metrics.]

Interestingly, both TeMT1 and 3 showed only 50% amino acid identity to the characterized CrPeNMT. In a phylogenetic analysis, TeMT2 clustered with other characterized γTMTs, while TeMT1 and 3 formed a distinct clade from both γTMTs and all other characterized MIA NMTs (Figure 1). Notably, these γTMT-like MTs were also distinguishable from BIA NMTs and MIA O-methyltransferases (OMT). In contrast, eight other vobasine biosynthetic enzymes are highly conserved (83-94% amino acid sequence identity) between T. elegans and two other well-studied MIA-producing species, C. roseus and Rauwolfia serpentina (Indian snakeroot) (Table 1). Notable exceptions included the putative strictosidine synthase TeSTR and putative strictosidine β-glucosidase TeSGD, which were 72% and 71% identity to C. roseus STR and SGD at amino acid level, respectively (Table 1). It is also worth noting that TeMT1-3 lacked chloroplast transit peptides found in bona fide γTMT, as predicted by TargetP 2.0 (https://services.healthtech.dtu.dk/services/TargetP-2.0/).





TeMT1 is the perivine Nβ-methyltransferase in T. elegans

To study their functions, we expressed N-terminal His-tagged TeMT1-3 along with the previously characterized CrPeNMT in E. coli. Additionally, we expressed the closest TeMT1 ortholog CrNMT-ADP00411 (Genbank ADP00411) from C. roseus in E. coli for comparison. This ortholog shared 61% amino acid identity, and clustered with TeMT1 and 3 in the phylogenetic analysis, suggesting a common evolution ancestry (Figure 1). Subsequently, we supplied perivine to cultures expressing these proteins. Consistent with previous research, CrPeNMT methylated perivine to vobasine, which co-eluted with purified vobasine standard (Figure 4A). TeMT1 also catalyzed perivine Nβ-methylation (Figure 4A). In contrast, TeMT2 did not show detectable perivine methylation, while TeMT3 and CrNMT-ADP00411 showed negligible perivine NMT activity (Figure 4A). Based on these results, we designated TeMT1 as T. elegans perivine Nβ-methyltransferase (TePeNMT). None of TeMT1-3 showed activity with 22 other MIAs encompassing multiple MIA skeleton families (Supplementary Table 3).


[image: (A) Chromatograms show retention times for perivine and vobasine under different conditions: TePeNMT, CrPeNMT, TeMT2, TeMT3, CrNMT_ADP00411, and substrate only. (B) and (C) present enzyme activity curves for TePeNMT and CrPeNMT with perivine concentrations (micromolar) versus reaction velocity (nmol per minute per mg). Data points include error bars.]

Figure 4 | In vivo and in vitro biochemical characterizations identified TeMT1 as the perivine Nβ-methyltransferase in Tabernaemontana elegans. (A) E. coli cultures expressing CrPeNMT and TeMT1 both methylate the substrate perivine to vobasine as shown by LC-MS/MS multiple reaction monitoring (MRM) with [M+H]+ m/z 339>166 for perivine and m/z 353>180 for vobasine. The MS/MS fingerprints used for selecting these parameters are included in Supplementary Figure 1. (B, C) The Michaelis-Menten saturation kinetics experiments for perivine substrate show superior kinetics for TePeNMT compared to CrPeNMT. Each data point shows the mean value of three technical replicates. The error bars indicate standard deviation. The curves are graphed with Prism Graphpad 9.5.0. The kinetics data are included in Table 1.



Following purification of recombinant TePeNMT and CrPeNMT through standard affinity chromatography (Supplementary Figure 25), we conducted in vitro enzyme kinetics assays using saturating co-substrate S-adenosylmethionine (SAM) and various perivine concentrations for comparison. Both recombinant enzymes methylated perivine substrate; however, TePeNMT showed superior enzyme kinetics (Figures 4B, C; Table 2). Specifically, CrPeNMT displayed a KM value for perivine 5.9 times greater than that of TePeNMT, indicating significantly lower binding affinity towards perivine compared to TePeNMT. Moreover, TePeNMT exhibited a Vmax 2.8 times higher than that of CrPeNMT. Consequently, the catalytic efficiency (kcat/KM) of TePeNMT, calculated from Vmax/KM, surpassed that of CrPeNMT by a factor of 16.6.



Table 2 | Michaelis-Menten saturation kinetics for TePeNMT and CrPeNMT.

[image: Comparison table of enzymatic parameters for TePeNMT and CrPeNMT. For \(K_M\) of perivine, TePeNMT is 1.91 (95% CI: 1.47-2.47) and CrPeNMT is 11.32 (95% CI: 8.58-14.78). For \(V_{max}\), TePeNMT is 57.83 nmol mg\(^-1\) min\(^-1\) (95% CI: 54.75-61.18) and CrPeNMT is 20.70 nmol mg\(^-1\) min\(^-1\) (95% CI: 18.83-22.82). Footnote: a indicates confidence interval.]





Homology modeling indicates significant disparities in both active site conformation and perivine substrate docking positions between TePeNMT and CrPeNMT

After observing the low identity in enzyme primary sequences, conducting phylogenetic analysis, and noting the kinetic differences, we further continued to investigate the tertiary structures of TePeNMT, CrPeNMT, TeMT3, and CrNMT-ADP00411 for their catalytic mechanisms. Using the Arabidopsis thaliana phosphoethanolamine NMT (PDB: 5WP5) as template, we built homology models for all four enzymes with the Molecular Operating Environment (MOE). While all NMTs shared a high degree of tertiary structure similarity, we found significant differences in their active sites, particularly in accommodating perivine binding and its Nβ-methylation via SN2 displacement of the methylsulfonium group of SAM (Figure 5; Supplementary Figure 26).


[image: Four molecular structure diagrams show binding interactions between different ligands and NMT proteins. Each panel is labeled: (A) TePeNMT and CrPeNMT, with ligands in green and magenta; (B) TeMT3 and CrNMT_ADP00411, with similar color coding. Interactions and distances are indicated in angstroms.]

Figure 5 | Homology modeling supports that TePeNMT’s superior enzyme efficiency is contributed by significant differences in enzyme active sites and perivine binding poses between TePeNMT and CrPeNMT. Enzyme models are generated from the template Arabidopsis thaliana phosphoethanolamine NMT-2 (PDB: 5WP5.A) with MOE version 2022.02. S-adenosylmethionine (SAM) is shown in green, and perivine is shown in magenta. The distance and angel between SAM methylsulfonium donor and perivine-Nβ are illustrated. (A) the lipophilic mapping of four NMT enzymes, in which polar regions are shaded purple and lipophilic regions are shaded green. (B) The ball-and-stick diagrams of the same enzyme active sites for TePeNMT and CrPeNMT.



For all NMTs, the SAM co-substrate was coordinated in the conserved glycine-rich region via multiple hydrogen bonds and hydrophobic interactions (Supplementary Figure 26). In TePeNMT, perivine was docked in a hydrophobic pocket primarily via van der Waals interactions with residues Trp184, Ser50/277, Val59/272, and His54 (Figure 5B; Supplementary Figure 26). The distance between SAM’s methyl group and the perivine Nβ nitrogen (N···CH3, 3.40 Å) and the optimal angle between the methyl and the Nβ nitrogen (N···CH3–S, 175.5°) is compatible for efficient SN2 displacement (Figures 5A, B). In comparison, perivine rotated over 90° in the active site of CrPeNMT, with the indole portion situated in a deeper binding pocket. The active site consisted of residues distinct from those found in TePeNMT. Specifically, perivine was coordinated with Asp258, Lys190/196/271, Thr262, Ile198, and Arg57 (Figure 5B; Supplementary Figure 26). This different docking pose of perivine altered both the angle between SAM’s methyl group and the Nβ nitrogen (164.2°) and their distance (3.43 Å), likely contributing to reduced KM and Vmax for CrPeNMT. Conversely, perivine docking position was highly suboptimal for both TeMT3 and CrNMT-ADP00411 (Figure 5A). The angles between SAM’s methyl group and the perivine Nβ nitrogen (137.0° and 143.1°) were not conducive for productive SN2 methylation, aligning with their negligible perivine NMT activity.






Discussion

Monoterpenoid indole alkaloids (MIAs) stand as a fascinating alkaloid class found primarily in the families Apocynaceae, Loganiaceae, and Rubiaceae. Noted for their structural diversity and potent biological activities, an essential objective in this field of research is uncovering the biosynthetic pathways involved in the construction of these highly complex compounds. Notably, many of these biologically active molecules are either N-methylated themselves or are N-methylated as precursors in MIA biosynthesis. Methylation alters MIAs’ solubility, electronic property, reactivity, and binding capacity to biological targets, thus providing a direct pathway to new bioactivities through a simple chemical transformation.

The characterization of C. roseus DhtNMT, a γ-tocopherol C-methyltransferase like enzyme involved in vindoline biosynthesis (Liscombe et al., 2010), has been a focal point in initiating the study of this interesting methyltransferase class of γ-TMT ancestry. All MIA NMTs known to date derive from γ-TMT, a lineage that includes VmPiNMT, RsPiNMT, RsNNMT, RsANMT, and CrPeNMT. The studies on these enzymes have not only elucidated their substrate specificity but also shed light on their altered subcellular localization, providing valuable clues about their metabolic roles within plant cells (Koudounas et al., 2022).

By investigating the metabolomes and transcriptomes of various T. elegans tissues, we identified a new γ-TMT-like enzyme TePeNMT, which functions as a perivine Nβ-methyltransferase. Its abundant expression in T. elegans leaf correlates with the high accumulation of vobasine observed in the same tissue (Figure 3, Table 1). Interestingly, while CrPeNMT has been previously characterized in C. roseus (Levac et al., 2022), this plant species is not known for the accumulation of vobasine or its further oxidized form, periformyline (Nβ-formylperivine), which have been documented in other Catharanthus species C. trichophyllus and C. lanceus (Maloney et al., 1965; Mukhopadhyay and Cordell, 1981). Our previous research has also demonstrated that perivine, rather than vobasine or periformyline, accumulates in the leaf tissue of C. roseus (Eng et al., 2022). Perhaps, a lower level of CrPeNMT or the cellular and subcellular compartmentalization of CrPeNMT and substrate perivine, could be a reason why perivine remains non-methylated in C. roseus. The physiological role of CrPeNMT remains to be elucidated.

Our phylogenetic analysis revealed a distinct evolutionary path for TePeNMT, setting it apart from all other characterized MIA NMTs (Figure 1). Interestingly, TePeNMT exhibits a closer relationship with bona fide γ-TMTs found in both MIA and non-MIA producing species, such as Arabidopsis thaliana. Notably, an ortholog of TePeNMT in C. roseus, designated as CrNMT-ADP00411 and sharing 61% amino acid sequence identity, was identified in our phylogenetic study. However, this ortholog lacks perivine NMT activity, indicating that TePeNMT evolved specifically in T. elegans to catalyze perivine Nβ-methylation. TePeNMT and CrPeNMT only share 50% amino acid identity. The fact that eight other vobasine biosynthetic enzymes encompassing key enzymes such as geissoschizine synthase (GS) and sarpagan bridge enzyme (SBE) are highly conserved (83%-94% identity) between T. elegans and C. roseus (Table 1) further supports that the two PeNMTs evolved independently in these two species.

Moreover, our study on enzyme kinetics and homology modeling revealed significant catalytic disparities between TePeNMT and CrPeNMT (Figure 5). The low amino acid identity (50%) resulted in drastic differences in their active sites for vobasine binding. They barely shared any conserved amino acids, further supporting an independent evolution path that shaped the two perivine binding pockets. This variation in binding poses of perivine and SAM results in a superior disposition of the methylsulfonium donor and perivine Nβ in TePeNMT, facilitating a more efficient SN2 reaction. The findings from homology modeling corroborate the kinetics data for these enzymes, wherein TePeNMT displayed superior performance over CrPeNMT in terms of both substrate affinity KM and enzyme velocity Vmax (Table 2).

Vobasine serves as a precursor to the potent anticancer drug (3’R)-hydroxytabernaelegantine C and stands as the most abundant MIA in T. elegans (Figures 2, 3). While it is unclear for the in planta role of vobasine and its derivatives tabernaemontanine and dregamine identified in this study, TePeNMT likely coevolved with the occurrence of vobasine, potentially contributing to the improved enzyme efficiency and fitness of T. elegans. Our phytochemical, phylogenetic, kinetic, and homology modeling data collectively suggested distinct evolutionary paths for the two PeNMTs from T. elegans and C. roseus. This presents another notable example of enzyme parallel evolution in the plant kingdom.





Materials and methods




Plant materials and alkaloid purification

Fresh leaves and stems (600 g total) of glasshouse grown T. elegans were submerged in methanol for a week. The extract was evaporated under vacuum and resuspended in 10 mL 1 M HCl. The suspension was extracted with ethyl acetate, and the aqueous phase was basified using NaOH to above pH 7. After extraction by ethyl acetate, the total alkaloids in organic phase were evaporated and dissolved in methanol. Total alkaloids were separated by thin layer chromatography (Sicica gel60 F254, Millipore Sigma, Rockville, MD, USA) with solvents ethyl acetate and methanol (9:1, v/v). After extracting the TLC bands with methanol, 14 mg vobasine, 8 mg tabernaemontanine, 6 mg dregamine, and 5 mg apparicine were recovered. For tissue alkaloid comparison, 100 mg tissues of leaf, root and flower tissues were ground in 2 ml methanol to generate total extract. For latex, 100 mg freshly collected latex was mixed with 2 ml methanol. The samples were analyzed by LC-MS/MS.





mRNA extraction and transcriptome assembly

T. elegans leaf and root tissues (100 mg) from glasshouse grown plants were ground into fine powder in liquid nitrogen. RNA were extracted using a Mornarch® RNA Cleanup Kit (New England Biolabs, Ipswich, MA, USA) according to the manufacture’s protocol. The RNA was sequenced using Illumina NovaSeq 25M reads at the Atlantic Cancer Research Institute (Moncton, NB, Canada). The assembled transcriptomes were analyzed using CLC Genomic Workbench 20.0.4 (Qiagen, Redwood City, CA, USA).





LC-MS/MS and NMR

The samples were analyzed by Ultivo Triple Quadrupole LC-MS/MS system from Agilent (Santa Clara, CA, USA), equipped with an Avantor® ACE® UltraCore C18 2.5 Super C18 column (50×3 mm, particle size 2.5 μg), as well as a photodiode array detector and a mass spectrometer. For alkaloid analysis, the following solvent systems were used: Solvent A, Methanol: Acetonitrile: Ammonium acetate 1 M, water at 29:71:2:398; solvent B, Methanol: Acetonitrile: Ammonium acetate 1 M: water at 130:320:0.25:49.7. The following linear elution gradient was used: 0-5 min 80% A, 20% B; 5-5.8 min 1% A, 99% B; 5.8-8 min 80% A, 20% B; the flow during the analysis was constant and 0.6 ml/min. The photodiode array detector range was 200 to 500 nm. The mass spectrometer was operated with the gas temperature at 300°C and gas flow of 10 L/min. Capillary voltage was 4 kV from m/z 100 to m/z 1000 with scan time 500 ms and the fragmentor performed at 135 V with positive polarity. The MRM mode was operated as same as scan mode with the adjusted precursor and product ion. 1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded on an Agilent 400 MR and a Bruker Avance III HD 400 MHz spectrometers in CDCl3.





Protein expression and purification

All MT sequences were codon optimized, synthesized, and subcloned into pET30a(+) vector between NotI/XhoI restriction sites (Bio Basic Inc., Toronto, ON, Canada). CrPeNMT (Genbank KC708453) was amplified from C. roseus leaf cDNA using primers (5’-ATAGGATCCAATGGCCTCAATGGGAGAGAAGGA and 5’- ATAGTCGACTCATTTAGTTTTGCGAAATGTAACTG) and cloned in pET30b+ vector within BamHI/SalI sites. The clones were transformed and expressed in Escherichia coli strain BL21-(DE3). An overnight culture was used to inoculate 200 mL LB media, which was grown at 37°C to OD600 between 0.6-0.8. The cultures were then induced with IPTG at a final concentration of 0.1 mM and shifted to 15°C with shaking at 200 rpm. After approximately 12 hours of growth, the cells were harvested by centrifugation. The pellet cells were sonicated and resuspended in ice-cold lysis buffer (25 mM Tris-HCl at pH 7.5, 100 mM NaCl, 10% glycerol, and 20 mM imidazole) and lysed using sonication. The lysate was centrifuged at 4°C, 6,000 g for 25 minutes. The resulting supernatant was subjected to purification using standard Ni-NTA affinity chromatography. The column was washed twice with 3 mL of wash buffer (25 mM Tris-HCl at pH 7.5, 100 mM NaCl, 10% glycerol, and 30 mM imidazole) to rid of proteins with low binding affinities. Recombinant MT proteins were eluted using buffer containing imidazole at 250 mM and desalted in the storage buffer (25 mM Tris-HCl at pH 7.5, 100 mM NaCl, 10% glycerol) using a PD-10 Desalting column (Cytiva, Marlborough, MA, USA) and stored in -80°C until analysis.





In vivo biotransformation and in vitro kinetics assay

For in vivo biotransformation experiment, an aliquot (1 mL) of induced culture was centrifuged to collect cell pellet, which was resuspended in 0.5 mL Tris-HCl at pH 7.5 supplemented with 2 μg perivine or other alkaloid substrates. The biotransformation alkaloid substrates was carried out at 37°C, 200 rpm for 5 h. An aliquot of the biotransformation broth was mixed with equal volume of methanol and analyzed by LC-MS/MS. In vitro enzyme kinetics assays (50 μl) contained 20 mM Tris pH 7.5, 3 μg of the purified recombinant proteins, 50μM S-adenosyl-methionine, and perivine concentrations ranging from 1 to 80 μM. After adding the enzyme, the reaction was incubated in a 30°C water bath for 5 min and subsequently terminated by adding 150 μL of methanol. The product formation was analyzed by LC-MS/MS. Triplicated experiments were graphed using GraphPad Prism (9.5.0) (Boston, MA, USA).





Homology modeling and substrate docking studies

All computational experiments and visualization were carried out with MOE version 2022.02 on local computers or on the Digital Research Alliance of Canada (DRAC, formerly Compute Canada) Advanced Research Computing Network (alliancecan.ca). All molecular mechanics calculations and simulations were conducted using the AMBER14:EHT forcefield with Reaction Field solvation. AM1-BCC charges were used for modeling the coenzyme and the substrates while AMBER charges were used for the enzymes. Sequence homology searches for both TePeNMT and CrPeNMT on the Protein DataBank found phosphoethanolamine N-methyltransferase 2 (AtPMT2) from Arabidopsis thaliana to be the best template for homology modeling (PDB ID: 5WP5) based on best Hidden Markov Model energy scores; S-adenosyl-homocysteine (SAH) was co-crystallized with the AtPMT2 enzyme. Sequence identity of TePeNMT and CrPeNMT to the relevant 5WP5 domain was 19.3%. and 19.2%, respectively. Homology models were then derived in MOE using default settings and scored using the GBVI/WSA dG method. SAM was modeled and docked into each homology model using the location of SAH in the 5WP5 enzyme as general docking region and default MOE-Dock settings. Perivine was then modeled and docked to the PeNMT-SAM complexes; for each perivine docking experiment, 100,000 docking poses were initially generated via the Triangle Matcher method and scored by the London dG function. A subset comprising the best docking poses were refined by the induced fit method where the bound ligands and active site residues were submitted to local geometry optimization and rescored by the GBVI/WSA dG scoring function. The top scoring docking poses that were geometrically compatible for βN methylation of perivine by SAM via SN2 displacement were retained for subsequent analyses. Cartesian coordinates for the TePeNMT and CrPeNMT homology models and their perivine docked complexes can be found in the Supplementary Information.
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LC-MS/MS-based metabolic profiling: unraveling the impact of varying degrees of curing on metabolite transformations in tobacco


Kesu Wei 1†, Xuling Chen 2†, Zhijun Cheng 3, Heng Wang 4, Feng Wang 1, Lei Yang 3, Shengjiang Wu 1, Yijun Yang 3, Yonggao Tu 1, Yan Wang 2 and Chenggang Liang 2*


1Upland Flue-cured Tobacco Quality and Ecology Key Laboratory, China National Tobacco Corporation (CNTC), Guizhou Academy of Tobacco Science, Guiyang, China, 2College of Life Science, Guizhou Normal University, Guiyang, China, 3China Tobacco Hunan Industrial Co. Ltd, Changsha, China, 4School of Biological and Environmental Engineering, Guiyang College, Guiyang, China




Edited by: 

Weiwei Zhang, Yangtze University, China

Reviewed by: 

Qiang Zhang, Shandong Agricultural University, China

Muhammad Junaid Rao, Zhejiang Agriculture & Forestry University, China

*Correspondence: 

Chenggang Liang
 201503001@gznu.edu.cn

†These authors have contributed equally to this work and share first authorship


Received: 31 July 2024

Accepted: 16 October 2024

Published: 12 November 2024

Citation:
Wei K, Chen X, Cheng Z, Wang H, Wang F, Yang L, Wu S, Yang Y, Tu Y, Wang Y and Liang C (2024) LC-MS/MS-based metabolic profiling: unraveling the impact of varying degrees of curing on metabolite transformations in tobacco. Front. Plant Sci. 15:1473527. doi: 10.3389/fpls.2024.1473527



The curing process regulates metabolite transformations of leaves and significantly influences the formation of tobacco quality. This study investigated the major physicochemical compositions and metabolic profiles under normal curing (NC), excessive curing (EC), and insufficient curing (IC) treatments. The results indicated that the contents of nicotine, nitrogen, potassium, and chlorine remained stable among treatments, while the sugar content in EC was significantly lower than in IC. LC-MS/MS identified 845 metabolites, with flavonoids as the most abundant class. Comparative analyses identified a series of differentially expressed metabolites (DEMs) among fresh leaf, NC, EC, and IC leaves at the end of 42°C, 54°C, and 68°C, respectively. At the end of 68°C, 256 up-regulated and 241 down-regulated common DEMs across treatments were isolated in comparison to fresh leaf, underscoring the consistency of metabolic changes during curing. Notably, nonivamide varied markedly across treatments, suggesting its potential as a key curing indicator. NC_68°C displayed 11 up-regulated and 17 down-regulated unique DEMs, differing from EC_68°C and IC_68°C, suggesting their potential availability in evaluating tobacco leaf quality. KEGG pathway analysis revealed temporal shifts in metabolic pathways, particularly those involved in secondary metabolite biosynthesis (such as flavonoids, flavones, flavonols) and amino acid metabolism, during the transition from yellowing to color-fixing. Correlation analysis isolated the top 25 DEMs correlated with curing degree and stage, which might play pivotal roles in the curing process and could serve as potential biomarkers for assessing curing degree and stage. Specifically, D-(+)-cellobiose displayed the strongest negative correlation with curing degree, while 5,7-dihydroxychromone exhibited the highest positive correlation coefficient. Furthermore, curcurbitacin IIa showed the highest positive correlation with curing stage, followed by hesperetin and 8-shogaol. Additionally, random forest analysis emphasized morellic acid as a core molecular metabolite across curing degrees, suggesting its potential as a biomarker. Debiased sparse partial correlation (DSPC) network analysis further pinpointed hispidulin as a key metabolite, underscoring its significance in elucidating flavonoid metabolism during the curing process. Collectively, this study enhances the understanding of metabolite transformations underlying tobacco curing processes and provides a valuable reference for optimizing curing strategies to achieve desired outcomes.
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1 Introduction

Tobacco (Nicotiana tabacum L.), a globally economically significant crop, not only plays a pivotal role in agricultural economies but also holds a unique position in aromatic industrial applications (Mavroeidis et al., 2024). Tobacco leaves undergo a series of intricate processing steps, with curing being a critical phase that significantly impacts the final quality and flavor of the tobacco (Li et al., 2022). Curing involves carefully controlled conditions of temperature, humidity, and airflow, aimed at gradually drying the leaves while promoting desired chemical reactions to enhance the aroma, reduce moisture content, and prepare the leaves for further processing and consumption (Bacon et al., 1952). Notably, the flue-curing process, which typically lasts 6-7 days, involves the application of artificial heat to elicit a cascade of biochemical reactions. These reactions transform the leaf color and chemical composition, ultimately dictating the quality and marketability of the final product (Abubakar et al., 2000; Chen et al., 2019; Meng et al., 2024).

The curing process is typically characterized by three pivotal stages: the yellowing stage, the color fixing stage, and the dry tendon stage (Zou et al., 2019; Meng et al., 2024). Specifically, the degree of yellowing during this process is a critical parameter that not only influences leaf visual appeal but also plays a pivotal role in determining the chemical profile and subsequent industrial applications (Zou et al., 2019). Therefore, the formation and accumulation of aromatic compounds, polyphenols, and other flavor-related chemicals during this process have been extensively studied, as they contribute significantly to the smoking characteristics and overall quality of the cured tobacco (Vaughan et al., 2008; Lim et al., 2022; Zou et al., 2023). It is widely acknowledged that the color of flue-cured tobacco, serving as a crucial quality indicator, exhibits a strong correlation with natural pigment content during the curing process (Meng et al., 2024). Leaf performance is commonly utilized to evaluate and guide decisions related to tobacco quality and industrial applicability (Xin et al., 2023).

The curing process of tobacco involves various aspects and factors, including drying methods, temperature, humidity, duration, draft fan control, and the use of exogenous additives. Studies on this process have elucidated the transformation law of major chemical compositions in different types of tobacco under various flue-curing methods, indicating the feasibility of combining multiple curing methods to enrich style characteristics and potentially enhance tobacco quality (Bacon et al., 1952). In comparison to oven-drying, flue-curing leads to significant decreases in four plastid pigments (lutein, chlorophyll A, chlorophyll B, β-carotene) and notable increases in six polyphenol substances (neochlorogenic acid, chlorogenic acid, caffeic acid, chrysatropic acid, rutin, kaempferol) (Zong et al., 2022). Optimization of wind speed parameters through the use of a heat pump-powered curing barn and a three-stage curing process has been shown to significantly enhance the baking quality of tobacco leaves, promoting the accumulation of aroma substances and the degradation of macromolecular substances (Sun et al., 2023). Furthermore, the pectinase preparation derived from Bacillus amyloliquefaciens W6-2 has been found to effectively enhance the quality of flue-cured tobacco, as evidenced by improvements in aroma, sweetness, and smoothness, along with alterations in the levels of macromolecules and volatile components (Weng et al., 2024). The application of starch-degrading bacteria has been shown to significantly improve tobacco leaf quality by reducing macromolecule content, increasing water-soluble total sugar and reducing sugar levels, and enhancing the production of crucial volatile aroma components (Gong et al., 2023). Another study revealed that the application of γ-PGA in flue-cured tobacco leaves influenced the accumulation and transformation of carbon and nitrogen compounds, regulating the carbon and nitrogen metabolic processes during leaf growth and ultimately affecting tobacco leaf quality (Gao et al., 2023). Additionally, the presence of stems has been found to alter leaf metabolism, prevent browning, and enhance starch degradation during flue-curing, ultimately resulting in lower starch content in leaves (Meng et al., 2022).

Recently, metabolomics has emerged as a powerful tool for comprehensively profiling the metabolic shifts that occur during various biological processes. For instance, GC-MS analysis has identified 128 flavor chemicals in tobacco flavor capsules, with menthol as the dominant component and the carcinogenic compound pulegone also detected, although exposure margins were below safety thresholds (Lim et al., 2022). LC-MS/MS analysis identified 259 and 178 differentially expressed metabolites (DEMs) between 0.4 M sucrose-treated and control tobacco leaves in the early and late stages of air-curing, respectively, revealing alterations in carbohydrate and amino acid metabolism that promote normal chlorophyll degradation and mitigate the green spot phenomenon through sucrose treatment (Li et al., 2023). Furthermore, GC-MS and CE-MS analyses have uncovered significant metabolic differences between growing districts, with a complex carbon and nitrogen metabolic network modulated by environmental factors (Zhao et al., 2015). A recent study elucidated the key chemical components contributing to the honey-sweet and burnt aroma characteristics of Shandong flue-cured tobacco, identifying 29 aroma precursors positively correlated with sensory quality, thereby providing guidance for targeted improvement and precise regulation of flavor-style characteristics (Li et al., 2024). UPLC-Q-TOF MS and GC-MS identified alpha-cembratriene-diol, beta-cembratriene-diol, sucrose esters III, and cembratriene-diol oxide as primary contributors to antifungal activity, providing insights for the development of botanical pesticides and multipurpose utilization of tobacco germplasms (Liu et al., 2024).

It is widely recognized that curing technology significantly influences the transformation of leaf metabolites, which in turn directly affects tobacco quality and price. Yunyan 87, a highly regarded tobacco cultivar, is notable for its wide adaptability, robust stress resistance, stable yield, ease of curing, and superior quality, which is characterized by a striking golden to orange-yellow color, rich oil content, high gloss, and moderate thickness, all collectively contributing to its prominent market value (Li et al., 2001). However, the metabolite transformation across different degrees of curing remains incompletely understood. Typically, the assessment of whether curing meets the standard relies heavily on visual data, lacking quality indicators such as metabolites. Therefore, the primary objective of this study is to conduct a detailed analysis of metabolite profiles at three typical stages of the flue-curing process in Yunyan 87 using the LC-MS/MS platform, specifically comparing normal curing (NC), excessive curing (EC), and insufficient curing (IC) treatments, and to investigate the differential transformation of key metabolites, which is expected to provide a comprehensive understanding of how varying degrees of curing can influence the transformation of metabolites in tobacco and offer valuable insights for optimizing curing practices.




2 Results and discussion



2.1 Physicochemical composition

To identify the differences in major physicochemical compositions among various treatments, tobacco leaf samples were collected and analyzed following the completion of the 68°C curing process (Table 1). Despite the absence of statistical differences in leaf weight and leaf density across treatments, EC demonstrated slightly lower levels of both parameters compared to NC and IC. Nitrogen content in tobacco leaves exerts multifaceted effects on quality, primarily as a constituent of the nicotine molecule, which directly influences nicotine concentrations and, consequently, the overall quality of flue-cured tobacco leaves (Henry et al., 2019). As shown in Table 1, both nitrogen and nicotine content in tobacco were largely unaffected by the different treatments, suggesting minimal alterations in the conversion of nitrogen and nicotine, despite variations in curing temperature and duration. Potassium and chlorine contents also play crucial roles in determining the quality of tobacco leaves (Attoe, 1946). The potassium and chlorine contents are found to be relatively stable in air-cured, flue-cured, and sun-cured tobacco leaves (Chen et al., 2021). Similarly, these components did not exhibit significant changes in response to the treatments. It is well established that sugars in tobacco leaves play a significant role in determining quality, as they influence the formation of harmful compounds and smoking properties. High temperatures in flue and sun curing elevate final sugar content, whereas low temperatures in air curing decrease sugar levels (Banožić et al., 2020). A notable observation was the variation in sugar content among the treatments, with EC exhibiting the lowest sugar content, followed by NC and IC. The sugar content of EC was significantly lower than that of IC. Therefore, variations in sugar transformation due to different curing conditions might have implications for the final quality of tobacco.



Table 1 | The major physicochemical compositions of tobacco under different treatments.

[image: Table comparing different curing treatments (NC, EC, IC) for leaf characteristics: weight, density, sugar, nicotine, nitrogen, potassium, and chlorine content. NC shows high sugar content and moderate nicotine. EC has the lowest leaf weight and density. IC exhibits highest sugar content. Significant differences are noted with lowercase letters in one-way ANOVA.]




2.2 Multivariate analysis of metabolomics

Metabolomics is a powerful tool for uncovering the rules of metabolite transformation during tobacco leaf curing (Zong et al., 2022). To gain insights into the impact of different curing degrees on metabolome dynamics in tobacco leaves, metabolomics analysis was conducted using an LC–MS/MS platform. A total of 845 metabolites were identified and predominantly categorized into 20 distinct groups, including 198 flavonoids, 147 alkaloids, 114 terpenoids, 59 amino acids and peptides, 31 phenols and phenolic acids, 31 polyketides, 30 lipids, 27 organic acids and oxygen compounds, 23 carbohydrates, 22 coumarins, 20 benzene derivatives, 19 phenylpropanoids, and aromatic compounds (Figure 1A). Principal Component Analysis (PCA) revealed distinct metabolome profiles between the NC, IC, and EC treatments at 42, 54, and 68°C, with PC1 and PC2 explaining 72.9% and 8.4% of the variance, respectively (Figure 1B). Subsequently, OPLS-DA analysis was employed to enhance the differentiation among the NC, IC, and EC treatments, confirming the suitability of the model for identifying differentially expressed metabolites (DEMs), with Component 1 and Component 2 accounting for 70.4% and 7.3% of the variance, respectively (Figure 1C).


[image: A pie chart labeled "A" displays the distribution of 18 chemical compounds, with flavonoids, alkaloids, terpenoids, and amino acids as the largest categories. Panel "B" contains graphs showing principal component analysis (PCA) of leaves at different temperatures, indicated by shapes and colors. Panel "C" is a scatter plot depicting components 1 and 2, categorizing data based on temperature and leaf type, using colored circles and shapes.]

Figure 1 | The groups of metabolite (A), PCA score (B), and OPLS-DA score (C) by LC-MS/MS analysis. EC represents excessive curing, IC represents insufficient curing, NC represents normal curing, the same as below.






2.3 Analysis of DEMs

The heat map demonstrated significant variations in metabolite levels during curing (Figure 2A). Pairwise comparison analyses revealed 319 up-regulated and 313 down-regulated DEMs (p-value ≤ 0.05 and VIP value ≥ 1) in the comparison of NC_68°C vs fresh leaf, 306 up-regulated and 297 down-regulated DEMs in IC_68°C vs fresh leaf, and 301 up-regulated and 301 down-regulated DEMs in EC_68°C vs fresh leaf (Figure 2B). Among these, 256 up-regulated and 241 down-regulated common DEMs were consistently observed across NC_68°C vs fresh leaf, IC_68°C vs fresh leaf, and EC_68°C vs fresh leaf (Figure 3A). Notably, 91 DEMs exhibited at least a 10-fold change (82 up-regulated and 9 down-regulated), indicating consistent and significant changes during the curing process (Figure 3B; Supplementary Table S1).


[image: Panel A displays a clustered heatmap of differentially expressed metabolites (DEMs) across varying temperatures and phenotypes: NC, IC, and EC. Colors range from blue (down-regulation) to red (up-regulation). Panel B shows a bar graph comparing the number of up-regulated and down-regulated DEMs across the same conditions, with up-regulated in brown and down-regulated in green. Bars indicate the count of DEMs at specific temperature comparisons, emphasizing expression changes.]

Figure 2 | The heatmap of metabolites (A) and the number of differentially expressed merabolites by pairwise comparison analyses (B).




[image: Two sets of Venn diagrams labeled A and B compare differentially expressed metabolites (DEMs) across conditions. A shows up-regulated and down-regulated DEMs, while B displays tenfold up-regulated and tenfold down-regulated DEMs. Each diagram presents intersections with quantities and percentages among conditions "NC_68°C vs Fresh leaf," "IC_68°C vs Fresh leaf," and "EC_68°C vs Fresh leaf."]

Figure 3 | Venn diagram of differential expressed metabolites (A) and the 10-fold differential expressed metabolites (B) between tobacco cured leaves subjected to different curing treatments and fresh leaf.



The top 20 fold-change DEMs during curing under NC condition are present in Table 2. At the yellowing stage, notable increases exceeding 100-fold were detected in isochlorogenic acid B, 3,5-dicaffeoylquinic acid, 1-caffeoylquinic acid, isochlorogenic acid C, and toosendanin. Conversely, silychristin, N-acetyl-L-carnosine, isoanhydroicaritin, nonivamide, fluoxetine, and adenine exhibited decreases of more than 100-fold. During color fixing, scopolamine hydrobromide, scopolamine HBr trihydrate, brevifolincarboxylic acid, and 3-nitro-L-tyrosine increased greater than 50-fold, while acesulfame, isoschaftoside, vicenin III, and ipecoside underwent comparable declines. At the dry tendon stage, polydatin levels surged by over 50-fold, but decursinol, Robinin, apigenin 7-o-(2g-rhamnosyl) gentiobioside, scopolamine hydrobromide, luteolin 3’,7-di-o-glucoside, scopolamine HBr trihydrate, 3-nitro-L-tyrosine, and D-(-)-penicillamine decreased by more than 100-fold (Table 2). Furthermore, 6 DEMs demonstrated substantial changes across two stages, with 4 of them (scopolamine hydrobromide, scopolamine HBr trihydrate, 3-nitro-L-tyrosine, and D-(-)-penicillamine) experiencing a sharp rise in the color fixing stage, followed by a steep decline in the dry tendon stage.



Table 2 | The top 20 fold-change DEMs at three pivotal stages under normal curing condition.

[image: Table showing metabolites and their fold change across three stages: Yellowing (NC 42°C vs Fresh leaf), Color fixing (NC 54°C vs NC 42°C), and Dry tendon (NC 68°C vs NC 54°C). Key metabolites such as Isochlorogenic acid B, Scopolamine hydrobromide, and Polydatin are highlighted with bold fonts indicating common differential expression among treatments.]

In contrast, each pairwise comparison identified unique DEMs, indicative of distinct metabolic responses to the various treatments. Specifically, NC_68°C vs fresh leaf showed 11 up-regulated and 17 down-regulated DEMs, IC_68°C vs fresh leaf had 12 up-regulated and 20 down-regulated, while EC_68°C vs fresh leaf exhibited 23 up-regulated and 27 down-regulated DEMs (Figure 3B; Supplementary Table S1). Further pairwise analyses uncovered shared and exclusive DEMs between treatment comparisons. For instance, 34 up-regulated and 26 down-regulated DEMs were common to NC_68°C vs fresh leaf and IC_68°C vs fresh leaf, while 18 up-regulated and 29 down-regulated DEMs were shared between NC_68°C vs fresh leaf and EC_68°C vs fresh leaf. The comparison between IC_68°C vs fresh leaf and EC_68°C vs fresh leaf showed 4 up-regulated and 7 down-regulated DEMs (Figure 3A). Importantly, unique sets of metabolites with more than 10-fold differential expression were identified, with corrections made to avoid repetition: 5, 5, and 17 up-regulated DEMs (each unique to a comparison), along with 1, 1, and 0 down-regulated DEMs, respectively (Figure 3B; Supplementary Table S1). Additionally, in examining the intersections among the pairwise groups, distinct patterns emerged, with 12, 11, and 6 up-regulated DEMs, and 3, 5, and 0 down-regulated common DEMs observed, respectively, providing insights into the overlap and divergence of metabolic responses under different curing degrees.

During curing, metabolite levels exhibited moderate variation across treatments at identical temperatures. Comparative analyses at 42, 54, and 68°C revealed the following differentially expressed metabolites (DEMs): 70, 130, and 86 up-regulated, and 63, 100, and 81 down-regulated DEMs in NC vs IC comparison; 76, 182, and 129 up-regulated, and 124, 137, and 150 down-regulated DEMs in NC vs EC comparison; and 52, 142, and 132 up-regulated, with 80, 137, and 139 down-regulated DEMs in IC vs EC comparison, respectively (Figure 2B).

Within the NC vs IC group, 5 (2 up-regulated and 3 down-regulated), 39 (25 up-regulated and 14 down-regulated), and 3 (2 up-regulated and 1 down-regulated) DEMs changed at least 3-fold at 42, 54, and 68°C, respectively. In the NC vs EC group, 23 (2 up-regulated and 21 down-regulated), 65 (41 up-regulated and 24 down-regulated), and 21 (5 up-regulated and 16 down-regulated) DEMs changed at least 3-fold at 42, 54, and 68°C, respectively. And in the IC vs EC group, 23 (2 up-regulated and 8 down-regulated), 22 (9 up-regulated and 13 down-regulated), and 31 (9 up-regulated and 22 down-regulated) DEMs changed at least 3-fold at 42, 54, and 68°C, respectively (Supplementary Table S2).

The top 20 fold-change DEMs at the end of curing among treatments are presented in Table 3. In the comparison of NC_68°C vs. IC_68°C, 7-ethyl-10-hydroxy-camptothecin (3.89-fold), prim-o-glucosylcimifugin (3.08-fold), and cimetidine (2.88-fold) were the most up-regulated DEMs, while di-o-methylquercetin (0.26-fold) was the most down-regulated. When comparing IC_68°C to EC_68°C, S-(-)-carbidopa (30.46-fold), acyclovir (8.84-fold), and acetylcorynoline (5.34-fold) showed the highest up-regulation, whereas several DEMs, including nonivamide (0.10-fold), myricetin (0.12-fold), liquiritin (0.13-fold), and valsartan (0.16-fold), were significantly down-regulated. In the NC_68°C vs. EC_68°C comparison, S-(-)-carbidopa (7.92-fold), cimetidine (6.88-fold), and acyclovir (5.23-fold) were the most up-regulated DEMs, while octyl gallate (0.14-fold), liquiritin (0.17-fold), myricetin (0.17-fold), and valsartan (0.18-fold) were the most down-regulated (Table 3). Furthermore, 15 common DEMs were detected among treatments (Table 3). Notably, nonivamide exhibited substantial variations across the three treatments, with the highest levels observed in EC_68°C, moderate levels in NC_68°C, and the lowest levels in IC_68°C, suggesting that nonivamide might be served as a key metabolite for assessing the degree of curing.



Table 3 | The top 20 fold-change DEMs at the end of curing among treatments.

[image: Table with three sections comparing metabolites and their fold changes across different conditions: NC_68°C vs IC_68°C, IC_68°C vs EC_68°C, and NC_68°C vs EC_68°C. Bolded metabolites indicate common differentially expressed metabolites among treatments.]




2.4 Analysis of correlation

The top 25 metabolites correlated with the phenotype (curing degree) were isolated, with 10 positively correlated and 15 negatively correlated (Figure 4A). Flavonoids, the most abundant class of metabolites in tobacco leaves, possess diverse biological functions (Hu et al., 2021). The contents of flavonoid metabolites exhibited a significant decrease throughout the air-curing period (Geng et al., 2024). Notably, 5 flavonoids and 4 carbohydrates were negatively correlated, whereas 3 flavonoids showed positive correlation with the phenotype (Figure 4A). D-(+)-Cellobiose displayed the strongest negative correlation, while 5,7-Dihydroxychromone exhibited the highest positive correlation coefficient. Carbohydrates serve as vital precursors for aroma and bioactive compounds (Banožić et al., 2020). The observed negative correlation between sucrose content and phenotype, consistent with the sugar content data in Table 1, underscores the profound influence of curing degree on tobacco leaf carbohydrate metabolism.


[image: Bar charts labeled A and B display the top 25 metabolites correlated with phenotype and time, respectively, using correlation coefficients. In chart A, negative correlations are observed for metabolites like 5,7-Dihydroxychromone and Ferulaldehyde, while positive correlations are seen for Protoappanin B and others. Chart B shows positive correlations for metabolites such as Curcurbitacin IIa and Hesperetin. Each chart uses distinct colors to differentiate the correlation directions.]

Figure 4 | The correlation of the top 25 metabolites with the phenotype (A) and the time (B).



Furthermore, the top 25 metabolites were positively correlated with the time (curing stage), encompassing a diverse array of compounds crucial to tobacco quality (Figure 4B). It is well established that terpenoids (Demole and Enggist, 1975), phenols and phenolic acids (Zou et al., 2021), heterocyclic compounds (Higashio and Shoji, 2004), amino acids and peptides (Wang et al., 2020), and alkaloids (Shoji et al., 2024) are well-known contributors to the aroma, flavor, and overall sensory quality of tobacco leaves. Notably, curcurbitacin IIa showed the highest positive correlation with time, followed closely by hesperetin and 8-shogaol, indicating their potential significance in the curing process.




2.5 Analysis of Kyoto encyclopedia of genes and genomes pathways

The KEGG analysis revealed a striking similarity in metabolic strategies employed under varying curing degrees, as evidenced by the collective enrichment of the same top 10 metabolic pathways among the DEMs derived from the comparisons of NC_68°C vs fresh leaf, EC_68°C vs fresh leaf, and IC_68°C vs fresh leaf (Figure 5). Consistent with previous findings (Yang et al., 2023), this study also observed a prominent enrichment of DEMs in the flavonoid biosynthesis pathway and amino acid metabolism. Specifically, the synthesis of various flavonoid metabolites, such as isoflavonoids, flavonoids, flavones, and flavonols, along with amino acid metabolism, were enriched. However, despite these shared enrichments, closer inspection revealed distinct patterns within the flavonoid biosynthesis pathways. Notably, the isoflavonoid biosynthesis pathway, flavone and flavonol biosynthesis pathway exhibited variations among different treatments, indicating that the flavonoid metabolism was indeed influenced by the specific curing degrees.


[image: Bubble plots compare various metabolic pathways across different conditions labeled NC, EC, and IC at temperatures 42°C, 54°C, and 68°C. The x-axis represents DA score, and pathways are listed on the y-axis. Blue and pink colors denote up and down regulation, with bubble size indicating the number of pathways affected.]

Figure 5 | Analysis of differential expressed metabolites using KEGG pathway analysis. FL represents fresh leaf.



The top 10 metabolic pathways covered by the DEMs in the comparisons of NC_42°C vs fresh leaf, NC_54°C vs NC_42°C, and NC_68°C vs NC_54°C reflected the distinct treatment effects. The yellowing stage represents the apex of primary chemical component conversion, during which numerous metabolites within tobacco leaves undergo profound alterations (Zou et al., 2019). A comparative analysis between NC_42°C and fresh leaf, revealed a notable enrichment of up-regulated metabolic pathways pertaining to secondary metabolite biosynthesis, particularly flavonoid, flavone, and flavonol biosynthesis, as well as alkaloid biosynthesis. Conversely, pathways such as ABC transporters, tyrosine metabolism, and nucleotide metabolism were down-regulated, indicating a shift towards enhanced secondary metabolite synthesis accompanied by augmented amino acid degradation. Further investigation comparing NC_54°C to NC_42°C showed a distinct pattern, with only two pathways (isoflavonoid biosynthesis and flavone/flavonol biosynthesis) being down-regulated, while the remaining eight pathways, including those related to secondary metabolite and flavonoid biosynthesis, were up-regulated. This suggested a continuation and intensification of metabolic activity in these pathways during the transition from yellowing to color fixing. However, in the comparison between NC_68°C and NC_54°C, while isoflavonoid biosynthesis was up-regulated, pathways associated with secondary metabolite and flavonoid biosynthesis, as well as tryptophan metabolism, exhibited down-regulation. These findings implied that metabolic pathways, especially those linked to secondary metabolites and flavonoids, undergo a surge during the yellowing to color fixing transition but might experience a subsequent decline as leaves progress towards the dry tendon stage. This dynamic regulation of metabolic pathways highlighted the intricacies and temporal specificity involved in tobacco curing processes.

Additionally, the results of the comparisons between different treatments at 68°C revealed intricate regulatory patterns in metabolic pathways. Specifically, when comparing NC_68°C to IC_68°C, DEMs were enriched in up-regulated biosynthesis of secondary metabolites and down-regulated isoflavonoid biosynthesis. In contrast, NC_68°C vs EC_68°C showed DEMs enriched in up-regulated flavone and flavonol biosynthesis and down-regulated biosynthesis of secondary metabolites. Furthermore, IC_68°C vs EC_68°C showed DEMs enriched in up-regulated isoflavonoid biosynthesis and down-regulated biosynthesis of secondary metabolites. These findings suggested that the curing degrees significantly impacted the metabolic landscape of tobacco leaves, particularly with respect to secondary metabolite biosynthesis. The differential regulation of specific pathways, such as isoflavonoid, flavone, and flavonol biosynthesis, highlighted the intricate interplay between treatments and metabolic fluxes during tobacco curing.




2.6 Analysis of random forest

Random forest analysis, a powerful tool for identifying key variables in complex datasets, was employed to uncover the metabolic underpinnings of tobacco leaf responses to varying curing regimes (Figure 6A). Notably, morellic acid, a natural compound known for its antioxidant and anti-inflammatory properties (Aswathy et al., 2024), emerged as the core molecular metabolite across different treatment conditions and temperature variations. This finding underscores the potential of morellic acid as a biomarker for monitoring metabolic adjustments in tobacco leaves during curing.


[image: Graphical representation divided into two parts. Panel A shows a dot plot with compounds listed along the y-axis and their mean decrease accuracy values on the x-axis, alongside a heatmap indicating expression levels across different conditions, color-coded from high to low. Panel B presents a radial plot with various compounds diverging from a central point, each labeled with a name and connected by lines radiating outward.]

Figure 6 | Analysis of metabolites by random forest (A) and debiased sparse partial correlation network (B).






2.7 Analysis of DSPC network

DPSC analysis provided a visualization of the correlation networks among metabolites. Flavonoids, known for their diverse biological functions, are the largest class of metabolites in tobacco leaves (Hu et al., 2021). Notably, hispidulin, an anticancer flavone, was identified as the core metabolite by DPSC among the seven isolated flavonoids (Rout et al., 2024). Hispidulin showed positive correlations with four flavonoids and negative correlations with two others (Figure 6B), indicating its potential value in elucidating the metabolic pathway of flavonoids.





3 Conclusions

Curing degrees (NC, EC, and IC) minimally affected the physicochemical properties of tobacco leaves, such as leaf density, leaf weight, and the content of nicotine, nitrogen, chlorine, and potassium. However, the sugar content varied among three curing degrees, notably showing that EC exhibited significantly less sugar compared to IC. LC-MS/MS identified 845 metabolites, with flavonoids predominant. Heatmap analysis indicated significant changes in metabolites throughout curing stages and treatments. Comparative analyses isolated 256 up-regulated and 241 down-regulated DEMs consistently changing from fresh leaf to cured leaves, with 91 DEMs demonstrating at least a 10-fold alteration, highlighting the substantial metabolite transformation during curing. Notably, nonivamide varied markedly across treatments, suggesting its potential as a key curing indicator. NC displayed 11 up- and 17 down-regulated unique DEMs compared to EC and IC, indicating their potential role in tobacco quality formation. KEGG pathway analysis indicated a significant shift in metabolic pathways during the critical stages from yellowing to color fixing, particularly those related to secondary metabolite biosynthesis and amino acid metabolism, potentially contributing to the desired flavor and aroma profiles. Correlation analysis isolated the top 25 DEMs correlated with curing degree and stage, which might play pivotal roles in the curing process and could serve as potential biomarkers for assessing curing degree and stage. Specifically, D-(+)-cellobiose displayed the strongest negative correlation with curing degree, followed by maltitol and androsin. Conversely, 5,7-dihydroxychromone exhibited the highest positive correlation coefficient, followed by ferulaldehyde and guanine. Furthermore, curcurbitacin IIa showed the highest positive correlation with curing stage, followed by hesperetin and 8-shogaol. Random forest analysis highlighted morellic acid as a consistent core metabolite across curing conditions, suggesting its potential as a biomarker. Moreover, DPSC analysis pinpointed hispidulin as a key metabolite, underlining its importance in flavonoid metabolism elucidation. Collectively, this study enhances the understanding of the metabolite transformation underlying tobacco curing processes and provides valuable insights for optimizing curing strategies to achieve desired product characteristics.




4 Materials and methods



4.1 Plant growth and sampling

Tobacco variety Yunyan 87 was cultivated at the research farm of Guizhou Academy of Tobacco Science in Fuquan City, Guizhou Province, China, situated at an altitude of 1200 meters belonging to subtropical monsoon climate. The soil composition consisted of 25.32 g/kg organic matter, 138.73 mg/kg of available nitrogen (N), 36.32 mg/kg of phosphorus (P), 218.69 mg/kg of potassium (K), and a pH value of 6.2. The experiment was conducted using a randomized block design, with each plot covering an area of 121 m2 and a planting density of 1.1 m × 0.55 m, replicated three times. Seeding was sown on January 20th, followed by transplantation on April 25th. The average temperatures ranged from 16.13°C to 23.17°C in May, 19.23°C to 24.93°C in June, 22.87°C to 29.83°C in July, and 21.30°C to 30.37°C in August. The base fertilizer regime included 525 kg/ha of compound fertilizer (with an N:P:K ratio of 10:10:25), 450 kg/ha of fermented oilseed meal and 375 kg/ha of calcium-magnesium-phosphate fertilizer. On the day of transplantation, each plant was treated with 150-200 mL of a water-soluble fertilizer solution, containing 1% compound fertilizer and 0.28% cyhalothrin emulsifiable concentrate. Ten days after transplantation, an additional 100-150 mL of water-soluble fertilizer, formulated with 4% compound fertilizer, was applied per plant. This application was repeated 30 days post-transplantation, maintaining the same volume and concentration of fertilizer. All cultivation and management measures were uniformly maintained in consistency.

The tobacco leaves from the middle section, which exhibited similar growth patterns and uniform leaf color and size, were prelabeled before sampling. At the maturation stage, 400 labeled leaves were sampled from each repetition and allocated to three different tobacco curing rooms to undergo normal curing (NC), excessive curing (EC), and insufficient curing (IC) process treatments, with the specific details outlined in Table 4.



Table 4 | Parameters in the curing process of different treatments.
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The middle layers of fresh leaf and curing leaf at the end of yellowing (42°C), color fixing (54°C), and dry tendon (68°C) stages were collected in triplicate, with each repetition containing 30 pieces, respectively. Samples were stored at -80°C in an ultra-low temperature refrigerator for further measurement.




4.2 Determination of physicochemical composition

At the end of the flue-curing process, the leaf weight was measured, and the leaf density was subsequently calculated as the ratio of leaf weight to leaf area. The measurement of total sugar and chlorine contents was carried out in strict adherence to the “Tobacco and Tobacco Products - Determination of Water Soluble Sugars - Continuous Flow Method” (YC/T 159-2002) and the “Tobacco and Tobacco Products - Determination of Nicotine - Continuous Flow Method” (YC/T 160-2002), respectively. The determination of total nitrogen, potassium, and chlorine elements was conducted using the “Tobacco and Tobacco Products - Determination of Total Nitrogen - Continuous Flow Method” (YC/T 161-2002), “Tobacco and Tobacco Products - Determination of Potassium - Continuous Flow Method” (YC/T 217-2007), and the “Tobacco and Tobacco Products - Determination of Chlorine - Continuous Flow Method” (YC/T 162-2011), respectively.




4.3 LC-MS/MS analysis

A 150 mg sample was precisely weighed and ground in a 2 mL thick-walled tube using 1 mL of pre-cooled (-20°C) 7:3 methanol:water extraction solution. This mixture was stored at 4°C with periodic vortex mixing (every 10 min, 3 times) followed by overnight incubation to ensure thorough extraction. For LC-MS analysis, supernatants were filtered through 0.22 μm filter membrane and analyzed using a Waters ACQUITY UPLC I-Class Plus coupled with a QTRAP 6500 Plus mass spectrometer. Chromatographic separation was achieved on an HSS T3 column (2.1 mm x 10 cm, 1.8 μm, Waters) with a gradient mobile phase comprising 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B), selected to optimize separation efficiency and peak shape. The elution gradient was set as follows: 0 - 2.00 min, 5% B; 2.00 - 22.00 min, 5% B; 22.00 - 27.00 min, 95% B; 27.00 - 27.10 min, 95% B; 27.10 - 30.00 min, 5% B,at a flow rate of 0.300 ml/min with a column temperature maintained at 40°C (Bian et al., 2023).

For the QTRAP 6500 Plus equipped with ESI Turbo ion spray, ion source parameters were optimized as follows: ion source temperature, 450°C; ion spray voltage (IS), 5500 V (positive mode) and -4500 V (negative mode); ion source gas I (GS1), gas II (GS2), and curtain gas (CUR) set to 40, 40, and 20 psi, respectively. Multiple Reaction Monitoring (MRM) methods were configured in MRM mode, encompassing information on MRM transitions, collision energy (CE), DE clustering potential (DP), and retention time of target metabolites.

Metabolites were identified and quantified using Skyline software (version 21.1.0.146) in conjunction with the Beijing Genomics Institute (BGI)-Wide Target-Library database. Subsequent bio-informatics analysis encompassed comprehensive data preprocessing, data quality control, global analysis, and in-depth screening for inter-group differences across comparative groups using the online platforms MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/) (Pang et al., 2024) and BGI (https://biosys.bgi.com/). Differential ex-pressed metabolites (DEMs) were identified by VIP ≥ 1, fold change values of ≥ 1.20 or ≤ 0.80, and p values ≤ 0.05. Hierarchical cluster analysis (HCA) was performed on samples and metabolites, with results presented as heatmaps accompanied by dendrograms. Pearson correlation coefficients (PCC) between samples were calculated using the cor function in R. Both HCA and PCC were performed using the pheatmap R package. Correlation Networks (DSPC) and Random Forest were generated by the online platform of MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/) (Pang et al., 2024). Metabolites were annotated using the KEGG compound database (http://www.kegg.jp/kegg/compound/), and then mapped to the corresponding pathways in the KEGG pathway database (http://www.kegg.jp/kegg/pathway.html) (Kanehisa et al., 2016).




4.4 Data analysis

Data were presented as mean ± standard deviation based on three independent replicate experiments. Statistical significance at p ≤ 0.05 was determined using One-way ANOVA in SPSS version 18.0.
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Nepeta nuda L. shares a typical secondary chemistry with other Nepeta species (fam. Lamiaceae), characterized by the tendency to intensively produce monoterpenoid iridoids, whereas the phenylpropanoid chemistry is steered towards the production of a caffeic acid ester, rosmarinic acid. Combining complementary state-of-the-art analytical techniques, N. nuda metabolome was here comprehensively characterized in the quest for the organ-specific composition of phenolics and terpenoids that possess well-defined functions in plant-biotic interactions as well as therapeutic potential. N. nuda inflorescences showed generally higher constitutive levels of specialized metabolites, as compared to leaves, and the composition of major iridoids and phenolics in reproductive organs was found to be more conserved than in leaves across 13 populations from the Central Balkans. The results suggest that N. nuda plants most likely invest more in constitutive than inducible biosynthesis of functional metabolites in flowers, since they are of essential importance for both pollination and defense against herbivores and pathogens. Conversely, specialized metabolism of leaves is found to be more susceptible to reprograming in response to differential growth conditions. The defense strategy of leaves, primarily functioning in CO2 fixation during photosynthesis, more likely relies on the induction of metabolite levels following plant-environment interplay. Organ-specific biosynthesis of iridoids in N. nuda is found to be tightly regulated at the transcriptional level, and high constitutive levels of these compounds in inflorescences most likely result from the up-regulated expression of several key genes (NnG8H, NnNEPS1, NnNEPS2, and NnNEPS3) determining the metabolic flux through the pathway. The organ-specific content of rosmarinic acid and co-expression patterns of the corresponding biosynthetic genes were much less correlated, which suggests independent organ-specific transcriptional regulation of the iridoid and phenolic pathways. Knowledge gathered within the present study can assist growers to select productive genotypes and manipulate phenology of N. nuda towards maximizing yields and facilitating its integration into pest management systems and other applications related to human health.
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1 Introduction

Plants produce a diverse array of specialized metabolites that have evolved specific physiological and ecological functions. These metabolites occur either as volatile or non-volatile compounds and play important roles in plant’s adaptation to different environmental conditions and defense against herbivores and microorganisms, as well as in processes such as pollination and seed dispersal (Wink, 2018). Phytochemical diversity varies across different levels of biological organization, i.e., among populations, among individuals within a population, and within an individual plant (among plant organs, during development, and across seasons) (Moore et al., 2014; Wetzel and Whitehead, 2020).

Variation in several categories of specialized metabolites is well studied at the interpopulation level of numerous species, including those belonging to the genus Nepeta. The interpopulation chemical polymorphism detected in Nepeta sessilifolia, N. heliotropifolia, and N. fissa was reported to be correlated with the elevation (Talebi et al., 2019). It has been suggested that the amounts of different types of monoterpenes decreased and the amounts of oxygenated compounds increased along the altitudinal gradient. Environmental conditions are highlighted as important factors influencing the yield and the chemical composition of essential oils of N. fissa (Talebi et al., 2017) and N. heliotropifolia (Yarmoohammadi et al., 2017). In another study, 29 accessions of N. kotschyi, N. menthoides, N. crassifolia, and N. cataria were cultivated under western Tehran (Iran) environmental conditions and evaluated for their phenolics composition (Hadi et al., 2017). Diverse composition of specialized metabolites in various plant tissues and organs is an important component of the overall plant phenotype, and changes in phytochemical profiles are one of the fastest phenotypic responses to the dynamic environmental conditions (Junker, 2016). These plant-part-specific differences may also be related to the ecological functions of the vegetative and reproductive tissues.

Nepeta nuda L. (subfam. Nepetoidae, fam. Lamiaceae) is an herbaceous perennial species widespread across Europe and Asia. Its individuals, characterized by numerous erect stems, oblong-lanceolate lower leaves, and ovate upper leaves can grow 50 to 100 cm tall (Aćimović et al., 2020). Flowers are organized in lax or dense spike-like verticillasters that bloom from June to August, depending on the altitude (Aćimović et al., 2020). Health benefits of N. nuda are usually associated with the accumulation of terpenoids and phenolics, two major groups of specialized metabolites of the genus Nepeta. Terpenoids, predominately represented by iridoid compounds, are produced in most plant tissues where they primarily act either as pollinator attractants (Schultz et al., 2004) or insect repellents (Bernier et al., 2005; Birkett et al., 2011; Sparks et al., 2018; Reichert et al., 2019; reviewed in Formisano et al., 2011 and Süntar et al., 2018), but can also function as insect pheromones (Glinwood et al., 1999; Birkett and Pickett, 2003) and are appealing to felines (Uenoyama et al., 2021 and 2022). Numerous studies on the chemical composition of N. nuda plant extracts and essential oils revealed a high level of chemodiversity, which may be ecologically driven, as it has been proven to be strongly influenced by various environmental factors, such as geographical origin, light conditions or altitude (Sharma et al., 2021; Petrović et al., 2024). Only few studies report on variations in iridoid and phenolic composition among populations of N. nuda within a specific geographical region (Narimani et al., 2017; Petrova et al., 2022; Petrović et al., 2024). In a recent study, we reported low differences in the iridoid and phenolic profiles in leaves among populations in the Central Balkans, since the majority of chemical and genetic variations were found within populations (Petrović et al., 2024). Moreover, other recent studies suggested organ-specific biosynthesis and accumulation of bioactive metabolites in N. nuda (Petrova et al., 2022; Zaharieva et al., 2023). Thus, the content of rosmarinic acid and 1,5,9-epi-deoxyloganic acid in N. nuda plants from Mt. Pirin (Bulgaria) was significantly higher in flowers than in leaves (Petrova et al., 2022).

The objective of this study was to comparatively investigate the patterns of metabolites’ variation in N. nuda vegetative (leaves) and reproductive (inflorescences) organs across 13 natural populations within the Central Balkans, adopting both targeted and untargeted metabolomics approaches. The determination of variation patterns in the plant metabolome in nature is crucial for predicting the persistence of populations and species in the future, understanding the species’ ecological interactions, and conserving their genetic diversity (Labarrere et al., 2019). Characterization of intraspecies chemodiversity in N. nuda within the Central Balkans can indirectly enable mapping of areas suitable for cultivation and intendedly assist farmers and other stakeholders to identify accessions with the highest crop potential and earmark them for future cultivation. N. nuda can be considered attractive medicinal crop for montane and subalpine regions (up to 2100 m a.s.l.), due to high adaptive success and production of essential oils with prominent bioactive properties (e.g., Gkinis et al., 2010; Formisano et al., 2011; Musso et al., 2017; reviewed in Sharma et al., 2021; Zaharieva et al., 2023). Considering differential but equally important ecophysiological roles of leaves and inflorescences, we intended to investigate which plant part is more susceptible to metabolic reprogramming in response to external influences and discuss the potential ecological implications arising from variations in the composition of terpenes and phenolics in these two organs of N. nuda. We further delved into the molecular background of the organ-specific differences in the biosynthesis and accumulation of iridoids and phenolics, thus providing evidence for their mutually independent transcriptional regulation of metabolic fluxes in different organs.




2 Materials and methods



2.1 Chemicals and reagents

Acetonitrile (Fisher Scientific UK, Leicestershire, UK) and formic acid (Merck, Darmstadt, Germany) were of MS grade. Ultra-pure deionized water was generated using a Water Purification System (New Human Power I Integrate, Human Corporation, Republic of Korea). Standards of 1,5,9-epi-deoxyloganic acid and 5,9-dehydronepetalactone were isolated from natural sources as previously described by Aničić et al. (2021). The standard of cis,trans-nepetalactone was a generous gift from Entomol Products LLC (San Francisco, CA, USA). Analytical standards of loganin, rosmarinic acid, caffeic acid, luteolin and apigenin were purchased from Sigma-Aldrich (Hamburg, Germany).




2.2 Collection of plant material

Aboveground parts of flowering N. nuda plants were collected in June-August 2022 from 13 populations across Serbia: 1. Mali Ljukten (43°32’35”N; 20°48’38”E); 2. Brodica (44°29’04”N; 21°50’27”E); 3. Debeli lug (44°21’45”N; 21°54’01”E); 4. Rtanj (43°44’13”N; 21°57’03”E); 5. Straža (43°50’46”N; 21°42’03”E); 6. Židilje (44°00’42”N; 21°38’45”E); 7. Vinatovača (44°04’14”N; 21°45’36”E); 8. Vlasina (42°41’39”N; 22°22’44”E); 9. Donji Krivodol (43°06’18”N; 22°55’41”E); 10. Topli Do (43°22’05”N; 22°37’58”E); 11. Janjska reka (43°25’33”N; 22°31’11”E); 12. Balta Berilovac (43°24’10”N; 22°30’43”E); 13. Gornje selo (42°11’21”N; 20°56’20”E). Plants were identified in the field by the authors, and representative specimens, assigned with the voucher numbers, have been deposited in the Herbarium of the Institute of Botany and Botanical Garden, University of Belgrade, BEOU (acronym follows Thiers, 2023). Plant material was dried in the shade at room temperature until constant mass and subsequently stored in paper bags. Samples were kept in the dark at room temperature until use. N. nuda aboveground parts were detached to leaves and inflorescences.




2.3 Preparation of N. nuda methanol extracts

Samples containing either leaves or inflorescences (50 mg) of N. nuda were ground in liquid nitrogen and extracted overnight at 4 °C with 1 mL of 96% methanol (w:v = 1:20). After vortexing for 1 min, samples were sonicated in an ultrasonic bath (RK100, Bandelin, Berlin, Germany) for 1 h at 4°C. Supernatants were separated after centrifugation at 10,000g for 10 min and subsequently filtered through 0.2 µm-pore size cellulose filters (Agilent Technologies, Santa Clara, CA, USA). Each population was represented by 3 biological replicates.




2.4 Characterization of metabolites in N. nuda leaves and inflorescences using UHPLC-ESI-QToF-MS analysis

Three randomly selected N. nuda samples (populations 3, 8, and 9) of both inflorescences and leaves were subjected to metabolic fingerprinting using an Agilent 1290 Infinity UHPLC system in combination with a quadrupole time-of-flight mass spectrometer (6530C QToF-MS, Agilent Technologies, Inc., Santa Clara, CA, USA). The mass detector, equipped with an electrospray ionization (ESI) source, was operated in both positive and negative ionization modes, in the mass range from 100 to 1000 m/z. Samples were chromatographically separated on a Zorbax C18 column (2.1 × 50 mm, particle size 1.8 µm; Agilent Technologies, Inc., Santa Clara, CA, USA) thermostated at 40°C. The gradient elution program, UHPLC and MS parameters as well as ion source settings were described by Petrović et al. (2024).

The Agilent MassHunter software was used for acquisition, control, and MS data collection from the 6530C Q-ToF-MS instrument. The R Studio platform (‘enviPick’ and ‘xcms’ R packages) was used for the evaluation and presentation of MS data (Zengin et al., 2021). The metabolites were identified based on their monoisotopic masses and MS2 fragmentation and confirmed using literature data (Alimpić Aradski et al., 2023; Aničić et al., 2021; Dienaitė et al., 2018; Goldansaz et al., 2019). Accurate masses of components and fragment ions were calculated using the ChemDraw software (version 12.0, CambridgeSoft, Cambridge, MA, USA). The CAS SciFinder-n database (https://scifinder-n.cas.org/) was used to search for chemical compounds by formulae and structures.




2.5 UHPLC/DAD/(±)HESI-MS2 targeted metabolic profiling of N. nuda leaves and inflorescences

A targeted UHPLC/DAD/(±)HESI/MS2 metabolomics approach was adopted to quantify individual phenolics (rosmarinic acid, caffeic acid, apigenin, and luteolin) and iridoids (cis,trans- and trans,trans-nepetalactone, 5,9-dehydronepetalactone, nepetanudoside A, and 1,5,9-epi-deoxyloganic acid) in N. nuda methanol extracts of leaves and inflorescences. Analyses were performed on a Dionex UltiMate 3000 UHPLC system coupled with a DAD detector and configured with a triple quadrupole mass spectrometer (TSQ Quantum Access Max, Thermo Fisher Scientific, Basel, Switzerland). Samples were chromatographically separated on a Hypersil gold C18 analytical column (50 × 2.1 mm, 1.9 µm particle size; Thermo Fisher Scientific, Waltham, MA, USA), using the elution gradient and the flow rate previously described by Aničić et al. (2021). The mobile phase consisted of (A) water + 0.1% formic acid and (B) acetonitrile + 0.1% formic acid. The injection volume was 10 µL. The selected reaction monitoring (SRM) mode of the instrument was used for the quantification of the targeted compounds by direct comparison with the commercial standards. Nepetanudoside A was quantified based on the calibration curve of loganin, while quantification of aucubin was performed using the calibration curve for nepetaside. Calibration curves of pure standards revealed good linearity, with r2 values exceeding 0.99 (peak areas vs. concentration). The total amount of each phenolic and iridoid compound was evaluated by the calculation of its peak area and is expressed as µg per 100 mg leaf/inflorescence DW.




2.6 GC/MS non-targeted metabolomics of methanol extracts of N. nuda leaves and inflorescences

Profiling of volatile compounds in methanol extracts of N. nuda leaves and inflorescences was performed using an Agilent 8890 gas chromatography (GC) system coupled with a Mass Selective Detector (5977B GC/MSD, Agilent Technologies, Santa Clara, CA, USA) and connected to an automated sample extraction and enrichment platform (Centri®, Markes International Ltd., Bridgend, UK). Chromatographic separation procedure is described in detail by Petrović et al. (2024). The constituents of the methanol extracts were identified by comparison of their mass spectra and retention times with those of the respective standards as well as by comparison with the NIST05 library.




2.7 Statistical analyses of metabolomics data

For hierarchical cluster analysis (HCA), the input variables were scaled to the [min, max] range. HCA was performed based on the Spearman’s method of cluster agglomeration, using the Morpheus software (https://software.broadinstitute.org/morpheus). Principal component analysis (PCA) was constructed using the Past 4 software (version 4.14; Hammer and Harper, 2001). For the comparison between populations, quantitative metabolomics data were subjected to the Tukey’s post hoc test (p < 0.05) of one-way ANOVA. To test the statistical difference between leaves and inflorescences, t test was adopted.




2.8 Comparative metabolic profiling and gene expression analysis in leaves and inflorescences of greenhouse-grown N. nuda



2.8.1 Plant material and metabolic profiling of iridoids and phenolics

Seeds of N. nuda, collected in June 2022 in the locality Debeli Lug (East Serbia) were germinated under in vitro conditions, as previously described (Aničić et al., 2024). Following clonal propagation of a single genotype under in vitro conditions, adopting previously optimized protocols for other Nepeta species (Aničić et al., 2024), plantlets were acclimatized in a greenhouse of the Institute for Biological Research “Siniša Stanković” - National Institute of the Republic of Serbia, University of Belgrade, Serbia. Samples of leaves and inflorescences were collected from fully-flowering plants in their third year of growth under greenhouse conditions.

Leaves and inflorescences were excised from plants and immediately frozen in liquid nitrogen (LN). Samples were mechanically grinded in LN until fine powder, weighted and aliquoted into batches of 100 mg, and subsequently stored at −80°C until use. The first group of batches containing three biological replicates, designated for metabolomics, was dried by lyophilization until constant mass, weighted, and extracted with 96% methanol (100:1 = w:v). Following vigorous vortexing for 1 min, the extraction was continued in an ultrasonic bath for 1 h, and supernatants were separated by centrifugation for 10 min at 10,000g. Supernatants were filtered through 0.2-mm cellulose filters (Agilent Technologies, Santa Clara, CA, USA) and stored at 4°C until use. Quantification of the targeted iridoids and phenolics in samples was performed using a UHPLC-DAD-(±)HESI/MS2 instrument as described in section 2.5.




2.8.2 RNA extraction and qPCR assessment of the expression of biosynthetic genes

The second batch of samples was used to extract RNA from N. nuda leaves and inflorescences, and all the extractions were performed in three biological replicates. The RNA extraction was performed applying a modified CTAB method (Gasic et al., 2004), which was followed by the quantification using a N60 Nano-Photometer® (Implen GmbH, Munich, Germany) and a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA), while the RNA integrity was electrophoretically checked. The procedure of the DNase I (Termo Fisher Scientific, USA) treatment and the protocol for cDNA synthesis were described earlier by Aničić et al. (2024).

Gene expression analyses were performed by real-time PCR using QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific, Carlsbad, CA, USA). Thermocycler conditions were previously described by Aničić et al. (2018). The reactions were performed using Maxima SYBR Green/ROX Master Mix (2X) (Termo Fisher Scientific, USA), cDNA corresponding to 50 ng RNA, and 0.3 µM primers, according to the manufacturer’s recommendations. The expression levels of targeted candidates of iridoid- and phenolic-biosynthetic genes were calculated according to the 2–ΔΔCt method (Livak and Schmittgen, 2001) using GAPDH as a housekeeping gene. Primer pairs were designed based on candidate genes whose sequences and accession numbers are listed in Supplementary Table 1.




2.8.3 Statistical analysis of gene expression data

qPCR data were processed and visualized using the Past 4 software (version 4.16; Hammer and Harper, 2001). To test the statistical difference between leaves and inflorescences, t test was adopted. Correlation analysis, adopting the Ward’s algorithm, was performed to examine the co-expression patterns of targeted genes in leaves and inflorescences of N. nuda.

Linear regression analysis was performed to visualize relations between metabolomics and gene-expression data. Coefficients of determination (R2) were calculated using the Past 4 software (version 4.16; Hammer and Harper, 2001).






3 Results and discussion

In this study, we adopted two complementary analytical techniques to cover different parts of N. nuda metabolome. A UHPLC-ESI-QToF-MS instrument, operating in both positive and negative ionization modes, enabled the chromatographic separation and identification of polar molecules in methanol extracts, primarily phenolics. It enabled us to comparatively and simultaneously analyze both glycosides and aglycones of iridoids in leaves and inflorescences. The solvent of choice for the present study was methanol as being vastly used for the extraction of both phenolics (e.g., Mišić et al., 2015; Hadi et al., 2017; Dienaitė et al., 2018; Aničić et al., 2021) and terpenoids (Aničić et al., 2024), including iridoid glycosides and volatile iridoid aglycones found in Nepeta species (Takeda et al., 1995; Petrova et al., 2022; Zaharieva et al., 2023).



3.1 Comparison of qualitative non-targeted phenolic profiles in N. nuda leaves and inflorescences

Totally 38 phenolic compounds were identified, including derivatives of hydroxybenzoic and hydroxycinnamic acids as well as flavonoid glycosides and aglycones (Supplementary Table 2).

Nine derivatives of hydroxybenzoic acid were identified mainly as hexosides (Supplementary Table 2), giving a specific loss of 162 Da in MS2 spectra. All hydroxybenzoic acid derivatives were detected in leaves, while only one compound, dihydroxybenzoic acid (3), was not identified in the tested inflorescences (Supplementary Table 2). The majority of compounds belonging to the group of hydroxybenzoic acids were more abundant in inflorescences than in leaves of N. nuda except galloyl hexoside (1) and dihydroxybenzoic acid hexoside (4) (Figure 1A).
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Figure 1 | (A) Heatmap of the scaled QToF-MS data with the samples and compounds arranged according to the hierarchical cluster analysis (HCA), adopting the Spearman’s method of cluster agglomeration. (B) Chemical structures of the characteristic iridoid aglycones identified in Nepeta nuda methanol extracts of leaves and inflorescences. Iridoids predominating in inflorescences are represented in blue, while those prevalent in leaves are presented in green. (C) Representative TIC GC/MS chromatograms of methanol extracts of leaves and inflorescences. HCA plot of the scaled GC/MS data with populations and compounds arranged according to the Spearman’s method of cluster agglomeration. Plant photo denotes N. nuda individual captured on site (locality Straža, SE Serbia).



All nineteen compounds from the group of hydroxycinnamic acids were detected in inflorescences, whereas compounds 13, 24, 27, and 28 were not found in leaves (Supplementary Table 2). Interestingly, esters of caffeic acid (23), malic acid (25), tartaric acid (11 and 21), tartronic acid (12 and 16), and glycolic acid (14) were more abundant in leaves than in inflorescences. The majority of other identified hydroxycinnamic acids were more abundant in inflorescences (Figure 1A). Compound 24 was not previously detected in any Nepeta species, but its MS2 spectra showed fragments typical for rosmarinic acid, which is characteristic for some Nepeta taxa (Mišić et al., 2015). This compound showed a neutral loss of 162 Da leading to the formation of a fragment ion at 359 m/z that corresponds to the exact mass of deprotonated rosmarinic acid. By studying other MS2 fragments, this compound was marked as rosmarinic acid hexoside.

All identified flavonoid compounds belong to the subgroup of flavones, which is typical for the genus Nepeta (Jamzad et al., 2003). The identified flavonoid aglycones were generally more abundant in inflorescences than in leaves. Hexuronides of luteolin (4 compounds) and apigenin (1 compound) were also recorded in the analyzed samples of N. nuda (Supplementary Table 2). Inflorescences were especially rich in these compounds. Flavones (mainly apigenin and luteolin derivatives) glycosylated with hexuronic (glucuronic) acid, often with another acyl residue (acetyl, coumaroyl, caffeoyl or similar), have been previously reported as constituents of several Nepeta species (Rabee et al., 2020). Compound 59 was identified as luteolin 7-O-(2”-caffeoyl)-hexuronide. In its MS2 spectra, ions were detected at 443 and 337 m/z, formed by the neutral loss of caffeic acid and luteolin, respectively (Supplementary Figure 1). This compound showed an unusual fragmentation pattern as its MS2 base peak was not the mass of luteolin aglycone (285 m/z) but corresponded to the mass of caffeic acid-H-H2O and it was previously identified in Satureja biflora aerial parts (Moghadam et al., 2015).

In the present study, we adopted the combination of analytical techniques previously reported to be convenient for establishing chemical characterization of N. nuda populations from the Central Balkans (Petrović et al., 2024). The mentioned study was focused on the chemical profiling of leaves dried in silica gel immediately after harvesting, while the samples used in this study were air-dried at room temperature until they reached a constant mass. This enabled us to compare and discuss the phytochemical composition of methanol extracts as influenced by drying procedure. Thus, vanillic acid was recorded only in silica gel-dried samples of N. nuda leaves (Petrović et al., 2024). Within the group of hydroxycinnamic acids, caffeic acid hexoside (13), ferulic acid (27), and nepetoidin A or B (28) were not present in air-dried leaves but were detected in inflorescences. The qualitative composition of flavonoids was also slightly perturbed, as luteolin (61) was recorded only in air-dried leaves, while chrysoeriol and acacetin were identified in leaves dried on silica-gel (Petrović et al., 2024).




3.2 Comparison of qualitative non-targeted iridoid profiles of N. nuda leaves and inflorescences

Twenty-seven iridoid compounds were identified in N. nuda inflorescences and leaves, 11 out of them being glycosides and 16 aglycones (Supplementary Table 2). One nitrogen analogue of nepetalactone, nepetalactam, was also recorded in N. nuda inflorescences. The presence of iridoid compounds was confirmed by the comparison with the available literature on Nepeta species and through the evaluation of their MS data. Some of the major iridoids identified in leaves and inflorescences of N. nuda are presented within Figure 1B.

Iridoid aglycones were mostly visible in the positive ionization mode due to their polarity, except for 7-deoxyloganetin, nepetalic and nepetonic acids (compounds 47, 48, and 50, respectively), which gave more abundant peaks in the negative ionization mode. Among the identified iridoid aglycones, 7-deoxyloganetin (47) and dihydronepetalactone (51) were recorded in inflorescences only, while cis,trans-nepetalactone (52) and nepetalactol acetate (53) were characteristic for N. nuda leaves.

Nepetalactones and their derivatives were the most abundant iridoid aglycones in the analyzed N. nuda samples. This iridoid monoterpenoid can usually be found in the form of four diastereoisomers, three of them, trans,trans-, cis,trans-, and trans,cis-nepetalactone, being identified in the present study. Previous studies dealing with the phytochemical characterization of N. nuda reported all 4 diastereoisomers: trans,trans- (De Pooter et al., 1988; Handjieva et al., 1996; Petrović et al., 2024), cis,trans- (De Pooter et al., 1988; Kökdil et al., 1999; Kobaisy et al., 2005; Mancini et al., 2009; Narimani et al., 2017; Akbaba et al., 2021; Petrović et al., 2024), trans,cis- (Regnier et al., 1967; De Pooter et al., 1988; Mancini et al., 2009; Gkinis et al., 2010; Bozok et al., 2017; Narimani et al., 2017; Akbaba et al., 2021; Aćimović et al., 2022), and cis,cis-nepetalactone (De Pooter et al., 1988; Kökdil et al., 1999; Kobaisy et al., 2005; Mancini et al., 2009; Bozari et al., 2013; Gormez et al., 2013; Zaharieva et al., 2023). In our study, trans,trans-nepetalactone was more abundant in inflorescences than in leaves (Figure 1A), while cis,trans-nepetalactone was recorded in leaves only. trans,cis-Nepetalactone was recorded in trace amounts in both leaves and inflorescences (Supplementary Table 2).

5,9-Dehydronepetalactone (40) is a dehydrogenated nepetalactone, isolated for the first time from N. cataria (Sastry et al., 1972). In N. nuda, this compound is primarily accumulated in inflorescences, while leaves contain considerably lower amounts (Figure 1A). This compound was previously reported in N. nuda (De Pooter et al., 1988; Kökdil et al., 1999; Petrović et al., 2024) and it was quantified in significant amounts in methanol extracts of N. rtanjensis, N. argolica, and N. parnassica (Mišić et al., 2015; Aničić et al., 2018, 2020, 2021). The content of 5,9-dehydronepetalactone in N. teydea EO was higher when it was prepared from flowering plants than from plants in the vegetative growth stage (Velasco-Negueruela et al., 1989), which is consistent with the findings of the present study.

Dihydronepetalactone (51) was identified in N. nuda inflorescences only (Supplementary Table 2). It is formed by nepetalactone hydrogenation (Feaster et al., 2009) and is known to be a common constituent of N. cataria (Regnier et al., 1967; Sharma and Cannoo, 2013; Sengupta et al., 2018; Handjeva et al., 1996; Patel et al., 2022).

Nepetalic acid (syn. 3α-hydroxy-4aα,7α,7aα-dihydronepetalactone, 3R-hydroxy-4aR,7R,7aR-dihydronepetalactone) can be synthetically converted into nepetalactone (Chauhan and Zhang, 2008), which marks this compound and plants rich in it as potentially valuable industrial resources. N. nuda is a good candidate as it accumulates nepetalic acid (48) in high amounts, especially in inflorescences (Supplementary Table 2, Figure 1A).

A derivative of nepetalic acid, its methyl isomer, nepetonic acid (2‚-[(1-methyl-2-al)-ethyl-5R-methylcyclopenta‚-carboxylic acid) (50), was identified in N. nuda samples in the present study (Supplementary Table 2). Methyl acetal of nepetalic acid (54) can be synthesized by nepetalic acid acylation (Scialdone and Liauw, 2008) and it was identified exclusively in inflorescences of N. nuda, adopting the UHPLC/QToF-MS technique (Supplementary Table 2).

Nepetalactam (81), classified under the group of tetrahydropyridine metabolites (lactams or cyclic amides), is a nitrogen analogue of (4aS,7S,7aR; cis,trans-)-nepetalactone previously identified in the essential oil of N. cataria (Handjeva et al., 1996; Patel et al., 2022), but also synthetized from nepetalic acid and nepetalactone (Eisenbraun et al., 1988; Chauhan et al., 2014). Interestingly, this compound was accumulated only in N. nuda inflorescences (Supplementary Table 2), indicating its possible contribution in plant-biotic interactions and reproductive strategy of this plant species. This compound was not identified in our previous study adopting a similar analytical approach (Petrović et al., 2024), most certainly since inflorescences were not chemically characterized.

Derivatives of iridoid glycosides were identified in the negative ionization mode (Supplementary Table 2), mostly showing [M–H]– as a molecular ion, while adducts with formic acid ([M + HCOOH–H]–) were observed in three iridoid glycosides (31, 33, and 34). The majority of identified compounds from this group were present in both inflorescences and leaves. The exception was caffeoyl-1,5,9-epi-deoxyloganic acid (39), which was identified in N. nuda inflorescences only.

1,5,9-epi-Deoxyloganic acid was previously identified in many Nepeta species (Murai et al., 1984; Nagy et al., 1998; Aničić et al., 2021, including N. nuda (Kökdil et al., 1999; Petrova et al., 2022; Petrović et al., 2024). In the present study, 1,5,9- epi-deoxyloganic acid was detected in both leaves and inflorescences, being more abundant in the latter. Its three derivatives were also recorded. 1,5,9-epi-Deoxyloganic acid hexoside was very abundant in leaves and especially in inflorescences, while methyl-1,5,9-epi-deoxyloganic acid was found in leaves of N. nuda. To the best of our knowledge, caffeoyl-1,5,9-epi-deoxyloganic acid was not previously recorded in any Nepeta species, and in the present study it was identified in significant amounts only in inflorescences of N. nuda.

The most abundant compound from the subgroup of iridoid glycosides, compared by peak area, was nepetanudoside A (compound 34). This compound, typical for N. nuda (Takeda et al., 1995; Petrović et al., 2024), was detected in both inflorescences and leaves but was more abundant in the reproductive organs (Figure 1A). The same trend was recorded for nepetanudoside C (31), which was previously reported for N. nuda (Takeda et al., 1996; Petrović et al., 2024).

Aucubin (29), present as a minor component in methanol extracts, was more abundant in inflorescences than in leaves of N. nuda and was previously reported for other Nepeta species, including N. septemcrenata (El-Moaty, 2010), N. rtanjensis, and N. argolica (Aničić et al., 2021). Lamiol derivative, 5-deoxylamiol (32), is an iridoid glycoside typical for Lamium species (Alipieva et al., 2003 and 2007) and has only recently been identified in N. nuda (Petrović et al., 2024). On the other hand, 6-deoxylamioside (38), which is here identified in both inflorescences and leaves, was previously reported for L. amplexicaule (Guiso and Martino, 1983).

To visualize the relations in metabolic fingerprints of N. nuda leaves and inflorescences, HCA was performed based on the Spearman’s method of cluster agglomeration, utilizing the relative quantification data (peak areas) (Figure 1A). These two plant organs are clearly diversified based on the composition of phenolics and iridoids, as the majority of the identified compounds are more abundant in inflorescences than in leaves. Compounds, on the other hand, are divided into two major clusters, based on their predominance in leaves or inflorescences.




3.3 Comparison of qualitative non-targeted profiles of volatile organic compounds in N. nuda leaves and inflorescences

In total, 36 VOCs were identified in methanol extracts of N. nuda inflorescences and leaves (Table 1).



Table 1 | GC/MS profiling of methanol extracts of Nepeta nuda inflorescences and leaves.
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The representative GC/MS TIC chromatograms are shown in Figure 1C. These VOCs belong to the groups of monoterpenes (6 monoterpenes and 13 oxygenated monoterpenoids) and sesquiterpenes (7 sesquiterpenes and 5 oxygenated sesquiterpenoids). Nepetalactam (36G), recorded only in inflorescences, was not classified in any of the two groups. Monoterpenoids were more abundant in leaves, while inflorescences were richer in oxygenated monoterpenoids (Table 1). Among monoterpenoids, β-pinene (3G) and sabinene (2G) predominated in N. nuda leaves. 1,8-Cineole (7G) was more abundant in leaves, although a significant amount of this compound was recorded in inflorescences, as well. From the group of monoterpenoid iridoids, two nepetalactone stereoisomers were detected: trans,trans- (18G) and cis,trans-nepetalactone (19G), the former predominating in inflorescences and the latter in leaves. Nepetonic acid (35G) was also more abundant in inflorescences. Interestingly, trans,cis- isomer of nepetalactone and some of nepetalactone derivatives (5,9-dehydronepetalactone, dihydronepetalactone, nepetalic acid), previously identified by the UHPLC-ESI-QToF-MS technique, were not recorded in methanol extracts of N. nuda samples using the GC/MS analysis. This can be, at least partially, ascribed to differential chromatography conditions (UHPLC vs. GC) and huge differences in the sensitivities of mass spectrometers.

Sesquiterpenoids and oxygenated sesquiterpenoids were more abundant in leaves than in inflorescences of N. nuda (Table 1). Germacrene D (25G) and beta-caryophyllene (21G) were detected as the major sesquiterpenoids in leaves, followed by β-bourbonene (20G). In inflorescences, germacrene D (25G) was the most abundant compound as well but was followed by β-farnesene (23G) and beta-caryophyllene (21G). Oxygenated diterpene phytol (33G) and oxygenated triterpene squalene (34G) were by far more abundant in leaves of N. nuda than in inflorescences. In sum, inflorescences and leaves of N. nuda were clearly distinguished based on the content of teprenoids and related compounds and can therefore be considered as different chemotypes.

Only scarce literature data reported on the composition of N. nuda methanol extracts revealed by GC/MS characterization. Other studies primarily focused on analyzing essential oils composition and reported the following compounds as dominant components: caryophyllene oxide (Kökdil et al., 1998), camphor and 1,8-cineole (Kilic et al., 2011), caryophyllene (Alim et al., 2009), nepetalactone (Bozok et al., 2017; Handjieva et al., 1996; Kökdil et al., 1996), 1,8-cineole and 4aα,7β,7aα-nepetalactone (Mamadalieva et al., 2016), nepetalactone and germacrene (Gormez et al., 2013), 1,8-cineole (Chalchat et al., 1998), and 1,8-cineole and a mixture of nepetalactones and germacrene-D (De Pooter et al., 1988). It must be considered that these differences might arise from many factors, including plant origin, growth conditions, developmental stage, plant part analyzed, a subspecies or a cultivar in question, essential oils isolation procedure, and GC/MS conditions. A study by Zaharieva et al. (2023) revealed 4aα,7β,7aα-nepetalactone, 1,8-cineole/eucalyptol, and germacrene D as the most abundant volatile compounds in N. nuda plants grown under either in vitro or ex vitro conditions. Caryophyllene, β-ocimene, bicyclogermacrene, β-pinene, myrcene, and humulene were also found in quite fair quantities.

The relative GC/MS quantitative data (peak areas) of methanol extracts of N. nuda were subjected to HCA to visualize the phytochemical relations between inflorescences and leaves (Figure 1C). Leaves cluster separately from inflorescences on the HCA plot constructed based on the Spearman’s algorithm, confirming the clear diversification between these plant parts. Compounds are clustered based on their predominance in inflorescences or leaves.




3.4 Organ-specific variation in the quantitative content of major iridoids and phenolics among the Central Balkans’ populations of N. nuda

The UHPLC/DAD/(±)HESI−MS2 analysis was targeted towards totally 9 compounds belonging to the groups of iridoids (5 compounds) and phenolics (4 compounds), and the selection was based on previous studies reporting high abundance of these compounds in N. nuda (Mišić et al., 2015; Aras et al., 2016; Smiljković et al., 2018; Petrova et al., 2022; Petrović et al., 2024). From the group of iridoids, we selected three aglycones (cis,trans- and trans,cis-nepetalactone, and 5,9-dehydronepetalactone) and two glycosides (1,5,9-epi-deoxyloganic acid and nepetanudoside A). The most abundant phenolics in N. nuda were rosmarinic acid and caffeic acid (Mišić et al., 2015; Petrova et al., 2022), and these two phenolic acids were quantified along with two flavonoids from the group of flavones, luteolin and apigenin (Figure 2). The majority of the analyzed metabolites were more abundant in inflorescences than in leaves of N. nuda. Literature data support these findings, as inflorescences have generally higher constitutive levels of defensive metabolites than leaves (Brown et al., 2003; Damle et al., 2005; Smallegange et al., 2007), with some exceptions (Godschalx et al., 2016). On the other hand, the amounts of these compounds were variable among the 13 analyzed populations.


[image: Nine bar charts depict the content levels of various compounds across 13 populations. Each chart is titled with a compound name: Nepetanudoside A, 1,5,9-epi-Deoxyloganic acid, 5,9-Dehydronepetalactone, trans,trans-Nepetalactone, cis,trans-Nepetalactone, Caffeic acid, Rosmarinic acid, Luteolin, and Apigenin. Blue and green bars represent different groups, with heights indicating content amounts in micrograms per 100 milligrams dry weight. Statistical significance is marked by asterisks.]

Figure 2 | UHPLC/DAD/(±)HESI−MS2 quantification of targeted iridoids and phenolics in methanol extracts of Nepeta nuda leaves (green bars) and inflorescences (blue bars), in samples originating from 13 Central Balkan populations. SE of three biological replicates is presented. Values labeled with different letters, for leaves (green letters) and inflorescences (blue letters) independently, are significantly different (p < 0.05) according to the Tukey’s post hoc test of one way ANOVA. Orange asterisks above the bars denote significantly different values between leaves and inflorescences according to the t-test, p-values, *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations of N. nuda populations: 1-Mali Ljukten, 2-Brodica, 3-Debeli lug, 4-Rtanj, 5-Straža, 6-Židilje, 7-Vinatovača, 8-Vlasina, 9-Donji Krivodol, 10-Topli Do, 11-Janjska reka, 12-Balta Berilovac, 13-Gornje selo.



The results display obvious differentiation between leaves and inflorescences (Figure 2). The major iridoid glycoside, nepetanudoside A, was present in both inflorescences and leaves of N. nuda, and in populations 1, 4, 5, 7, 8, 10, and 13, the content of this compound was significantly higher in leaves than in inflorescences. Population 5 was especially rich in this compound. 1,5,9-epi-Deoxyloganic acid was more abundant in inflorescences than in leaves of N. nuda, and this implies to all analyzed populations (Figure 2). The highest amounts of this compound were recorded in samples belonging to the populations 5 and 13. Of the iridoid aglycones, trans,trans-nepetalactone and 5,9-dehydronepetalactone were more abundant in flowers than in leaves of N. nuda. The content of trans,trans-nepetalactone varied between populations, with the population 4 and 5 being especially rich in this compound. The highest amounts of 5,9-dehydronepetalactone were recorded in samples belonging to the populations 2, 3, and 4. Interestingly, cis,trans-nepetalactone was recorded in significant amounts in only 5 populations (2, 3, 6, 7, and 8), primarily in leaves (Figure 2).

To visualize variations in the quantitative composition of the major iridoids in inflorescences and leaves of 13 N. nuda populations, PCA was performed adopting the Ward’s method of data agglomeration (Figure 3A). The major contributors to the diversification of samples along the PC1 explaining 75.76% of the total variability are nepetanudoside A, cis,trans-nepetalactone, and 1,5,9-epi-deoxyloganic acid. As for the PC2, which contributes to the total variability with 17.43%, cis,trans-nepetalactone and 1,5,9-epi-deoxyloganic acid are the major contributors to the diversification along this component. Samples of N. nuda leaves are more scattered along PC1 than samples of inflorescences, implying higher uniformity in the accumulation of the targeted compounds by inflorescences.
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Figure 3 | Principal component analysis (PCA) biplots constructed based on the UHPLC/DAD/(±)HESI−MS2 quantitative data, separately for iridoids (A) and phenolics (B), and cumulatively for both groups of metabolites (C). Participation of the variables (metabolites) in the first two PCs is indicated by the corresponding loading plots. Inflorescences are labeled with blue symbols while leaves are colored green.



Among phenolics, rosmarinic acid was by far the most abundant compound in the analyzed samples. It was recorded in considerable amounts in both leaves and inflorescences of N. nuda. Its amounts in inflorescences reached ∼802 µg 100 mg-1 dry weight (DW) (population 6), while in leaves ∼678 µg 100 mg-1 DW was recorded in samples from the population 11 (Figure 2). In the majority of the analyzed populations, the amounts of this compound were slightly higher in inflorescences than in leaves. Caffeic acid, luteolin, and apigenin were also more abundant in inflorescences than in leaves in all analyzed populations. Population 9 was characterized by the highest amounts of luteolin (6.50 µg 100 mg-1 DW) and apigenin (7.19 µg 100 mg-1 DW), while the highest amounts of caffeic acid were recorded for the population 11 (Figure 2).

When PCA was performed with quantitative data for phenolics only, it was obvious that samples of leaves and inflorescences were clearly diversified along PC2 (Figure 3B). The major contributors to the diversification along PC1, which explains 99.98% of the total variability, and along PC2 (0.02%), are apigenin and luteolin. The third contributor is caffeic acid. Results imply that phenolics content is more conserved in leaves than in inflorescences.

PCA plot was further constructed based on the quantitative data for both iridoids and phenolics (Figure 3C). PC1 explains 70.52% of the total variability, while PC2 is responsible for 15.82% of the variability. The major contributors to the diversification along PC1 are nepetanudoside A, rosmarinic acid, and cis,trans-nepetalactone. The same compounds, but with perturbed order, are the major factors that diversify samples along PC2.




3.5 Molecular background of iridoid biosynthesis in N. nuda inflorescences and leaves

We further aimed to get deeper into the molecular background of the organ-specific iridoid diversity in N. nuda. To exclude the effect of genotype and environmental conditions on the chemical phenotype, we performed clonal propagation of a single genotype originating from the population 3 (abbreviation DL1). Plantlets having the uniform genetic background were acclimatized and grown under controlled greenhouse conditions. Samples of leaves and inflorescences were collected from fully-flowering plants, in three biological repetitions.

Targeted metabolic profiling of five iridoids (cis,trans-nepetalactol, trans,trans-nepetalactone, 5,9-dehydronepetalactone, 1,5,9-epi-deoxyloganic acid, and nepetanudoside A) in leaves and inflorescences of greenhouse-grown N. nuda in parallel with co-expression analysis of iridoid biosynthesis-related genes, revealed the molecular background of their organ-specific composition. As expected, all the quantified iridoids were more abundant in inflorescences than in the leaves of N. nuda plants (Figure 4A). The difference in the abundance of specific iridoids between the two plant organs was the most pronounced for 1,5,9-epi-deoxyloganic acid and cis,trans-nepetalactol, the latter being recorded only in inflorescences. The correlation analysis based on the quantitative data revealed significant positive correlations for the majority of comparisons (Figure 4B). These results are in accordance with the study of Gomes et al. (2024), which associated the highest concentrations of nepetalactones, nepetalic acid and nepetalactam with the floral-bud and partial-flowering stages of N. cataria.
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Figure 4 | (A) Box-plot diagram depicting the distribution of the content of three iridoid aglycones (c,t-NLL, t,t-NL, 5,9-DNL) and two iridoid glycosides (1,5,9-eDLA and NnuA) in leaves (green dots) and inflorescences (blue dots) of Nepeta nuda grown under greenhouse conditions. (B) Pearson’s correlations based on the content of five major iridoids in N. nuda leaves and inflorescences represented by the intensity of yellow (positive correlations) or blue (negative correlations), as indicated on the color scale. (C) A proposed iridoid metabolic pathway in N. nuda. Unknown enzymes of the biosynthetic pathway are marked with the question mark. (D) Box-plot diagram depicting the distribution of the transcript levels of nine iridoid biosynthesis-related genes in leaves (green dots) and inflorescences (blue dots) of N. nuda. (E) Pearson correlations based on the expression level of nine biosynthetic genes in N. nuda leaves and inflorescences. Non-significantly correlated values are crossed (p > 0.05). IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pirophosphate; GPP, geranyl pyrophosphate; GE, geraniol; 8HG, 8-hydroxygeraniol; 8OG, 8-oxogeranial; 8CE, 8-oxocitronellyl enolate; NLL, nepetalactol; NL, nepetalactone; DNL, dehydronepetalactone; c,t-NLL, cis,trans-nepetalactol; t,t-NL, trans,trans-nepetalactone; 5,9-DNL, 5,9-dehydronepetalactone; 1,5,9-eDLA, 1,5,9-epideoxyloganic acid; NnuA, nepetanudoside A; NnGPPS, geranyl diphosphate synthase; NnGES, geraniol synthase; NnG8H, geraniol 8-hydroxylase; Nn8HGO, 8-hydroxygeraniol oxidoreductase; NnISY, iridoid synthase; NnNEPS, nepetalactol-related short-chain dehydrogenase; NnMLPL, major latex protein-like enzyme. Asterisks denote significantly different values according to the t test (*p < 0.05, **p < 0.01, ***p < 0.001).



The iridoid biosynthetic pathway in Nepeta species has been extensively researched in the past, and it is believed that nepetalactol is the common precursor of all other iridoids in these species. The biosynthesis of nepetalactol involves a series of enzymatic steps catalyzed by geranyl diphosphate synthase (GPPS), geraniol synthase (GES), geraniol 8-hydroxylase (G8H), 8-hydroxygeraniol oxidoreductase (8HGO), iridoid synthase (ISY), NAD-dependent nepetalactol-related short-chain-dehydrogenase/reductase (NEPS), and major latex protein-like (MLPL) enzymes (Figure 4C). In Nepeta species, ISYs are mainly responsible for the stereoselective 1,4-reduction of 8-oxogeranial (8OG) to uncyclized and reactive 8-oxocitronellyl enol (8CE) and for determining the stereochemistry of C7 (Sherden et al., 2018; Lichman et al., 2019b and 2020; Hernaíndez Lozada et al., 2022). Enolate intermediate 8-oxocitronellyl enol in Nepeta is cyclized by NEPSs (Lichman et al., 2019a, 2019), but can also undergo a spontaneous cyclization to produce predominately cis,trans- steroisomer of nepetalactol (Hernaíndez Lozada et al., 2022). Although the upstream parts of the pathway have been well described, the downstream parts that are leading to various derivatives of nepetalactone, as well as those of the iridoid glycosides branch, remain largely unclear.

By BLAST-searching for the available N. nuda transcriptomes, candidates for 9 iridoid biosynthesis-related genes (NnGPPS, NnGES, NnG8H, Nn8HGO, NnISY, NnNEPS1, NnNEPS2, NnNEPS3, and NnMLPL) were identified and their expression profiles were comparatively analyzed in N. nuda leaves and inflorensces to more deeply investigate the molecular background of their variation between the two organs and to point to the key determinants of the organ-specific iridoid metabolism in N. nuda. The expression levels of NnGPPS and Nn8HGO, two genes of the early biosynthetic pathway (EBGs), did not significantly differ between leaves and inflorescences (Figure 4D). However, NnGES, NnG8H, and NnISY displayed around 1.6-, 6-, and 2.2-fold higher transcript levels in inflorescences than in leaves, respectively. Interestingly, genes responsible for the steps directly preceding the formation of nepetalactol and nepetalactone (NnNEPS1, NnNEPS2, NnNEPS3, and NnMLPL) showed significantly higher expression level in inflorescences than in leaves (Figure 4D). In the case of NnNEPS1, which belongs to the subgroup of NEPS oxidases and is responsible for converting nepetalactol into nepetalactone, around 40-fold higher expression level was recorded in inflorescences than in leaves. The NEPS oxidase (NnNEPS1) identified in the transcriptomes of N. nuda leaves, that corresponded to the N. mussinii NEPS1, has been reported to have cis,trans-nepetalactol dehydrogenase activity (Lichman et al., 2019a). NnNEPS2 is a homologue of N. sibirica NEPS2 (NsNEPS2), which acts both as a cis-trans cyclase and an oxidase (Lichman et al., 2019a; Hernaíndez Lozada et al., 2022). NnNEPS3 is a homologue of N. mussinii NEPS3 displaying a specific 7S-cis,cis-nepetalactone cyclase activity (Lichman et al., 2019a). The composition, expression level, and ratio of NEPS enzymes are responsible for setting the stereochemistry of nepetalactones (Lichman et al., 2019a), which is most certainly the case in N. nuda as well. The results indicate that NnG8H and the 3 NEPSs might serve as the regulatory points, determining the flux through the iridoid pathway and thus the level of iridoid biosynthesis and accumulation in different organs. Hence, the high level of nepetalactone and other iridoids in inflorescences is, most likely, the result of upregulated expression of NnG8H, NnNEPS1, NnNEPS2, and NnNEPS3 in these organs. The majority of correlations observed between the analysed biosynthetic genes were positive and statistically significant, which suggests the regulation of iridoid biosynthesis in different organs at the transcriptional level (Figure 4E). The exception were NnGPPS and Nn8HGO, which displayed no significant correlations with other genes. Conversely, the expression of NnGES was significantly positively correlated with that of NnG8H, NnNEPS2, and NnNEPS3.

Some previous studies dealing with Nepeta species revealed organ-specific expression patterns of the iridoid biosynthesis-related genes (Aničić et al., 2018, and 2024, Lichman et al., 2020). Closed buds and open flowers of N. cataria and N. mussinii were more enriched with transcripts of NEPSs, G8H, and ISY than mature leaves (Lichman et al., 2020). Among NEPS enzymes, NEPS1 displayed the highest expression level in open flowers and closed buds of N. cataria, while NEPS5 transcripts were the most abundant in closed buds of N. mussinnii (Lichman et al., 2020). This is in accordance with the findings of the present study, as NnNEPS1 displayed a significantly higher expression level in inflorescences than in mature leaves of N. nuda and more transcript levels than the other two NEPSs (NnNEPS2 and NnNEPS3). Although we did not separately assessed closed buds from open flowers, the analyzed inflorescences contained flowers in all development stages.

The expression of iridoid biosynthesis-related genes is coordinately regulated and well correlated with metabolite pools in mature leaves and inflorescences (Table 2), supporting the hypothesis that the organ-specific biosynthesis of iridoids is controlled at the transcriptional level. In other words, gene transcripts of targeted genes were more abundant in inflorescences, where the majority of targeted iridoids accumulated. The exceptions are NnGPPS, NnGES, and Nn8HGO, as their expression levels were not significantly correlated with the content of targeted metabolites. The majority of significant correlations were observed between the three NEPSs and G8H on one hand and iridoid aglycones (5,9-dehydronepetalactone, cis,trans-nepetalactol, and trans,trans-nepetalactone) on the other. The most significant correlations were observed between the expression of NnNEPS1 and NnNEPS3 and the three iridoid aglycones. NnNEPS1 was also positively correlated with the content of quantified iridoid aglycones, nepetanudoside A and 1,5,9-epi-deoxyloganic acid (Table 2), indicating possible involvement of this NEPS oxidase in the formation of iridoid glycosides. These speculations should be further investigated.



Table 2 | Correlations (R2) between quantitative metabolomics data (for 5 selected iridoid compounds) and qPCR expression data for 9 iridoid biosynthesis-related genes in the analyzed samples of Nepeta nuda (n= 324).

[image: A table showing the coefficient of determination (R²) between various genes and metabolites. Genes include NnGPPS, NnGES, NnG8H, among others. Metabolites include Nepetanudoside A, 1,5,9-epi-Deoxyloganic acid, and different forms of Nepetalactone. Significance levels are indicated with symbols: ***, **, * for p-values less than 0.001, 0.01, and 0.05, respectively.]




3.6 Possible ecological implications of iridoids’ composition in N. nuda inflorescences and leaves

Due to a variety of important roles that iridoids play in plant-biotic interactions, we here discuss possible ecological implications of their organ-specific composition in N. nuda. Data show that N. nuda leaves exhibit greater diversity in terms of the targeted phenolics’ and iridoids’ content, and that phytochemical composition of inflorescences is more conserved among the analyzed populations. Plants likely invest more resources in the constitutive production of floral metabolites functioning in plant-biotic interactions (i.e., plant-pollinator, plant-pathogen, and plant-herbivore interplay), rather than in inducible production. It was previously hypothesized that constitutive resistance predominates in flowers (McCall and Irwin, 2006; Zangerl, 2003). Floral chemistry influences the interactions of plants with pollinators and other species and maximizes the fitness of both plants and flower visitors (Palmer-Young et al., 2019; Kessler and Kalske, 2018). The defense mechanisms of reproductive tissues, such as flowers, are crucial for plant reproduction, and their defensive strategies may differ from those of leaves, which have the primary function of fixing CO2 during photosynthesis. According to Pichersky and Gershenzon (2002), floral volatiles serve as attractants for species-specific pollinators, whereas the volatiles emitted from vegetative parts, especially those released after herbivory, appear to protect plants by deterring herbivores and by attracting their enemies. Flowers are essentially heterotrophic as they heavily rely on organic molecules synthesized in leaves and roots. However, they biosynthesize and accumulate complex molecules that sustain plant interactions with animal pollinators and pathogens, play roles in plant fertilization, embryo development, and the initial stages of fruit and seed set.

The chemical composition of colorful long-lasting flower spikes of N. nuda is a key determinant of their color, odor, and overall function in plant-biotic interactions. Nepeta flowers with their visual, chemical, and nutritional traits are very attractive to honeybees and other pollinators. Honeybees are the main pollinators of N. nuda (Bozek, 2003). The most important visitors of flowers of N. cataria, a species sympatric to N. nuda, are honeybees, solitary bees, and bumblebees (Cruden and Miller-Ward, 1981; Sih and Baltus, 1987), but also flies and butterflies (Aizen and Harder, 2009), thus it may be presumed that N. nuda is visited by similar groups of pollinators, as these two species share similar phytochemical profiles.

The increased content of iridoids in the reproductive organs of N. nuda might indicate their functional involvement in complex plant-biotic interactions. It is well documented that iridoids function as general toxicants, growth and reproductive inhibitors, repellents or oviposition-deterrents (Bernier et al., 2005; Birkett et al., 2011; Sparks et al., 2018; Reichert et al., 2019; reviewed in Formisano et al., 2011; Süntar et al., 2018). Two groups of iridoids present in Nepeta plants, volatile aglycones and glycosylated iridoids, most likely provide a two-level chemical defense, the former acting as repellents and/or pollinator attractants, and the latter contributing as deterrents. Both subgroups of iridoids also provide antimicrobial protection.

Constituents of Nepeta species, such as nepetalactone, dihydronepetalactone, and nepetalactol, are proven repellents against insects, such as mosquitos (Aedes, Anopheles, Culex), cockroaches (Periplaneta, Blattella), ticks (Rhipicephalus, Ixodes), flies (Stomoxys, Musca), mites (Dermanyssus, Dermatophagoides), and termites (Reticulitermes) (Bernier et al., 2005; Birkett et al., 2011; reviewed in Formisano et al., 2011; Sparks et al., 2018; reviewed in Süntar et al., 2018; Reichert et al., 2019). Dihydronepetalactone is reported to be two times more active than commercial N,N-diethyl-3-methylbenzamide (DEET) (Feaster et al., 2009). Notably, nepetalactone and nepetalactol mediate plant-insect interactions, but are also produced by a number of insects, most notably aphids, acting as sex pheromones (Fernández-Grandon and Poppy, 2015). In addition, dihydronepetalactones are the components of defensive secretions of some ant species (Cavill and Clark, 1967). As reported by Harney et al. (1978), nepetalic acid, along with nepetalactone and catnip essential oil, had a depressant effect in mice when administered intraperitoneally.

On the other hand, compounds from the group of iridoid glycosides present in Nepeta species, less volatile and more stable than nepetalactones and their derivatives, have rarely been investigated for their interaction with insects and generally for their contribution to the overall defense strategies. 1,5,9-epi-Deoxyloganic acid has been scarcely investigated for its biological activities, thus, only studies dealing with its antimicrobial and anti-inflammatory potential (Aničić et al., 2021), as well as enzyme inhibition and DNA protection activities (Başar et al., 2023) are presented in the literature. To the best of our knowledge, no data about its role in plant-biotic interactions are available. Despite only scarce information about the bioactivities of the major iridoid glycosides of N. nuda, plenty is known about some iridoid glycosides present as minor constituents. Such an example is aucubin, which displays potent insecticidal activity against various insects (Vivekanandhan et al., 2022, 2023) and antifungal activity (Marak et al., 2002). Comprehensive literature search revealed that the roles of nepetenudoside A and C, as well as of nepetaside, 5-deoxylamiol, and 6-deoxylamioside in plant-biotic interactions have not been previously documented. Due to their physico-chemical properties, iridoid glycosides of Nepeta sp. might provide additional values in the development of novel biopesticides.

The composition of floral volatiles, a chemically diverse group of plant metabolites with multiple functions, is shaped by environmental, ecological and evolutionary factors (Dötterl and Gershenzon, 2023). Although iridoids are by far the most abundant group of terpenes in Nepeta species, their synergistic effects with other terpenes must not be ruled out. The unique metabolome of each individual plant constitutes the defense machinery against biotic environmental factors and determines its success in the changing environment. Several reports showed insecticidal and repellent activity of eucalyptol, which is abundant in both leaves and inflorescences of N. nuda. Eucalyptol induces intoxication and has a prominent effect on locomotor activity, knock-down, and repellence on nymphs of Triatoma infestans and Rhodnius prolixus (Moretti et al., 2015). It also displays repellence against a number of insects, including house fly (Sukontason et al., 2004), Periplaneta americana (Scriven and Meloan, 1984), and Aedes aegypti (Klocke et al., 1987). On the other hand, eucalyptol is attractive to honey bees and euglosine bees (Effmert et al., 2005).

It was previously reported that the content and ratio of sesquiterpenoids β-farnesene and germacrene D in flowers of Tanacetum vulgare modulated both defense and pollination (Li et al., 2019). Aphid alarm pheromone β-farnesene is the key volatile cue responsible for specific attraction of beetles and avoidance by aphids at the early flowering stages (Li et al., 2019). As these terpenoids are also found in N. nuda inflorescences and leaves, it could be hypothesized that they can play important roles in plant-biotic interactions.




3.7 Molecular background of the biosynthesis of phenolics in N. nuda inflorescences and leaves

As expected, rosmarinic acid was by far the most abundant phenolic compound in leaves and inflorescences of N. nuda grown under greenhouse conditions (Figures 5A, B). Other phenolics quantified in samples were present in much lower amounts. All analyzed compounds were found in significantly higher amounts in inflorescences than in leaves. The amount of rosmarinic acid was significantly negatively correlated with those of caffeic acid, luteolin, and apigenin (Figure 5C). The only non-significant correlation was observed between luteolin and apigenin.
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Figure 5 | (A) Box-plot diagram depicting the distribution of the content of one phenolic acid (CA) and two flavonoids (Ap and Lu) in leaves (green dots) and inflorescences (blue dots) of N. nuda grown under greenhouse conditions. (B) RA is presented by a separate box-plot diagram. (C) Pearson’s correlations based on the content of four major phenolics in N. nuda leaves and inflorescences, represented by the intensity of yellow (positive correlations) or blue (negative correlations), as indicated on the color scale. Non-significantly correlated values are crossed (p > 0.05). (D) A proposed biosynthetic pathway of rosmarinic acid in N. nuda. (E) Box-plot diagram depicting the distribution of the transcript levels of seven rosmarinic acid biosynthesis-related genes in N. nuda leaves and inflorescences, represented by the intensity of yellow (positive correlations) or blue (negative correlations), as indicated on the color scale. (F) Pearson’s correlations based on the expression level of seven genes of the rosmarinic acid biosynthetic pathway in N. nuda leaves (green dots) and inflorescences (blue dots). Non-significantly correlated values are crossed (p > 0.05). CA, caffeic acid; RA, rosmarinic acid; Ap, apigenin; Lu, luteolin; PAL, phenylalanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumaric acid CoA-ligase; TAT, tyrosine aminotransferase; HPPR, hydroxyphenylpyruvate reductase; RAS, 4-coumaroyl-CoA:4′-hydroxyphenyllactic acid 4-coumaroyltransferase; CYP, cytochrome P450-dependent monooxygenase. Asterisks denote significantly different values according to the t test (*p < 0.05, ***p < 0.001).



The biosynthesis of rosmarinic acid (Figure 5D) involves phenylpropanoid- and tyrosine-derived branches that use the amino acids L-phenylalanine and L-tyrosine as precursors, respectively (Matsuno et al., 2002; Petersen et al., 2009; Wang et al., 2017; Trócsányi et al., 2020; Suthar et al., 2021) and it proceeds by activating the following enzymes: phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H), 4-coumaric acid CoA-ligase (4CL), tyrosine aminotransferase (TAT), hydroxyphenylpyruvate reductase (HPPR), “rosmarinic acid synthase” (RAS; 4-coumaroyl-CoA:4′-hydroxyphenyllactic acid 4-coumaroyltransferase), and cytochrome P450-dependent monooxygenase. We here analyzed the expression profiles of 7 genes related to the biosynthesis of rosmarinic acid (NnPAL, NnC4H, Nn4CL, NnTAT, NnHPPR, NnRAS, and NnCYP) in N. nuda leaves and inflorescences. Looking at their enzymatic activities involved in this biosynthetic pathway, only two of them might be specific for rosmarinic acid biosynthesis, NnRAS and NnCYP. These two genes showed significantly higher expression levels in inflorescences than in leaves (Figure 5E), which is in accordance with a higher content of rosmarinic acid in these organs. Enzymes belonging to the general phenylpropanoid pathway (NnPAL, NnC4H, and Nn4CL) provide precursors for the formation of other metabolites such as lignin and other groups of phenolic compounds (e.g., flavonoids, anthocyanins). Transcript levels of NnC4H and Nn4CL were higher in inflorescences than in leaves, while NnPAL did not significantly differ between the two organs (Figure 5E). TAT and HPPR are also primary enzymes, and their activity results in the formation of precursors in the biosynthesis of tocopherols and plastoquinones. These two genes did not significantly differentially express between leaves and inflorescences of N. nuda (Figure 5E). The only significant correlations were positive correlations between the expression patterns of the analyzed rosmarinic acid-related biosynthetic genes: Nn4CL and NnC4H, NnCYP and Nn4CL, and NnCYP and NnRAS (Figure 5F).

The results further suggest that the expression levels of NnPAL, NnC4H, and Nn4CL, which belong to the general phenylpropanoid pathway, as well as of NnRAS and NnCYP, are not significantly correlated with the rosmarinic acid content in the two plant organs (Table 3). This is not surprising, taking into account that the majority of analyzed genes are related to the general phenylpropanoid pathway and are thus involved in providing the precursors for the biosynthesis of various classes of phenolic compounds. Furthermore, the differences in the quantitative content of the major phenolic compounds between leaves and inflorescences are less prominent than those recorded for iridoids.



Table 3 | Correlations (R2) between quantitative metabolomics data (for 4 selected phenolic compounds) and qPCR expression data for 7 rosmarinic acid biosynthesis-related genes in mature leaves and inflorescences of Nepeta nuda (n= 108).

[image: Table showing the relationship between genes and metabolites. It lists seven genes (NnPAL, NnC4H, Nn4CL, NnTAT, NnHPPR, NnRAS, NnCYP) and their respective coefficients of determination for four metabolites: caffeic acid, rosmarinic acid, luteolin, and apigenin. It notes no significant correlations observed.]




3.8 Possible ecological implications of differential phenolics’ composition in N. nuda inflorescences and leaves

The involvement of phenolic compounds in plants ranges from growth and development (e.g., cell wall thickening, hormone production, and pigmentation), reproduction (e.g., pigmentation, fruit flavoring, and fruit protection), defense against stressors (e.g., osmoregulation, UV protection, anti-herbivory roles, and antimicrobial activity) (Dixon, 2001; Singh et al., 2021), and leaf and petal senescence (Tyagi et al., 2020). The content of phenolics in plants is determined by various endogenous and environmental factors. Thus, high constitutive and inducible leaf flavonoid content has been correlated with insect and pathogen resistance (Treutter, 2005). The function of phenolics in flowers is particularly versatile: from antioxidant activity, through the protection from UV radiation, to providing diverse colors. Phenolics accumulated in flowers primarily protect from nectar robbers and enhance memory and foraging efficiency of pollinators or, as in the case of flavonoids, exhibit high antioxidant activities supporting pollinator well-being (Slavković and Bendahmane, 2023). Moreover, flavonoids can regulate biotic interactions with mutualists and antagonists and thus reduce herbivore attacks and infection (Cushnie and Lamb, 2005; Palmer-Young et al., 2019).

Rosmarinic acid, which is by far the most abundant compound in N. nuda, is known for its antioxidant (Erkan et al., 2008; Muñoz-Muñoz et al., 2013), antimicrobial (Bais et al., 2002; Ivanov et al., 2022), insecticidal activities (Khan et al., 2019; Darrag et al., 2022), and various health promoting effects (Amoah et al., 2016; Alagawany et al., 2017; Nadeem et al., 2019). Rosmarinic acid displays insecticidal effects against the pea aphid, Acyrthosiphon pisum (Khan et al., 2019), and is a highly potent feeding deterrent for the tobacco hornworm (Manduca sexta) (Simmonds et al., 2019). Salvigenin, nepetoidin B, and rosmarinic acid display respectable insecticidal activities against the red palm weevil (Rhynchophorus ferrugineus) (Darrag et al., 2022). Conversely, this compound has been reported to reduce honey bee mortality caused by pesticides (Ulziibayar et al., 2022).





4 Conclusions

Inflorescences and leaves of Nepeta nuda showed a differential investment in the constitutive production of phenolics and terpenes, based on their chemical profiles, which emphasizes the importance of the chemical profiling of different plant organs and encompassing both groups of metabolites to properly characterize the species’ metabolome. The data strongly indicate that plants prioritize constitutive production of floral metabolites, whose qualitative and quantitative content is, to a large extent, conserved among different populations. NnG8H and NnNEPS1-3, are recognized as important regulatory points responsible for the increased content of iridoids in inflorescences.

The presented results lead to the unambiguous conclusion that specialized metabolism in leaves is more reprogrammable in response to differential growth conditions than that in inflorescences. Therefore, vegetative parts are highlighted as more convenient objects for studying the environmentally-driven chemical diversity among N. nuda populations. However, the specific mechanisms and the exact environmental cues associated with the organ-specific chemical composition in N. nuda remain largely unexplored. Due to its rich metabolite profile and a potential ornamental value, N. nuda can be a suitable alternative to N. cataria, which is the most intensively cultivated Nepeta species. The information about the intra-individual (organ-specific) chemical specificities of N. nuda provides strategic tools for growers to manipulate the phenology of this medicinal crop and achieve a higher productivity of metabolites of interest. Given the importance of iridoids as powerful insect repellents, future studies should be conducted towards optimization of agronomic practices to maximize yields in versatile geographic regions and to facilitate the integration of iridoid-containing biopesticides into pest management systems and other applications related to human health.
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The Russian dandelion (Taraxacum koksaghyz) is a promising source of natural rubber (NR). The synthesis of NR takes place on the surface of organelles known as rubber particles, which are found in latex – the cytoplasm of specialized cells known as laticifers. As well as the enzymes directly responsible for NR synthesis, the rubber particles also contain small rubber particle proteins (SRPPs), the most abundant of which are SRPP3, 4 and 5. These three proteins support NR synthesis by maintaining rubber particle stability. We used homology-based searches to identify the whole TkSRPP gene family and qPCR to create their spatial expression profiles. Affinity enrichment-mass spectrometry was applied to identify TkSRPP3/4/5 protein interaction partners in T. koksaghyz latex and selected interaction partners were analyzed using qPCR, confocal laser scanning microscopy and heterologous expression in yeast. We identified 17 SRPP-like sequences in the T. koksaghyz genome, including three apparent pseudogenes, 10 paralogs arranged as an inverted repeat in a cluster with TkSRPP3/4/5, and one separate gene (TkSRPP6). Their sequence diversity and different expression profiles indicated distinct functions and the latex interactomes obtained for TkSRPP3/4/5 suggested that TkSRPP4 is a promiscuous hub protein that binds many partners from different compartments, whereas TkSRPP3 and 5 have more focused interactomes. Two interactors shared by TkSRPP3/4/5 (TkSRPP6 and TkUGT80B1) were chosen for independent validation and detailed characterization. TkUGT80B1 triterpenoid glycosylating activity provided first evidence for triterpenoid saponin synthesis in T. koksaghyz latex. Based on its identified interaction partners, TkSRPP4 appears to play a special role in the endoplasmic reticulum, interacting with lipidmodifying enzymes that may facilitate rubber particle formation. TkSRPP5 appears to be involved in GTPase-dependent signaling and TkSRPP3 may act as part of a kinase signaling cascade, with roles in stress tolerance. TkSRPP interaction with TkUGT80B1 draws a new connection between TkSRPPs and triterpenoid saponin synthesis in T. koksaghyz latex. Our data contribute to the functional differentiation between TkSRPP paralogs and demonstrate unexpected interactions that will help to further elucidate the network of proteins linking TkSRPPs, stress responses and NR biosynthesis within the cellular complexity of latex.
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1 Introduction

The Russian dandelion Taraxacum koksaghyz produces large amounts of natural rubber (NR) in its roots and is promising as a new crop for the rubber industry (Salehi et al., 2021). NR is mainly composed of poly(cis-1,4-isoprene) produced in the latex, the cytoplasm of specialized cells known as laticifers. Within the latex, NR is stored in organelles known as rubber particles comprising a protein-decorated phospholipid monolayer surrounding a dense NR core (Bae et al., 2020; Collins-Silva et al., 2012; Cornish et al., 1999; Hillebrand et al., 2012; Schmidt et al., 2010b; Wood and Cornish, 2000). Proteins on the rubber particle surface contribute to NR synthesis in T. koksaghyz and its close relative T. brevicorniculatum, which produces small amounts of NR (Benninghaus et al., 2020; Collins-Silva et al., 2012; Hillebrand et al., 2012; Laibach et al., 2015; Niephaus et al., 2019). These proteins include small rubber particle proteins (SRPPs), the most abundant of which are SRPP3–5 (Collins-Silva et al., 2012; Hillebrand et al., 2012; Schmidt et al., 2010a; Wahler et al., 2012), correlating with the high levels of SRPP3–5 mRNA in the latex (Benninghaus et al., 2020; Lin et al., 2022; Niephaus et al., 2019). SRPP gene silencing in T. koksaghyz and T. brevicorniculatum caused the depletion of NR and reduced rubber particle stability or NR molecular mass, confirming that SRPPs are needed for efficient NR biosynthesis (Collins-Silva et al., 2012; Hillebrand et al., 2012). Accordingly, several SRPP genes are upregulated in the roots of plants that produce large amounts of NR (Panara et al., 2018), and T. koksaghyz plants overexpressing the transcription factor MYC2 that induces SRPP transcription also accumulate more NR than controls (Wu et al., 2024). Dandelion SRPPs promote NR synthesis by contributing to rubber particle stability and dispersity via steric hindrance, and/or potentially by promoting cis-prenyltransferase (CPT) long chain polymerization (Collins-Silva et al., 2012; Hillebrand et al., 2012). The recently published genome assemblies of T. koksaghyz revealed 11 SRPP paralogs (Lin et al., 2018, 2022) but few studies have considered the entire TkSRPP family (He et al., 2024; Wu et al., 2024). Given that only TkSRPPs 3/4/5 are abundant in rubber particles, these paralogs may have the greatest impact on NR biosynthesis while the others may be involved in stress responses (Laibach et al., 2018).

Despite the clear link between TkSRPPs and NR biosynthesis, detailed information about the functions of individual TkSRPPs is limited and many studies do not refer to specific TkSRPPs and/or use inconsistent nomenclatures (Dong et al., 2023b; He et al., 2024; Mofidi et al., 2024). The functions of TkSRPPs in latex have been proposed based mostly on the characterization of TbSRPPs 1/2/3/4/5. In Nicotiana benthamiana cells, TbSRPP1/2/3/4/5 localized to lipid droplets (LDs) and the endoplasmic reticulum (ER), and TbSRPP1 and TbSRPP3 additionally to the cytosol, supporting the hypothesis that rubber particles, like LDs, bud from the ER and that SRPPs might be involved in this process (Cornish et al., 1999; Herman, 2008; Laibach et al., 2018; Wilfling et al., 2014). Furthermore, the expression of TbSRPP4 and TbSRPP5 increased LD number and size, respectively (Laibach et al., 2018). A similar effect was observed for LD size in Arabidopsis thaliana (Arabidopsis) overexpressing stress-related proteins (SRPs) 1–3, which are homologous to SRPPs (Kim et al., 2016). TbSRPP1–5 form homodimers and heterodimers, and at least TbSRPP3–5 bind to negatively charged lipids, suggesting they interact with rubber particles via pockets of unsaturated phosphatidylcholine (PC) (Laibach et al., 2018). SRPPs may also influence the formation and growth of rubber particles by binding to the minor lipid component phosphatidylinositol (PI) (Bae et al., 2020; Laibach et al., 2018), which causes positive membrane curvature (Harayama and Riezman, 2018).

Dandelion SRPPs belong to the rubber elongation factor (REF) superfamily and share a conserved REF domain, whose function remains unknown, with canonical REF proteins (Dennis and Light, 1989; Laibach et al., 2015; Oh et al., 1999). REF proteins are widespread in plants, even those without latex (Gidda et al., 2013; Horn et al., 2013; Kim et al., 2010, 2004; Seo et al., 2010). In several NR-producing plants other than dandelion, REF family proteins have been associated with NR biosynthesis (Berthelot et al., 2014; Dai et al., 2013; Dennis and Light, 1989; Schmidt et al., 2010b). The T. brevicorniculatum major REF protein has a higher molecular mass than TbSRPPs, but is also located on rubber particles. The downregulation of TbREF caused NR depletion but did not affect rubber particle stability, therefore suggesting a role in rubber particle biogenesis (Laibach et al., 2015).

In non-rubber plants, like Arabidopsis and avocado (Persea americana), REF proteins associate with non-seed LDs (Gidda et al., 2013, 2016; Horn et al., 2013; Kim et al., 2016). LDs have an architecture similar to rubber particles, but store lipids other than NR, such as triacylglycerol (TAG) or sterols (Fernández-Santos et al., 2020; Gidda et al., 2016; Huang, 2018; Kretzschmar et al., 2020; Murphy, 2011; Slocombe et al., 2009). REF proteins from NR-producers and other plants are also involved in stress responses. SRPPs from T. brevicorniculatum, sweet potato (Ipomoea batatas), pepper (Capsicum annuum) and Arabidopsis conferred drought stress tolerance when overexpressed in tobacco (Nicotiana tabacum) or Arabidopsis (Kim et al., 2010, 2016; Kim et al., 2012; Laibach et al., 2018; Seo et al., 2010). The genes are induced by drought or other forms of abiotic stress (Guo et al., 2014; Kim et al., 2010, 2016; Kim et al., 2012; Laibach et al., 2018; Seo et al., 2010), and in some cases also by methyl jasmonate (MeJA), abscisic acid (ABA), ethylene, salicylic acid or wounding, via stress and hormone response elements in the promoter (Cao et al., 2017; Dong et al., 2023a; Fricke et al., 2013; He et al., 2024; Wu et al., 2024).

To characterize the function of TkSRPPs in more detail, we identified their interaction partners, providing insight into their roles in NR biosynthesis, stress tolerance, rubber particle composition and biogenesis, and the metabolic and regulatory networks in latex. We therefore determined the spatial expression patterns of all TkSRPP genes, followed by affinity enrichment-mass spectrometry (AE-MS) for TkSRPP3/4/5. Two interactors shared by TkSRPP3/4/5 (TkSRPP6 and TkUGT80B1) were chosen for independent validation and detailed characterization.




2 Materials and methods



2.1 Plant cultivation and tissue processing

We cultivated T. koksaghyz and N. benthamiana plants under controlled greenhouse conditions (18°C, 16-h photoperiod, 260 PPFD high-pressure sodium lamps with enhanced yellow and red spectrum) as previously described (Unland et al., 2018). T. koksaghyz tissues were harvested separately for expression analysis and immediately flash-frozen in liquid nitrogen. After lyophilization, root tissues were pulverized using a ZM 200 Ultra Centrifugal Mill (Retsch, Germany), and leaf tissues were ground under liquid nitrogen with a pestle and mortar. Latex was transferred from cut root surfaces to rubber extraction buffer (REB) [100 mM Tris-HCl pH 7.8, 350 mM sorbitol, 10 mM NaCl, 5 mM MgCl2, 5 mM dithiothreitol (DTT)], flash-frozen and used for RNA extraction without further processing.




2.2 Heterologous production of TkSRPP3/4/5

SRPPs were expressed in Escherichia coli BL21Ai (DE3) cells (Thermo Fisher Scientific, USA) transformed with expression vector pET23a(+) containing codon-optimized sequences of TkSRPP3/4/5 (Supplementary Table S1). Protein expression and purification were carried out as previously described (Laibach et al., 2018).




2.3 AE-MS

Latex was harvested from the roots of 12-week-old T. koksaghyz plants (line 203-1-ST) as previously described (Post et al., 2012; Niephaus et al., 2019) with slight modifications (Supplementary Methods S1 in Supplementary Data Sheet 1). For affinity enrichment, 100 µL Ni-NTA agarose (Qiagen, Germany) in a 2-mL tube was washed three times with 500 µL Ni-NTA lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0) and centrifuged (500 g, 5 min, 4°C). We dissolved 200 µg recombinant TkSRPP3/4/5 in 1 mL Ni-NTA lysis buffer containing a protease inhibitor cocktail (diluted 1:10), added this to the Ni-NTA agarose beads, and incubated the mixture for 1 h at room temperature (RT), shaking at 200 rpm. The samples were then centrifuged (500 g, 5 min, RT) and the beads were washed three times with Ni-NTA wash buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0). We diluted 400 µL of the latex or its fractions with 500 µL Ni–NTA wash buffer, added this to the Ni-NTA agarose beads, and repeated the incubation, centrifugation and washing steps as above. After seven further washes with 1 mL Ni-NTA wash buffer, 500 µL of the wash buffer was added to the beads and the samples were analyzed by LC-MS. Beads loaded only with recombinant protein or latex fractions were used as controls. Three replicate samples were prepared.




2.4 LC-MS/MS-based quantitative proteomics

LC-MS/MS data acquisition and processing steps were carried out as previously described (Lassowskat et al., 2017). Briefly, proteins were extracted and digested using a modified filter-assisted sample preparation protocol (FASP). After reduction and alkylation, the samples were digested with trypsin, followed by LC-MS/MS analysis using an EASY-nLC 1200 device coupled to a Q Exactive HF mass spectrometer (both from Thermo Fisher Scientific). For details see Supplementary Methods S2 in Supplementary Data Sheet 1.

Raw data were processed using MaxQuant v1.6.9.0 (Cox and Mann, 2008). MS/MS spectra were assigned to the T. koksaghyz proteome (Lin et al., 2018). The sequences of 248 common contaminant proteins and decoy sequences were automatically added. Trypsin specificity was required and a maximum of two missed cleavages was allowed. We set cysteine carbamidomethylation as a fixed modification and methionine oxidation, deamidation of N and Q and protein N-terminal acetylation as variable modifications. We applied a false discovery rate of 1% for peptide spectrum matches and proteins, and enabled matching between runs, label-free quantification (LFQ) and iBAQ.




2.5 Proteomic data analysis and annotation

Proteins were annotated by BLASTP searching against the NCBI non-redundant and UniProt databases (e ≥ 1 × 10–3). Data were processed using Perseus v1.6.0.7 and v2.0.11 (Tyanova et al., 2016). We removed proteins that were only identified by site, reverse hits, or potential contaminants. LFQ intensities were log2 transformed and proteins were filtered for those with a mean LFQ intensity in the no-prey control lower than the 10th percentile of all data (19.45 for TkSRPP3 runs; 19.91 for TkSRPP4/5 runs) or undetected in this control, as well as proteins quantified in at least two replicate AE-MS runs. Missing values were imputed using the quantile regression imputation of left-censored missing data (QRILC) algorithm in the package imputeLCMD v2.1 (Lazar and Burger, 2022; R Core Team, 2021) and normal distribution was confirmed by consulting histograms (Supplementary Figure S1). Data reproducibility was examined by principal component analysis (PCA). Replicates formed clusters separately from control samples except for rubber phase control 1 from the TkSRPP3 run and pellet phase control 3 from the TkSRPP4/5 run, which were therefore excluded from further analysis (Supplementary Figure S2). For enrichment analysis, we applied two sample t-tests between AE-MS and no-bait control samples. A permutation-based FDR (q-value) was calculated to correct for multiple testing. To visualize enriched proteins in volcano plots, q-values equal to zero, representing high confidence, were replaced with the next even value smaller than the smallest calculated q-value within the same approach. Volcano plots and Gene Ontology (GO) heat maps were produced using the ggplot2 v3.5.1 R package (Wickham, 2016). Venn diagrams were generated using InteractiVenn (Heberle et al., 2015). GO terms were assigned using eggNOG-mapper (Cantalapiedra et al., 2021). GO enrichment analysis was carried out using the topGO R package v2.50.0 (Alexa and Rahnenfuhrer, 2022). Protein classes were determined using PANTHER 19.0 (Thomas et al., 2022). Protein abundance data (Benninghaus et al., 2020) were processed and heat maps generated in Perseus v2.0.11 (Tyanova et al., 2016).




2.6 In silico sequence analysis

Protein domains were predicted using Interpro (Paysan-Lafosse et al., 2023). Phosphorylation and N-glycosylation sites were predicted using CLC Main Workbench v23.0.3 (Qiagen). Phylogenetic trees were constructed using MEGA11 (Tamura et al., 2021) and cis-acting regulatory elements were detected using NSITE-PL (Shahmuradov and Solovyev, 2015). The chromosome map was created using MapChart (Voorrips, 2002). Isoelectric points (pI) and protein charges were determined using Prot Pi v. 2.2.29.152 (https://www.protpi.ch/).




2.7 Amplification and cloning of TkSRPP3/4/5 and candidate interactor genes

TkSRPP and TkGUT80B1 coding sequences were amplified from T. koksaghyz latex cDNA with flanking primers based on the genomic sequences (Lin et al., 2018) (Supplementary Table S2). Amplified fragments were digested with restriction enzymes indicated in the primer names and ligated into the Gateway pENTR 4 entry vector (Thermo Fisher Scientific).

For the split-ubiquitin membrane yeast two-hybrid (SUY2H) assays, plasmids pRS313 and pRS314 (Sikorski and Hieter, 1989) were modified to form Gateway destination vectors. The Gateway cassette was amplified from pAG304-PGAL1-ccdB (Addgene, USA) using primers M13 rev and attR BglII fw, and overhangs were prepared by digestion with BglII and KpnI. The pRS314 interim vector was digested with BamHI and KpnI and ligated with the Gateway cassette. For pRS313, the Gateway cassette was amplified from pBatTL (Jach et al., 2006) using primers attR SpeI fw and attR AgeI rev, and ligated into the digested pRS313 vector. TkSRPPs, TkUGT80B1 and mEmerald were introduced into pRS313-ccdB-CRU and pRS314-Nua-ccdB using Gateway LR Clonase II mix (Thermo Fisher Scientific). For co-immunoprecipitation (co–IP), TkSRPP3/4/5 and TkUGT80B1 were transferred to pAG425-PGPD-ccdB-Cerulean and pAG423-PGPD-ccdB-HA (Addgene), respectively, by Gateway cloning. For N. benthamiana transient expression experiments, genes were introduced into the Gateway-compatible vector pBatTL-ccdB-Cerulean as previously described (Epping et al., 2015; Unland et al., 2018). To test TkUGT80B1 activity in yeast, the TkUGT80B1 coding sequence was inserted into pAG423-PGAL1-ccdB (Addgene) by Gateway cloning. All constructs were validated by Sanger sequencing.




2.8 RNA extraction, cDNA synthesis and quantitative PCR

RNA extraction, cDNA synthesis and qPCR were carried out as previously described (Niephaus et al., 2019) with slight modifications (Supplementary Methods S3 in Supplementary Data Sheet 1). Briefly, normalized expression was calculated using the ΔCq method (Equation 1) relative to the mean Cq value of the reference genes. To account for different primer efficiencies, mean Cq values of technical replicates were adjusted by multiplication with an adjustment coefficient based on primer efficiency (Equation 2).

[image: Normalized expression equation: normalized expression is equal to two raised to the power of the mean adjusted Cq of reference genes minus the adjusted Cq of the target gene.]

[image: Equation for adjusted Cq: adjCq equals Cq multiplied by the fraction negative one over slope, multiplied by log base 10, shown as formula (2).]




2.9 Subcellular localization studies

Transient expression in N. benthamiana leaves was carried out using pBatTL constructs in which the protein of interest was fused to the N-terminus of the blue fluorescent protein Cerulean (Müller et al., 2010). Monomeric red fluorescent protein (mRFP) C-terminally fused to the N-terminal sequence of CYP51G1 (CYP51G1-mRFP) was used to mark the cytosolic surface of the ER (Bassard et al., 2012). Two-pore-channel 1 (TPC1) was fused to orange fluorescent protein (OFP) as a tonoplast marker (Batistič et al., 2010). To test LD localization, we co-expressed Arabidopsis LEAFY COTYLEDON 2 (AtLEC2) to induce LD formation, and infiltrated the leaves with Nile red solution (Santos Mendoza et al., 2005). AtLEC2 was amplified from A. thaliana cDNA that was obtained as previously described (Jekat et al., 2013) using flanking primers introducing restriction sites for cloning into pENTR4. This construct was used for Gateway cloning into pBatTL-ccdB using Gateway LR Clonase II mix (Thermo Fisher Scientific) (Müller et al., 2010). Leaf discs were analyzed by confocal laser scanning microscopy (CLSM) using a Stellaris 8 microscope (Leica Microsystems, Germany). Cerulean fluorescence was detected at 445–550 nm (excitation at 440 nm), mRFP fluorescence at 570–648 nm (excitation at 555 nm), and Nile red fluorescence at 571–587 nm (excitation at 541 nm).




2.10 SUY2H assay

The Saccharomyces cerevisiae strain InvSc1 (Thermo Fisher Scientific) was transformed with combinations of pRS313 and pRS314 using the lithium-acetate method (Agatep et al., 1998). Positive clones were identified by colony PCR using gene-specific and vector primers. They were grown for 5–6 h at 30°C in 1 mL synthetic defined (SD) medium containing 50 µM CuSO4 and lacking histidine, tryptophan and methionine. Cultures were centrifuged (19,000 g, 1 min, RT) and the OD600 was adjusted to 1 using 1× TE. We transferred 10 µL of three serial dilutions to SD medium lacking histidine and tryptophan, or to selective media containing (1) 300 µM methionine, 50 µM CuSO4 and lacking histidine, tryptophan and uracil, or (2) 300 µM methionine, 50 µM CuSO4 and 1 g/L 5-fluoroorotic acid (5-FOA), and lacking histidine and tryptophan. The plates were incubated at 30°C for 2–3 days.




2.11 Co-immunoprecipitation

Yeast strain InvSc1 was transformed with each of the pAG425-PGPD-TkSRPP-Cerulean constructs and pAG423-PGPD-TkUGT80B1-HA alone or with the three combinations of TkUGT80B1 and each TkSRPP. Positive transformants were identified by colony PCR using gene-specific and vector primers. To test for the interactions between TkUGT80B1, TkSRPP3 and TkSRPP5, 5 mL of SD medium lacking histidine, leucine or both were inoculated with a single colony of each genotype, incubated at 30°C until the OD600 reached 3 and harvested by centrifugation (4,000 g, 10 min, RT). Cells expressing TkSRPP4 and a control expressing only TkUGT80B1 were cultivated at 20°C to enable sufficient recombinant protein synthesis. Overnight cultures were used to inoculate 50 mL SD medium to an OD600 of 0.3. The main cultures were then cultivated at 20°C, shaking at 140 rpm. They were harvested by centrifugation after 42 h (4,000 g, 10 min, RT) and washed once with 10 mL 1× TE. Proteins were extracted with 1 mL cell lysis buffer comprising 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM Na4P2O7, 1 mM β–glycerophosphate, 1 mM Na3VO4 and 1 µg/ml leupeptin (Cell Signaling Technology, USA) supplemented with 1 mM phenylmethylsulfonylfluoride (PMSF) and cOmplete EDTA-free protease inhibitor cocktail (Merck, Germany) for 1–5 min at 30 Hz in an MM400 bead mill (Retsch) followed by centrifugation (11,000 g, 5 min, 4°C). ChromoTek GFP-Trap magnetic agarose (Proteintech Group, USA) was used for immunoprecipitation according to the manufacturer’s instructions. Extracts were incubated with the beads for 1 h at 4°C on a platform rocker. Proteins were eluted in 50 µL 5× SDS loading buffer containing 100 mM DTT. Samples were separated by SDS-PAGE on 10% SDS polyacrylamide gels and analyzed as previously described (Niephaus et al., 2019) with modifications. Briefly, membranes were incubated with either an anti-GFP primary antibody (Clontech Laboratories, USA; #632380) diluted 1:2,000, or with an anti-HA primary antibody (Merck; #H3663) diluted 1:1,000–2,000, followed by washing and incubation with either a goat anti-mouse IgG coupled to alkaline phosphate (Merck; #A3562) diluted 1:10,000, followed by detection using SIGMAFAST BCIP/NBT tablets (Merck), or a goat anti-mouse IgG coupled to horseradish peroxidase (Thermo Fisher Scientific; #32430) diluted 1:1,500, followed by detection using SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific).




2.12 TkUGT80B1 activity in yeast

We transformed a S. cerevisiae strain, previously engineered for enhanced triterpenoid production and expressing T. koksaghyz lupeol synthase (TkLup) under the control of a galactose-inducible promoter (Bröker et al., 2018), with pAG423-PGAL1-TkUGT80B1 or the empty vector using the lithium-acetate method (Agatep et al., 1998). As a control, the same strain lacking TkLUP was transformed with TkUGT80B1 or the empty vector. Positive transformants were identified by colony PCR using gene-specific and vector primers (or two vector primers for the empty vector). For yeast cultivation, we inoculated 5 mL SD medium lacking histidine and tryptophan with a single colony of each genotype and incubated it overnight at 30°C on a rolling wheel. We inoculated 50 mL of the same medium, supplemented with 150 µM CuSO4 to repress sterol synthesis, with the overnight cultures to an OD600 of 0.2 and incubated them at 30°C, shaking at 140 rpm. When the cultures reached an OD600 of 0.5–0.6, inducible gene expression was activated by switching to SD medium containing 2% galactose instead of glucose. Cells were harvested when cultures reached an OD600 of 4. Metabolites were extracted from lyophilized yeast pellets by adding glass beads and 1 mL ethyl acetate, followed by lysis for 30 min at 30 Hz in an MM400 bead mill. After centrifugation (11,000 g, 1 min), the supernatant was transferred to a fresh tube and the extraction was repeated twice with 0.5 mL ethyl acetate, each time vortexing for 15 min. The extracts were analyzed by LC-MS/MS using an UltiMate 3000 Rapid Separation System (Thermo Fisher Scientific) and amazon speed ion trap MS (Bruker Corporation, USA) or using an Acquity Premier LC system (Waters Corporation, UK) coupled to a Synapt XS 4k (Waters Corporation) ion mobility time-of-flight mass spectrometer. Extracts were separated using a Reprosil Pur Basic C18 (5 µm particle size, 4×250 mm) (Analytik Altmann, Germany) by isocratic elution with 10% mobile phase A (90:10 v/v isopropanol:water + 10 mM ammonium formate) and 90% mobile phase B (methanol + 10 mM ammonium formate). The flow rate was 0.4 mL/min and the run time 45 min. The column temperature was set to 23°C. For the identification of lupeol, an authentic standard was analyzed separately.





3 Results



3.1 Analysis of the TkSRPP gene family in T. koksaghyz

We identified 17 SRPP-like sequences in the T. koksaghyz genome (Lin et al., 2018, 2022). Twelve of them cluster on pseudo-chromosome 4 (Figure 1A). The nomenclature we applied is based on sequence similarity to known orthologs (mainly from T. brevicorniculatum) and the first publicly available annotations (Collins-Silva et al., 2012; Hillebrand et al., 2012; Laibach et al., 2018; Schmidt et al., 2010a). Corresponding sequence IDs and comparisons with other published nomenclatures are summarized in Supplementary Table S3. We identified one copy each of TkSRPP3/4/5 and TkSRPP6, the latter being the only full TkSRPP gene located outside the cluster, on the other arm of pseudo-chromosome 4. The most recent genome annotation (Lin et al., 2022) lists TkSRPP5 as a pseudogene, but the earlier version (Lin et al., 2018) includes an open reading frame, which we confirmed by amplification from cDNA. Similarly, the 2022 genome assembly contains a premature stop codon for TkSRPP6, but amplification of an open reading frame from cDNA confirmed its integrity. We found that TkSRPP3/4/5 form a contiguous set along with 10 additional paralogs. This indicates an inverted duplication in which the adjacent copies of the first five genes run in the opposite direction. Because the first three contiguous genes are more closely related to each other than other paralogs, we named them TkSRPP1a-c and their copies with sequence identities of 93–100% TkSRPP1a1/b1/c1 respectively (Table 1). However, TkSRPP1c1 contains a stop codon after 30 bp and has only 93% identity to TkSRPP1c, suggesting that functional redundancy has allowed sequence divergence in this case. The next two genes of the cluster were designated TkSRPP7a and TkSRPP2a, and their copies TkSRPP7b and TkSRPP2b. TkSRPP2a is not annotated in the 2022 genome release, but was identified manually by homology searches. Three additional TkSRPP sequences sharing 99.9% identity form another cluster on pseudo-chromosome 3 and were designated TkSRPP8a-c.These sequences appeared to originate from incomplete gene transposition and duplication of TkSRPP2a/b, because they contain only the first 654 bp (exon I, intron I, part of exon II) of TkSRPP2a/b which could encode a 50 aa peptide. The high conservation between TkSRPP8a/b/c suggests a relatively recent duplication event. Because of this truncation resulting in an incomplete REF domain, we excluded TkSRPP8 from further analysis. TkSRPP gene duplications have been proposed before (He et al., 2024), but our classification differs in that we identified five additional genes and established a nomenclature based on previous publications. The TkSRPPs, sequence identities and predicted protein properties are summarized in Table 1.


[image: Diagram depicting genetic information and expression levels. Panel A shows gene locations on pseudo-chromosomes. Panel B displays normalized expression levels of various genes in latex, root, and leaf tissues, using a box plot. Panels C, D, and E present sequences of rubber elongation factor family, highlighting specific amino acids with arrows and annotations.]

Figure 1 | The TkSRPP gene family. (A) Pseudo-chromosome maps showing the loci for the TkSRPP family. Asterisks indicate TkSRPPs with premature stop codons. (B) TkSRPPs have different spatial gene expression patterns. Normalized gene expression levels in different tissues of 10-week-old wild-type T. koksaghyz plants. Box plots represent data from four or five individual plants. Expression levels of TkSRPP1, 2 and 7 represent transcripts of all corresponding gene copies. Expression levels were normalized against elongation factor-1 α (TkEF1α) and ribosomal protein L27 (TkRP). (C-E) Protein sequences of TkSRPP3 (C), TkSRPP4 (D) and TkSRPP5 (E) showing predicted protein domains (InterPro), phosphorylation sites (yellow arrows) and N-glycosylation sites (blue arrows*). Asterisks mark the end of the amino acid sequences.





Table 1 | Comparison of TkSRPP sequences and protein properties.

[image: Table showing percent identities for TkSRPP DNA and protein sequences. The table is divided into sections with sequence names along the rows and columns. Percent identities range from forty to one hundred percent, indicating sequence similarity. Shaded areas distinguish different levels of similarity. Isoelectric points and protein charges at pH 7.4 are listed at the bottom. Asterisks note sequences with special conditions.]

We designed primer pairs to quantify TkSRPP gene expression in the tissues of wild-type T. koksaghyz plants. No discriminating primers could be designed for the proposed gene duplications, so the data for TkSRPP1, TkSRPP2 and TkSRPP7 reflect the expression of all duplicates. We observed extremely strong TkSRPP3/4/5 expression in latex (Figure 1B), in agreement with published RNA-Seq data and previously reported high protein levels (Collins-Silva et al., 2012; Lin et al., 2018, 2022; Niephaus et al., 2019). TkSRPP3 and TkSRPP4 showed similarly high transcript levels, each about twice the level of TkSRPP5. A comparable profile was observed in the roots, which contain considerable amounts of latex (Figure 1B). In leaves, TkSRPP3/4/5 expression was low. TkSRPP1 was also predominantly expressed in latex, albeit at level of one tenth or less of that of TkSRPP3/4/5. TkSRPP2 expression notably differed from the others, with the highest level in leaves. TkSRPP6 was expressed at low levels and TkSRPP7 at moderate levels in all tissues. These diverging sequences and spatial expression profiles indicate specialized, tissue-specific functions. Because latex is of special interest in T. koksaghyz, the remarkably strong expression of TkSRPP3/4/5 and their contribution to NR biosynthesis prompted us to screen for protein interaction partners of these paralogs in latex (Collins-Silva et al., 2012). We also identified several N-glycosylation and phosphorylation sites that could play a role in these interactions and their biological functions (Figures 1C–E).




3.2 Identification of TkSRPP3/4/5 protein interaction partners by AE-MS

Recombinant TkSRPPs with His6 tags were produced in E. coli and coupled to agarose beads before mixing with whole latex as well as the separate rubber phase (RP), interphase (IP) and pellet phase (PP) obtained by centrifugation (Figure 2). The latex phases are thought to comprise different cellular fractions, with the RP mostly containing rubber particles (Collins-Silva et al., 2012; Schmidt et al., 2010b), the PP containing most of the membrane and organelle components of the latex, and the IP containing most of the cytosol. This was supported by the enrichment of GO terms of the cellular component (CC) category in one fraction relative to all detected latex proteins (Supplementary Table S4), enabling us to infer interaction sites in the laticifers and potentially detect interactions with less-abundant proteins that are enriched in particular phases. This is interesting because of potential TkSRPP functions other than rubber particle stabilization and TbSRPP3/4/5 were localized in the ER and cytosol in N. benthamiana (Laibach et al., 2018). We used two controls to ensure qualitatively reliable results. First, we used TkSRPP-His6-coupled beads that were not loaded with latex as no-prey controls for each paralog. Second, uncoupled agarose beads were loaded with each latex fraction as no-bait controls. Proteins were identified by LC-MS/MS and quantified by LFQ using the MaxQuant software suite. The no-bait controls were used to calculate protein enrichments (Figure 2).


[image: Diagram illustrating the experimental process using plant latex to study protein interactions. The latex is centrifuged to separate phases: rubber, interphase, and pellet. TkSRPP protein is used for affinity enrichment-mass spectrometry (AE-MS) analysis and control experiments. Protein interactions are assessed using agarose beads, Ni-NTA, and color-coded proteins (interactors, non-binding, and unspecific binding proteins). The diagram shows loading, washing, and analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS).]

Figure 2 | Overview of AE-MS experimental design. Latex was harvested from the roots of wild-type T. koksaghyz plants and separated by centrifugation. Recombinant TkSRPP3/4/5 expressed in E. coli were bound to Ni-NTA agarose beads and loaded with the four separate latex fractions. Fresh agarose beads were loaded with the separate latex fractions as no-bait controls. Agarose beads bound to TkSRPP3/4/5 without exposure to latex fractions served as background (no-sample) controls. All samples were washed and analyzed by LC-MS/MS for the identification of enriched proteins.



Proteins were considered as potential interaction partners when they were significantly enriched compared to the no-bait control (LFQ log2 fold change (FC) ≥ 1; q < 0.05) (Figure 3A). Given the nature of the experiment, the MS data contained a relatively large number of missing values that were mainly assumed to be missing not at random (MNAR). Accordingly, missing values were imputed using QRLIC (Supplementary Figure S1 in Supplementary Data Sheet 1), which performs best for left-censored MNAR data (Wei et al., 2018). Imputation is necessary to enable quantitative statistical analysis, but it can influence data analysis and interpretation. Therefore, we did not strictly exclude proteins from the group of potential interaction partners if they fell outside the defined thresholds for log2FC and q-value but were subjected to imputation (Figure 3A, blue dots). Our candidate lists thus contain proteins meeting the defined threshold criteria and represent potential interaction partners with the highest confidence according to our data analysis strategy, but we do not limit TkSRPP interaction partners to these proteins (Supplementary Tables S7–S9 in Supplementary Data Sheet 1).


[image: The image consists of multiple panels of data visualizations. Panel A shows a series of volcano plots for Latex, Rubber phase, Interphase, and Pellet phase with log2 fold change (FC) on the x-axis and negative log10 of q-value on the y-axis. Specific markers like TkSRPP3, TkSRPP4, and TkSRPP5 are highlighted in different colors. Panel B presents three Venn diagrams representing the distribution of proteins across the four phases for each TkSRPP marker. Panel C shows a Venn diagram comparing the overall distribution of TkSRPP3, TkSRPP4, and TkSRPP5 proteins.]

Figure 3 | AE-MS reveals the enrichment of overlapping sets of proteins with each TkSRPP from each latex fraction. (A) Volcano plots showing the enrichment of proteins from four different latex fractions – latex, rubber phase (RP), interphase (IP), pellet phase (PP) – by TkSRPP3/4/5 compared to no-bait controls. The log2FC values are plotted against the –log10(q-value). Dashed lines show threshold values for proteins considered as interactors (log2FC ≥ 1; –log10(q-value) > 1.3. Red dots highlight proteins in this area. Orange dots represent enriched proteins with higher q-values. Violet dots represent proteins that are not enriched due to their log2FC. Blue dots mark proteins that were not detected in all replicates of the AE-MS and the control so that missing LFQ values were generated by imputation. These include both, proteins considered as interactors and those outside the thresholds. The latter may be of interest if they are close to the threshold values because imputation can affect enrichment factors and significance levels by sample variance. (B) Venn diagrams showing the number of total proteins enriched from each latex fraction with each TkSRPP and the overlaps between fractions. (C) The Venn diagram shows the total numbers of different proteins significantly enriched with one TkSRPP from all latex fractions.






3.3 Characterization of the interactome datasets

For each TkSRPP, four independent datasets were obtained representing whole latex and its three fractions, revealing different numbers of interaction partners in partially overlapping sets (Figures 3B, C). The volcano plots show that the respective bait TkSRPP was one of the most strongly enriched proteins in all AE-MS experiments (Figure 3A). The number of interaction partners identified for TkSRPP5 (83) was much lower than for TkSRPP3 (232) and TkSRPP4 (662), this could have been caused by different affinities of TkSRPP3/4/5 to the Ni-NTA agarose beads or the protein stability on the Ni-NTA agarose. Further, it must be distinguished between the total number of hits and the number of different proteins detected within each latex phase. Some of the interactors (16% for TkSRPP3, 19% for TkSRPP4 and 23% for TkSRPP5) were detected under more than one condition, providing more confidence in their veracity (Figure 3B). The large number of interacting proteins enriched exclusively in one phase confirmed that the use of separate latex phases allowed the identification of more specialized interactions and low-abundance interactors. For TkSRPP3, most interacting proteins were enriched from the whole latex (114), followed by the PP (87), IP (50) and RP (25). In contrast, most TkSRPP4 interactors were enriched from the IP (318), followed by the RP (229), PP (185) and whole latex (66, 18 of which were exclusive to whole latex). We found 75 proteins enriched from both the RP and PP, suggesting they are not exclusive to rubber particles but are also found in other organelles. For TkSRPP5, only three interactors were enriched from the PP, with one also enriched from whole latex. Most TkSRPP5 interactors were enriched from whole latex (48) and the IP (39), with 12 enriched from both. The interactomes indicated that TkSRPP4 is a promiscuous hub protein that binds many partners from different compartments, whereas TkSRPP5 interacts more specifically, primarily with proteins present in rubber particles or the cytosol. We also found 10 interactors common to TkSRPP3, 4 and 5 (Figure 3C). TkSRPP4 shared the most interactors with the other paralogs, probably reflecting the presence of more interactors overall. More than half of the proteins interacting with TkSRPP5 also interacted with TkSRPP3 or TkSRPP4, leaving only 37 unique to TkSRPP5. In contrast, most TkSRPP3 and TkSRPP4 interactors were exclusive.

Because RP interactors are of particular interest for the elucidation of the role of TkSRPP3/4/5 in NR biosynthesis, compared the TkSRPP3/4/5 RP interactomes and found that four interactors are shared by TkSRPP4 and TkSRPP5 (Supplementary Table S6) whereas all TkSRPP3 RP interactors are exclusive, again highlighting the functional specialization on the rubber particle, as previously shown on LDs in N. benthamiana for TbSRPP4 and TbSRPP5 but not TbSRPP3 (Laibach et al., 2018). The shared TkSRPP4/TkSRPP5 RP interactors comprised Ras-related protein Rab11C, a CBL-interacting protein kinase, α-ketoglutarate-dependent dioxygenase, and a protein similar to an uncharacterized protein from lettuce. Notably, TkSRPP5 was identified as an interaction partner of TkSRPP3 by co-enrichment from whole latex (log2FC 1.1) and the IP (log2FC 2.7), but TkSRPP3 was not identified as an interactor when TkSRPP5 was the bait. For the closely related homologs TbSRPP3/4/5, all pairwise interactions have been shown by bimolecular fluorescence complementation (BiFC) (Laibach et al., 2018).

To gain insight into the specific functions of each TkSRPP in latex, we screened for GO terms enriched within each subset of paralog-specific interactors (Figure 4). Interestingly, ‘chloroplast stroma’ (12), ‘thylakoid’ (5) and ‘cytosol’ (30) associated proteins were significantly enriched in the CC category among the exclusive TkSRPP3 interactors (compared to all TkSRPP interactors) whereas the TkSRPP4 interactors were significantly enriched for ‘polysomal ribosome’ (15) and ‘cytosolic large ribosomal subunit’ (19), ‘ER membrane’ (13) and ‘membrane’ (181). Accordingly, in the molecular function (MF) category, ‘structural constituent of ribosome’ (30) was enriched along with ‘inorganic molecular entity transmembrane transporter activity’ (26). For the TkSRPP5 interactome, the enrichment of ‘cytosolic small ribosomal subunit’ (3) in the CC category aligns with the enrichment of ‘ribosomal small subunit biogenesis’ (2) and ‘rRNA processing’ (2) in the biological process (BP) category. GO analysis thus indicated that TkSRPP4 and TkSRPP5 are associated with cytosolic ribosomal processes. It is possible that the enrichment of ribosomal proteins was favored because of the assumed connection between TkSRPPs and the ER, the likely origin of rubber particles. But their detection may also reflect the high affinity of ribosomal proteins for the agarose beads (Keilhauer et al., 2015). For TkSRPP5 interactors, we further observed the enrichment of ‘microtubule cytoskeleton’ (3) in the CC category, as well as proteins related to responses to hormone and external stimuli (3, 4), ‘lipid modification’ (2) and ‘regulation of auxin mediated signaling pathway’ (2) in the BP category. For the TkSRPP3 interactors, the BP category terms ‘cellular macromolecule biosynthetic process’ (12), ‘protein-containing complex assembly’ (8), ‘response to cadmium ion’ (11) and ‘organonitrogen compound biosynthetic process’ (15) were enriched. The TkSRPP4 interactors were enriched for two more general BP terms relating to ‘regulation of post-embryonic development’ (13) and ‘cell differentiation’ (20). In the MF category, ‘kinase activity’ (7) was the only enriched term among the TkSRPP3 interactors, whereas the TkSRPP5 interactors were enriched for terms related to GTP, purine ribonucleoside and nucleoside phosphate binding (3, 3, 4), ‘GTPase activity’ (3) and ‘transferase activity’ (2).
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Figure 4 | Exclusive TkSRPP3/4/5 interactors differ in their assigned GO terms. Heat map showing the number of interactors exclusive to one TkSRPP paralog assigned to a GO term. Framed boxes highlight GO terms significantly enriched (p-value < 0.05) among the exclusive interactors of one TkSRPP paralog compared to all TkSRPP3/4/5 interactors. Significance levels were calculated using a weighted Fisher’s exact test.



Protein class analysis based on annotated UniProt IDs revealed similar distributions for all three interactomes, partially matching the enriched GO terms (Figure 4; Supplementary Figure S3). Prominent protein classes among the interactors included metabolite interconversion enzymes such as oxidoreductases, transferases and hydrolases, protein-modifying enzymes such as proteases, and protein-binding affinity modulators such as protease inhibitors and G-proteins.

We extracted data relating to the abundance of each interactor from our dataset in wild-type T. koksaghyz roots at 8, 12 and 24 weeks (Benninghaus et al., 2020), and clustered the interactors and corresponding bait TkSRPP according to their temporal accumulation profiles (Supplementary Figure S4). This identified interacting proteins with similar abundance profiles as their TkSRPP partners, which supports their status as interaction partners because gene co-expression is more likely for interacting proteins than random protein pairs (Ge et al., 2001; Jansen et al., 2002; von Mering et al., 2002). TkSRPPs 3/4/5 were all assigned to clusters with increasing protein levels over time. All three are already highly abundant after 8 weeks of growth, so that interactions with proteins from the same cluster may represent basal interactions rather than conditional interactions in response to particular stimuli.

To identify protein interactions related to NR synthesis, the interactors were correlated with proteins that are enriched or depleted when TkCPT-like 1 (TkCPTL1) is downregulated in the latex of T. koksaghyz plants by RNA interference (RNAi) (data obtained by Niephaus et al., 2019) (Table 2). These TkCPTL1-RNAi plants produce significantly less NR than wild-type plants because TkCPTL1 is thought to form heterodimers with TkCPT1 and/or TkCPT2 and thus assemble into a cisPT complex that catalyzes the synthesis of poly(cis-1,4-isoprene) on the surface of rubber particles (Niephaus et al., 2019). We identified TkCPT1 as a TkSRPP3 interactor and TkCPT1 was significantly less abundant in the TkCPTL1-RNAi plants. An interaction between TkSRPP3 and TkCPT1 highlights the connection between TkSRPP3 and NR synthesis on the rubber particle surface, and is consistent with the reported interaction between Hevea brasiliensis SRPP and CPT6 (Brown et al., 2017). TkSRPP4 interacted with 10 proteins whose abundance changed in the NR-depleted transgenic plants, including the rate-limiting enzyme of the mevalonate (MVA) pathway: 3–hydroxy-3-methylglutaryl-CoA reductase (HMGR). The MVA pathway provides the C5 building block isopentenyl diphosphate (IPP) for NR synthesis, and was downregulated in the RNAi lines. Other interactors involved in isoprenoid metabolism, including squalene epoxidase 1 (SQE1) and germacrene oxidase (GAO), were more abundant in the TkCPTL1-RNAi lines. Another downregulated interactor was a homolog of a ricin B-like lectin, and additional lectin homologs were found in the TkSRPP3 and TkSRPP4 interactomes. One TkSRPP5 interactor similar to a lettuce (Lactuca sativa) putative methyltransferase was also downregulated in the RNAi plants.



Table 2 | Interaction partners of TkSRPP3/4/5 differentially accumulated in the latex of TkCPTL1-RNAi plants compared to wild-type controls.
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3.4 Confirmation of selected TkSRPP3/4/5 interactors identified by AE-MS

We selected two of the 10 candidate interactors shared by TkSRPP3/4/5 for confirmation using a second method and characterized them in more detail. The first candidate (annotated as TkSRPP6) was selected because TkSRPP6 is the only complete TkSRPP gene found outside the main cluster, and its function has not been studied thus far. The second candidate, annotated as a sterol 3–β-glucosyltransferase/UDP-glycosyltransferase (UGT) 80B1 family member, was designated TkUGT80B1. It was selected because glycosides are known to be involved in plant defense and stress responses, but the role of UGTs in latex has not been investigated. The proteins were enriched to different levels in different phases in the AE-MS datasets for TkSRPP3, 4 and 5 (Table 3).



Table 3 | Enrichment of TkSRPP6 and TkUGT80B1 by TkSRPP3/4/5 based on AE-MS data.
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For SUY2H, TkSRPP3/4/5 baits were N-terminally fused to a modified N-terminal ubiquitin fragment (NUbA) with lower affinity for the ubiquitin C-terminus (CUb), thus minimizing false positive results (Johnsson and Varshavsky, 1994). The NUbA fusions were co-expressed with TkSRPP6 C-terminally fused to CUb. Interactions reconstitute functional ubiquitin, leading to the cleavage and degradation of the URA3 reporter, thus conferring uracil auxotrophy and resistance to 5-FOA (Johnsson and Varshavsky, 1994; Reichel and Johnsson, 2005). We used the monomeric fluorescent protein mEmerald combined with the TkSRPPs as negative controls. Using this system, we were able to confirm that TkSRPP6 interacts with TkSRPP4 and TkSRPP5. For TkSRPP3 the growth pattern was indistinct but suggested weak interaction (Figure 5A). This supports the initial screens, but indicates that protein interactions are dependent on the experimental conditions and highlights the importance of independent confirmation. For interactions between TkSRPP3/4/5 and TkUGT80B1, we were able to pull down TkUGT80B1-3×HA with Cerulean-tagged TkSRPP3 and TkSRPP5 by Co-IP, but we could not confirm the interaction with TkSRPP4 in this experimental setup (Figures 6A; Supplementary Figure S5). In summary, additional methods confirmed four of six pairwise interactions indicated by AE-MS, two for each candidate, suggesting the unconfirmed interactions are restricted to specific native conditions or part of bigger complexes.
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Figure 5 | General characterization of TkSRPP6. (A) Split-ubiquitin yeast-two hybrid (SUY2H) indicating protein interactions between TkSRPP6 and TkSRPP4/TkSRPP5. Yeast expressing TkSRPP6 C-terminally fused to the C-terminal part of ubiquitin and URA3 as a reporter (CRU), and TkSRPP3/4/5 N-terminally fused to the N-terminal part of ubiquitin (NUbA), were dropped in three different dilutions on selective media and grown for 2–3 days. Medium lacking histidine and tryptophan (–H–T) was used as a control medium to select for the plasmid encoding the proteins of interest. Medium additionally lacking uracil but containing 50 µM CuSO4 and 300 µM methionine (–H–T–U+Cu+M) was used to select for URA3 activity. Medium containing uracil and 1 g/L 5-FOA (–H–T+Cu+M+5-FOA) was used to select for URA3 inactivity reflecting bait/prey interactions. The monomeric mEmerald fluorophore was used as a negative control. (B) TkSRPP6 protein sequence containing a REF domain and a short N-terminal transmembrane domain predicted by InterPro. Yellow arrows represent predicted phosphorylation sites. (C) Phylogenetic analysis reveals clustering of TkSRPP6 with stress-related REF family proteins from non-rubber plants, separated from the other TkSRPPs. Multiple sequences were aligned using CLUSTALW and the phylogenetic tree was constructed using the neighbor-joining algorithm and a bootstrap of 500. Values at branches indicate bootstrap values. The phylogenetic distance is indicated by the scale bar. Accession numbers: AaSRP, Artemisia annua stress-related protein (PWA88416.1); AtSRP1, Arabidopsis thaliana REF/SRPP-like protein At1g67360 (NP_176904.1); AtSRP2, A. thaliana REF/SRPP-like protein At2g47780 (NP_182299.1); AtSRP3, A. thaliana REF/SRPP-like protein At3g05500 (NP_187201.1); CaSRP1, ADI60300.1; CcSRPP-like isoform X1, Cynara cardunculus var. scolymus stress-related protein-like isoform X1 (XP_024981582.1); CcSRPP-like isoform X2, C. cardunculus var. scolymus stress-related protein-like isoform X2 (XP_024981583.1); HaSRP, Helianthus annuus putative stress-related protein (A0A251TGA8); HbREF, Hevea brasiliensis REF (P15252); HbSRPP, H. brasiliensis SRPP (O82803); IbSRP, Ipomoea batatas stress-related protein (ABP35522.1); LsSRPP1, Lactuca sativa SRPP1 (XP_023771881.1); LsSRPP2, (AJC97799.1); LsSRPP3, (AJC97800.1); LsSRPP4, (AJC97801.1); LsSPP5, (AJC97802.1); LsSRPP6, (AJC97803.1); LsSPP7, (AJC97804.1); LsSRPP8, (AJC97805.1); PaGHS, Parthenium argentatum rubber synthesis protein (AAQ11374.1); PaLDAP1, Persea americana lipid droplet-associated protein 1 (AGQ04593.1); PaLDAP2, P. americana lipid droplet-associated protein 2 (AGQ04594.1); TbREF, Taraxacum brevicorniculatum REF (A0A291LM03); TbSRPP1, T. brevicorniculatum SRPP1 (M9PNN1); TbSRPP2, (AGE89407.1); TbSRPP3, (M9PNQ7); TbSRPP4, (M9PNN3); TbSRPP5, (M9PNM8); TkREF, Taraxacum koksaghyz REF (GWHPBCHF036022); TkSRPP1a, GWHPAAAA010568; TkSRPP1a1, GWHPBCHF033216; TkSRPP1b, GWHPAAAA043688; TkSRPP1b1, GWHPBCHF033215; TkSRPP1c, GWHPAAAA010568; TkSRPP2: deduced from identified gene locus (Supplementary Table S2); TkSRPP2a, GWHPAAAA010566; TkSRPP3, GWHPAAAA015362; TkSRPP4, GWHPAAAA015361; TkSRPP5, GWHPAAAA015359; TkSRPP6, GWHPAAAA016929; TkSRPP7, GWHPBCHF033106; TkSRPP7a, GWHPBCHF033213; ZmSRP, Zea mays stress-related protein (ACG39345.1); ZmSRP2, Z. mays REF/SRPP-like protein (NP_001149834.1). TkSRPP sequence IDs originate from published genome data (Lin et al., 2018, 2022). (D) 1 kb promotor region of TkSRPP6 containing different cis-acting regulatory elements connected to plant stress responses. Promotor region was extracted from the published T. koksaghyz genome (Lin et al., 2022) and regulatory elements were determined using NSITE-PL.
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Figure 6 | General characterization of TkUGT80B1. (A) Co-Immunoprecipitation (Co-IP) assay showing the interaction of TkUGT80B1-3xHA with TkSRPP3/5-Cerulean. The top two panels show the input samples and the bottom two panels protein detection after immunoprecipitation with an α-GFP antibody. Fusion proteins were extracted from yeast cells. (B) TkUGT80B1 protein sequence with assigned domains. The gray box highlights the UDPGT motif with glutamine in the last position, characteristic of UDP-glucosyltransferases. Yellow arrows represent phosphorylation and cyan arrows N-glycosylation sites predicted using CLC Main Workbench. (C) Phylogenetic analysis reveals clustering of TkUGT80B1 with UGT80B1 proteins from other Asteraceae. Multiple sequences were aligned using CLUSTALW and the phylogenetic tree was constructed using the neighbor-joining algorithm and a bootstrap of 500. Values at branches indicate bootstrap values. The phylogenetic distance is indicated by the scale bar. Accession numbers: AtUGT72E2, Arabidopsis thaliana UDP-glycosyltransferase superfamily protein UGT72E2 (NP_201470.1); AtUGT80A2, A. thaliana sterol 3-β -glucosyltransferase UGT80A2 (NP_566297); AtUGT80B1, A. thaliana sterol 3-β -glucosyltransferase UGT80B1 (NP_175027); AtUGT84A1, A. thaliana UDP-glycosyltransferase 84A1 (NP_193283.2); AtUGT713B1, A. thaliana glycosyltransferase UGT713B1 (NP_568452); CcUGT80B1, Cynara cardunculus var. scolymus sterol 3-β-glucosyltransferase UGT80B1 (XP_024976598.1); GhSGT1 B-like, Gossypium hirsutum sterol glucosyltransferase 1 homolog B-like (JN004107); HaUGT80B1, Helianthus annuus sterol 3-β-glucosyltransferase UGT80B1 (XP_035834958.1); HbUGT80B1-like isoform X1, H. brasiliensis sterol 3-β-glucosyltransferase UGT80B1-like isoform X1 (XP_021673215.1); LsUGT80B1-like isoform X1, Lactuca sativa sterol 3-β-glucosyltransferase UGT80B1-like isoform X1 (XP_023742443.1); LsUGT80B1-like isoform X2, L. sativa sterol 3-β-glucosyltransferase UGT80B1-like isoform X2 (XP_023742444.1); NtUGT80B1, Nicotiana tomentosiformis sterol 3-β-glucosyltransferase UGT80B1 (XP_009595972.1); OeUGT80B1, Olea europaea subsp. europaea sterol 3-β-glucosyltransferase UGT80B1 (CAA2989377.1); SlUGT80B1 isoform X1, Solanum lycopersicum sterol 3-β-glucosyltransferase UGT80B1 isoform X1 (XP_004237799.1); StSGT1, Solanum tuberosum UDP-galactose:solanidine galactosyltransferase (AB48444.2); TkUGT80B1, Taraxacum koksaghyz UDP-glycosyltransferase 80B1 (GWHPAAAA034502); VvUFGT, Vitis vinifera, UDP glucose:flavonoid 3-O-glucosyltransferase (AAB81683.1); ZmIAGLU, Zea mays indole-3-acetate β-glucosyltransferase (Q41819). T. officinale sequences were obtained from unpublished data. (D) TkUGT80B1 1-kb promoter region containing different cis-acting regulatory elements associated with plant stress responses. Promoter region was extracted from the published T. koksaghyz genome (Lin et al., 2022) and regulatory elements were determined using NSITE-PL. (E) TkUGT80B1 is predominantly expressed in latex. Normalized gene expression levels in different tissues of 10-week-old wild-type T. koksaghyz plants. Box plots represent data from five individual plants. Expression levels were normalized against elongation factor-1 α (TkEF1α) and ribosomal protein L27 (TkRP).






3.5 Sequence analysis of TkSRPP6 and TkUGT80B1

TkSRPP6 in silico analysis identified the REF domain common to all known dandelion SRPPs and REF proteins, as well as three potential phosphorylation sites (Figure 5B). Phylogenetic comparisons showed that TkSRPP6 has diverged from other TkSRPPs and is more closely related to other REF proteins (including those involved in stress responses in plants that do not produce NR) than to the tightly clustered TkSRPP1/2/3/4/5 and 7 (Figure 5C). This was supported by protein identities of ~60% between TkSRPPs 3/4/5, but only 37–49% when TkSRPP6 was compared to the other paralogs (Table 1). We therefore screened a 1-kb region of the TkSRPP6 promoter for stress-responsive elements (Figure 5D; Supplementary Table S5), revealing E–box elements (CANNTG) at positions –200 and –500 bp relative to the start codon, and the core sequence of a G-box type E-box (CACGTG) and extended G-box elements at –800 bp (Figure 5D) (Galvāo et al., 2019; Nagao et al., 1993; Shahmuradov and Solovyev, 2015). The G-box recruits G-box binding factors (GBFs), which include bZIP and bHLH proteins such as MYC2 (Heim et al., 2003; Menkens et al., 1995; Sibéril et al., 2001; Williams et al., 1992; Zhang et al., 2019). G-box elements mediate the effects of hormones, light and temperature (Eyal et al., 1993; Guiltinan et al., 1990; Hong et al., 1995; Mason et al., 1993; Shaikhali et al., 2012; Toledo-Ortiz et al., 2014), whereas E-box elements regulate temperature-dependent and circadian expression in stress-responsive genes (Liu et al., 2015; Seitz et al., 2010). These findings suggest that TkSRPP6 is transcriptionally regulated by different stress factors, in agreement with other data for SRPP genes (Cao et al., 2017; Dong et al., 2023a; Fricke et al., 2013; He et al., 2024; Hillebrand et al., 2012).

TkUGT80B1 was found to contain a UDP-glucuronosyltransferase/UDP-glucosyltransferase domain, an N-terminal domain similar to glycosyltransferase family 28, and a C-terminal domain resembling that of CIII-like, another glycosyltransferase, including the nucleotide diphosphate sugar binding site (Figure 6B) (Moncrieffe et al., 2012). The last amino acid in the so–called UDPGT motif differs between UDP-glucosyltransferases (where it is glutamine) and UDP-galactosyltransferases (histidine), so the presence of glutamine in TkUGT80B1 suggests it has UDP-glucose transferase activity (Figure 6B, gray box) (Kubo et al., 2004). Sequence analysis also predicted that the C-terminal domain is cytosolic, separated from the N-terminal part by a transmembrane domain of 19 amino acids. The protein contains nine putative phosphorylation sites and two N-glycosylation sites. Phylogenetic analysis supported the relationship between TkUGT80B1 and UGT80B1 enzymes from the family Asteraceae and other plants, as well as more distant relationships with other UGT families (Figure 6C). The TkUGT80B1 promoter (Figure 6D) contains three elicitor response elements (ERE1-3), which contribute to fungal elicitor-mediated gene expression (Yang et al., 1998). Additionally, we found an E-box, two WRKY11-binding sites (one overlapping with ERE2/3) and one WRKY40-binding site (W-box). WRKY transcription factors are involved in plant defense (Javed and Gao, 2023), suggesting stress-responsive transcriptional regulation, which ties in with the role of glycosylated secondary metabolites in the plant defense system (Hussain et al., 2019; Louveau and Osbourn, 2019).




3.6 Gene expression profiles of TkSRPP3/4/5 and their interaction partners TkSRPP6 and TkUGT80B1

We had already determined the spatial expression profile of TkSRPP6 when comparing SRPP paralogs (Figure 1). Applying the same approach to TkUGT80B1 in 10-week-old wild-type T. koksaghyz plants, we observed strong expression in the latex (consistent with the AE-MS experiments) but low expression in roots and leaves (Figure 6E), similar to the expression profiles of TkSRPP3/4/5. The previous detection of TkUGT80B1 protein in roots may reflect the large amount of latex in this tissue (Benninghaus et al., 2020).

Temporal expression profiling in latex revealed a steady increase in TkSRPP3/4/5 mRNA levels during weeks 6–14 (Figure 7), as shown for root protein levels before (Benninghaus et al., 2020). However, transcript levels stayed constant or decreased slightly between weeks 14 and 16 (Figure 7A). TkSRPP3 and TkSRPP4 expression declined after 12 weeks but increased again after 14 weeks. Similarly, TkUGT80B1 expression increased over time, declined slightly after 12 weeks, and stayed constant between weeks 14 and 16 (Figure 7B). TkSRPP6 expression was constant at low levels throughout the experiment (Figure 7B). The expression data reflected the high level of heterogeneity between individuals reported earlier (McAssey et al., 2016; Nowicki et al., 2019; Panara et al., 2018; Wieghaus et al., 2022). Our data demonstrated comparable temporal expression patterns for TkUGT80B1 and TkSRPP3/4/5, but not TkSRPP6.
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Figure 7 | TkSRPP4-5 and TkUGT80B1 show similar temporal expression patterns in latex. Normalized gene expression levels of (A) TkSRPP3/4/5 and (B) TkUGT80B1 and TkSRPP6 in T. koksaghyz wild-type latex over time. Data points are means of 4–7 individual plants. The shaded areas represent the areas within in the standard deviations. Expression levels were normalized against elongation factor-1α (TkEF1α) and ribosomal protein L27 (TkRP).






3.7 Cellular localization of TkSRPP6 and TkUGT80B1

The analysis of different latex phases by AE-MS provided crude data concerning the potential localization of TkSRPP6 and TkUGT80B1. For more detailed analysis, we expressed fusion proteins in N. benthamiana along with subcellular markers. We prepared constructs in which TkSRPP6 and TkUGT80B1 were C-terminally fused to the fluorescent reporter Cerulean, and transiently co-expressed them with ER and tonoplast markers. TkSRPP6-Cerulean fluorescence and the ER marker CYP51G1-mRFP (Bassard et al., 2012) overlapped almost completely (Figure 8A), whereas TkUGT80B1-Cerulean fluorescence largely coincided with the tonoplast marker TPC1-OFP (Batistič et al., 2010) (Figure 8C). Tk/TbSRPPs 3/4/5 were previously shown to be associated with rubber particles (Collins-Silva et al., 2012; Hillebrand et al., 2012), which are related to LDs, thus explaining the LD localization of TbSRPPs in N. benthamiana (Laibach et al., 2018). We therefore determined whether TkSRPP6 and TkUGT80B1 also associate with LDs by co-expressing the Cerulean fusion constructs with AtLEC2, encoding a transcription factor that promotes LD formation in leaves (Santos Mendoza et al., 2005). We then stained the LDs with the lipophilic fluorescent dye Nile red. We found that the Cerulean fluorescence profiles of TkSRPP6 and TkUGT80B1 described above included additional punctuate fluorescence that overlapped with the Nile red signal (Figures 8B, D). The affinity of these candidates for LDs, despite the absence of enrichment in the RP fraction in AE-MS experiments, suggests they interact with TkSRPP3/4/5 on the surface of rubber particles but in a conditional manner.
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Figure 8 | TkSRPP6 and TkUGT80B1 localize to the ER and tonoplast, respectively, and show affinity to LDs. N. benthamiana leaf epidermal cells expressing N-terminal Cerulean fusion constructs (cyan) and mRFP or OFP fusion subcellular markers are shown. (A) TkSRPP6-Cerulean and ER marker CYP51G1-mRFP. (B) TkSRPP6-Cerulean and Nile red signal representing LDs. (C) TkUGT80B1-Cerulean and tonoplast marker TPC1-OFP. (D) TkUGT80B1-Cerulean and Nile red signal representing LDs. For LD formation, Cerulean fusion constructs were co-expressed with AtLEC2 and LDs were stained with the lipophilic fluorescent dye Nile red. Fluorescence intensities in regions of interest are depicted on the right. Scale bar = 20 µm.






3.8 Glycosyltransferase activity of TkUGT80B1

Finally, we tested the predicted UGT activity of TkUGT80B1 in a yeast strain engineered for optimized pentacyclic triterpenoid synthesis and harboring a T. koksaghyz lupeol synthase gene (TkLup) (Bröker et al., 2018). Lupeol is a pentacyclic triterpenoid present in T. koksaghyz roots and NR, and is therefore a potential native substrate for TkUGT80B1 (Benninghaus et al., 2020; Pütter et al., 2019). Isoprenoid metabolites were extracted from yeast cultures and LC-MS chromatograms were compared to control strains either expressing TkLUP together with an empty vector or TkUGT80B1 without TkLup (Figure 9; Supplementary Figure S6). We observed an additional peak (m/z +606.5) for yeast cells expressing TkUGT80B1 and TkLup (Figure 9B). The mass corresponds to a positively charged lupeol hexose ammonium ion adduct, and thus indicates TkUGT80B1 has lupeol glycosylating activity. Based on the molecular structure of lupeol, we deduce that TkUGT80B1 is a C3-glycosyltransferase.


[image: Two chromatograms compare TkLup with an empty vector and TkLup plus TkUGT80B1. In panel A, lupeol is detected at m/z +444.40. In panel B, lupeol glucoside is detected at m/z +606.50. Intensity is measured on the vertical axis, and time in minutes is on the horizontal axis. Chemical structures of lupeol and lupeol glucoside are shown.]

Figure 9 | TkUGT80B1 glycosylates the triterpenoid lupeol in yeast. LC-MS chromatograms of extracts from yeast metabolically engineered for increased triterpenoid production (Bröker et al., 2018) expressing additionally (A) lupeol synthase (TkLup) and TkUGT80B1 and (B) only TkUGT80B1. The signal at m/z 444.40 corresponds to the lupeol ammonium ion and m/z 606.50 to the ammonium ion of glucosylated lupeol that is only detectable when TkLup and TkUGT80B1 are co-expressed. The chemical structure of lupeol and the predicted structure of the C3 glucosylated lupeol corresponding to m/z 606.50 are shown next to the chromatograms. Chromatograms of an additional control strain containing TkLup and an empty vector control are shown in Supplementary Figure S5.







4 Discussion

The T. koksaghyz genome encodes 13 homology-based, full-length TkSRPPs (Lin et al., 2018, 2022), and their diverse sequences and expression profiles suggest non-redundant specialized functions in different tissues (Figure 1; Table 1). TkSRPPs 3/4/5 are strongly expressed in the latex, so we sought interacting proteins that may contribute to NR biosynthesis and stress responses. The high constitutive levels of TkSRPP3/4/5 in latex indicate their requirement for basic processes without external stimuli, including rubber particle biogenesis, coating and stabilization. However, the presumably higher levels of TkSRPP3/4/5 protein following stress-induced transcriptional upregulation (Dong et al., 2023a; He et al., 2024; Laibach et al., 2018) indicate that the constitutive pool is insufficient to fulfil the extended functions needed in response to environmental changes, necessitating de novo protein synthesis. The presence of N-glycosylation and phosphorylation sites in TkSRPP3/4/5 indicates the proteins can be covalently modified, which may result in conformational and functional changes (Ha and Loh, 2012; Volkman et al., 2001). The different numbers of potential post-translational modification sites and distinct protein charges resulting from TkSRPP sequence divergence likely contribute to TkSRPP3/4/5 functional divergence represented by their separate interactomes.



4.1 TkSRPP3/4/5 interact with proteins related to isoprenoid and NR biosynthesis

Our AE-MS experiments revealed distinct but overlapping interactomes for TkSRPP3/4/5 in whole latex and its three fractions. TkSRPP4 interacted with more proteins than the others and may function as a hub. TkSRPP3 and TkSRPP5 also interacted with each other, although enrichment was only observed from whole latex and IP, not from the RP fraction (Supplementary Table S7). SRPP heterodimers have also been reported for T. brevicorniculatum (Laibach et al., 2018). These findings suggest TkSRPPs can act cooperatively, in agreement with the additive effect of TbSRPPs 3/4/5 on artificial poly(cis-1,4-isoprene) body size and dispersity (Laibach et al., 2018). Lipid–protein interactions influence membrane composition (Harayama and Riezman, 2018) so the TkSRPP3/TkSRPP5 interaction may induce specific rearrangements in the lipid monolayer of rubber particles that promote the most stable lipid distribution, and/or enhance the steric repulsion assumed to be caused by SRPPs on the rubber particle surface (Figure 10A) (Hillebrand et al., 2012). TkSRPP3 and TkSRPP5 may also form complexes with their common interactors, including a REF family protein distantly related to a perilipin-4-like protein from the tobacco hawkmoth Manduca sexta, which was significantly less abundant in NR–depleted T. koksaghyz roots (Benninghaus et al., 2020). Perilipins are LD-associated proteins in animals that promote the formation and stability of LDs by regulating lipolysis (Griseti et al., 2024). Although this protein was not enriched from the RP, further analysis to determine its impact on rubber particles would be interesting, especially given its lack of interaction with TkSRPP4.
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Figure 10 | Models of TkSRPP3/4/5 potential protein interaction networks. (A) Model of processes involved in rubber particle stabilization and dispersity. (B) Illustration of potential TkSRPP3/4/5 protein interactions at the ER membrane initiating rubber particle formation. (C) Proposed protein interactions of TkSRPP3/4/5 at the surface of rubber particles and other cellular components. Black lines and arrows indicate molecule movement. T-shaped arrows indicate inhibitory effects. Two-sided arrows depict repulsion. TkSRPP3/4/5 names are shortened to their respective numbers. AACT, acetoacetyl-CoA thiolase; ACL, ATP-citrate synthase; COS, costunolid/costunolid synthase; CPT, cis-prenyltransferase; CPTL, cis-prenyltransferase-like; FER, ferritin; FPP, farnesyl diphosphate; FPS, farnesyl diphosphate synthase; FW, Frey-Wyssling complex; GAO, germacrene A oxidase; GDP, guanosine diphosphate; GPAT, glycerol-3-phosphate acyltransferase; GSH, glutathione sulfhydryl form; GST, glutathione S-transferase; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGS, 3-hydroxy-3-methylglutaryl-coenzyme A synthase; MVD, mevalonate diphosphate decarboxylase; MVK, mevalonate kinase; OSC, oxidosqualene cyclase; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; Prx, peroxiredoxin; PS, phosphatidylserine; REF/PI, REF domain containing/perilipin-like related protein; PMVK, phosphomevalonate kinase; ROS, reactive oxygen species; SnRK1, Snf1-related protein kinase 1; SQS1, squalene synthase 1; SQE1, squalene epoxidase 1; UGT80B1, UDP-glycosyltransferase 80B1.



To understand the role of TkSRPP3/4/5 in NR biosynthesis beyond rubber particle stability, we screened the interactomes for further proteins related to NR and other isoprenoids (Supplementary Table S7). Many candidate TkSRPP interactors were found to differ in abundance when comparing proteins in the latex of TkCPTL1-RNAi plants and wild-type controls, suggesting a contribution to NR biosynthesis (Niephaus et al., 2019) (Table 2). Interestingly, TkSRPP3 interacted with TkCPT1 and TkREF, two well-known components of the NR biosynthesis machinery. The interaction with TkCPT1 supports the hypothesis that TkSRPPs affect TkCPT1 activity, causing the low NR content in Tk/TbSRPP RNAi plants (Collins-Silva et al., 2012; Hillebrand et al., 2012). Based on the proposed role of TbREF in rubber particle biogenesis (Laibach et al., 2015) and the recruitment of HbCPT6 from the cytosol to the ER by HbSRPP (Brown et al., 2017), TkSRPP3 may recruit TkCPT1 to ER sites where TkSRPP3 is in contact with other TkSRPPs and TkREF, thus modifying the lipid composition, helping TkCPT1 to channel nascent poly(cis-1,4-isoprene) chains between ER leaflets and favoring the formation of rubber particles (Figure 10B). This is supported by the reported interaction between HbSRPP and HbREF (Yamashita et al., 2016). The TkSRPP3/TkCPT1 interaction was detected from whole latex and the IP. Although NR-producing CPTs have mostly been identified in rubber particles (Dai et al., 2013; Schmidt et al., 2010b), the recruitment of TkCPT1 from the cytosol to the ER by TkSRPP3 may be the mechanism by which TkCPT1 becomes localized to this compartment.

TkSRPP3 and TkSRPP4 interacted with MVA pathway enzymes that provide the C5 building block IPP for NR polymerization (Pu et al., 2021; Salehi et al., 2021). This group comprised ATP-citrate synthase (TkACL1), TkHMGR, and mevalonate kinase (TkMVAK1) (all interacting with TkSRPP4), as well as TkMVAK10 (interacting with TkSRPP3) and phosphomevalonate kinase 3 (TkPMVK3, interacting with TkSRPPs 3 and 4). TkSRPP4 also interacted with an FPP synthase (TkFPS1), which provides the most likely starter molecule for NR polymerization in vivo (Puskas et al., 2006; Tanaka et al., 1996; Xie et al., 2008). TkSRPP3 and TkSRPP4 may therefore be required to ensure an efficient supply of metabolic precursors to the cisPT complex by forming the structural components of a NR metabolon (Figure 10C), although metabolic channeling experiments would be required for confirmation (Srere, 1972, 1987; Zhang and Fernie, 2021). This model is supported by the enrichment of TkMVAK1, a cytosolic enzyme (Cho et al., 2022; Niu et al., 2021; Simkin et al., 2011), from the RP by TkSRPP4 (Supplementary Data S2 in Supplementary Data Sheet 1). TkSRPP3 may also stabilize the complex by interacting with TkSRPP5, which in turn interacts with multiple proteins related to the ‘microtubule cytoskeleton’ (Figure 4). TkHMGR was enriched from the IP, whereas HMGRs are usually found in the ER (Hampton et al., 1996; Leivar et al., 2005). However, the presence of eight HMGR paralogs in the T. koksaghyz genome (Lin et al., 2022) and the differential expression of TbHMGRs (Van Deenen et al., 2012) suggests there is scope for functional specialization, with at least one HMGR associated with NR synthesis (Campos and Boronat, 1995; Chappell, 1995; Leivar et al., 2005; Lin et al., 2022; McCaskill and Croteau, 1998). The involvement of this TkHMGR paralog in the supply of precursors for NR synthesis is supported by its depletion in TkCPTL1-RNAi plants (Table 2) (Niephaus et al., 2019).

Intriguingly, TkSRPP4 and TkSRPP5 also interacted with plastidial methylerythritol (MEP) pathway enzymes, an alternative route to IPP (Vranová et al., 2012). Specifically, TkSRPP4 interacted with 1-deoxy-d-xylulose-5-phosphate synthase (TkDXS8) whereas both TkSRPP4 and TkSRPP5 interacted with 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase (TkHDS1). Although latex does not contain genuine chloroplasts, MEP pathway enzymes and low levels of corresponding mRNAs have been detected in T. koksaghyz latex before (Lin et al., 2018; Niephaus et al., 2019). Additionally, specialized plastids known as Frey-Wyssling (F.W.) complexes (Frey-Wyssling, 1929) have been described in T. koksaghyz and H. brasiliensis latex (Abdul Ghaffar, 2017; Dickenson, 1969; Gomez and Hamzah, 1989; Moir, 1959), and these compartments may comprise the MEP pathway in latex. However, TkDXS8 and TkHDS1 were enriched from the RP, IP and whole latex but not the PP where F.W. complexes would be presumed. This may reflect the disruption of F.W. complexes during processing or the liberation of MEP pathway enzymes by another mechanism, although we would also expect interactions with TkSRPP3 in this scenario due to the significant number of chloroplast-related TkSRPP3 interactors. Feeding experiments in H. brasiliensis showed that in this species the MEP pathway contributes to carotenoid rather than NR biosynthesis in latex (Sando et al., 2008). Still, the interactions of TkSRPP3/4/5 with different isoprenoid precursor pathways raise the possibility that they drive IPP flux towards NR synthesis and provide more evidence that TkSRPP4 is a hub protein whereas TkSRPP3 and TkSRPP5 are more specialized.

TkSRPP4 also appears to engage with isoprenoid pathways downstream of FPP by interacting with enzymes involved in sesquiterpene lactone and triterpenoid biosynthesis (González-Coloma et al., 2011; Huber et al., 2015, 2016; Padilla-Gonzalez et al., 2016), the latter including TkSQS1, TkSQE1 and oxidosqualene cyclase 5 (TkOSC5). TkSRPP3 and TkSRPP5 interacted with TkOSC1 and TkOSC5, respectively. Both are latex-specific enzymes and TkOSC1 produces at least four different triterpenoids from 2,3-oxidosqualene, most likely provided by TkSQE1 (Pütter et al., 2019; Unland et al., 2018), whereas TkOSC5 did not produce any triterpenoids in N. benthamiana (Pütter et al., 2019). The transcriptional co–regulation of TkSQS1, TkSQE1 and TkOSC1 facilitates tight metabolic coupling, and TkSQS1 colocalizes with TkSQE1 in the ER of N. benthamiana (Unland et al., 2018). Given the presence of transmembrane domains in both proteins, their interaction with TkSRPP4 in the IP may reflect their translocation caused by the phase separation procedure. TkOSC1 has yet to be detected in the ER following heterologous expression (Pütter, 2017). Therefore, TkSRPP3 and TkSRPP4 may cooperatively mediate the assembly of these three consecutive enzymes in the cytosol, ER or on rubber particles for the efficient synthesis of bioactive triterpenoids, given that other OSCs were shown to localize to LDs in yeast (Milla et al., 2003) and triterpenoids are the most abundant non-polyisoprenoid component in separated NR from T. koksaghyz (Pütter et al., 2019). TkOSC5 may need to interact with TkSRPPs to maintain stability or activity. TkSRPP3/4/5 could thus affect the quality of NR as an industrial raw material because the triterpenoid content is proposed to influence the physical properties of the polymer (Xu et al., 2017).




4.2 TkSRPP3/4/5 interactomes suggest their involvement in rubber particle biogenesis, integrity and dispersity



4.2.1 TkSRPP4 protein interactions may contribute to rubber particle biogenesis from the ER

So far, TkSRPP3/4/5 have only been found associated with rubber particles in latex (Collins-Silva et al., 2012) but their presence in different latex phases and Tb/TkSRPP localization in N. benthamiana suggest they may also be present in the ER and cytosol (He et al., 2024; Laibach et al., 2018). In support of that, exclusive TkSRPP4 interactors were related to the ER membrane (Figure 4). TkSRPP4 is therefore likely to be the most important component of ER-related SRPP functions, whereas TkSRPP3 and TkSRPP5 cooperate with other TkSRPPs in the ER. These processes could include the transmembrane transport of inorganic molecules because a related GO term was also enriched among TkSRPP4 interactors (Figure 4). Glycerol-3-phosphate acyltransferase (GPAT) was enriched with TkSRPP4 from the PP and was downregulated in TkCPTL1-RNAi plants (Niephaus et al., 2019). GPATs catalyze the transfer of an acyl group to the sn-1 position of glycerol-3-phosphate leading to the formation of lysophosphatidic acid, and this can be acylated further to phosphatidic acid, the common precursor of other phospholipids and TAGs (Jayawardhane et al., 2018; Testerink and Munnik, 2011). Phosphatidic acid is also important for ROS signaling under biotic stress (Gong et al., 2024). The conversion of lysophosphatidic to phosphatidic acid may cause negative monolayer curvature that could play a role in rubber particle biogenesis (Kooijman et al., 2003). GPAT influences TAG biosynthesis (Gidda et al., 2009; Shockey et al., 2015) and confers tolerance against freezing stress, which often affects T. koksaghyz (Kasapoğlu et al., 2024; Sui et al., 2007a, 2007). Some GPATs also contain a phosphatase domain, and sn-2-monoacylglycerol was the major product of Arabidopsis GPATs (W. Yang et al., 2010). They have been found in different cellular compartments (Fernández-Santos et al., 2020; Gidda et al., 2009; Kasapoğlu et al., 2024; Sun et al., 2021) and contribute to LD formation, which was associated with their role in TAG biosynthesis (Gao et al., 2013; Wilfling et al., 2013). Rubber particles are not known to store TAGs, but GPAT may contribute to rubber particle budding from the ER via its interaction with TkSRPP4 (Figure 10B). A phosphatase activity and supply of phosphatidic acid could drive phospholipid synthesis and incorporation into the rubber particle or ER membrane. GPAT is therefore an interesting candidate for further analysis of lipid modifications that contribute to rubber particle formation and stress tolerance. Two SEC14 cytosolic factors containing CRAL-TRIOL domains prevalent in lipid-binding proteins (Panagabko et al., 2003) were also identified as TkSRPP4 interactors and were among the proteins downregulated in TkCPTL1-RNAi plants (Niephaus et al., 2019). SEC14 proteins are PI/phosphatidylserine transfer proteins that modulate membrane identity, including lipid raft formation (Curwin et al., 2013; Montag et al., 2023). TkSRPP4 may cooperate with these proteins in the ER to accumulate the proteins and lipids needed for rubber particle formation (Figure 10B).




4.2.2 TkSRPP3 and TkSRPP4 protein interactions at the rubber particle may contribute to its integrity and dispersity

The identification of several lipid-modifying enzymes among the TkSRPP3 RP interactors indicates they act on monolayer lipids and the rubber particle lipid composition may be continuously modified and rearranged. The fact that all TkSRPP3 RP interactors are exclusive to this paralog demonstrates TkSRPP functional divergence and potential functional specialization of TkSRPP3 at the rubber particle, which could be mediated by its specific physicochemical properties. TkSRPP4 interactors enriched from the RP comprised several proteins associated with ubiquitination/de-ubiquitination and ubiquitin-dependent proteasomal degradation, suggesting a role in rubber particle protein homeostasis, which is probably required to maintain particle integrity and efficient NR biosynthesis. Several other TkSRPP4 RP interactors were related to sucrose non-fermenting 1 (Snf1) and its plant homolog Snf1-related protein kinase 1 (SnRK1), a major regulator of developmental plasticity including lipid biosynthesis (Jamsheer K et al., 2021). These proteins inactivate HMGR (Robertlee et al., 2017; Sugden et al., 1999) and a key enzyme in PC biosynthesis (Caldo et al., 2019), and also regulate TAG biosynthesis (Zhai et al., 2017). Therefore, the presence of these kinases on the rubber particle surface and their interactions with TkSRPP4 may also influence the lipid composition of the monolayer and the stored NR and triterpenoids.

Further, the interaction of TkSRPP4 with a lectin downregulated in NR-depleted TkCPTL1-RNAi plants could play a role in rubber particle dispersity (Table 2) (Niephaus et al., 2019). A latex lectin in H. brasiliensis that induces rubber particle aggregation is inhibited by binding to a glycosylated SRPP and the N-acetylglucosamine residue of the SRPP was necessary for binding, which is typical for lectins (Rüdiger and Gabius, 2002; Wititsuwannakul et al., 2008). The TkSRPP4 and TkSRPP3 interactomes also featured additional lectins, and the single N-glycosylation site found in TkSRPP3 and TkSRPP4 suggests a similar role in rubber particle dispersity that could synergize with the induced steric repulsion (Figure 10A).

The interaction of TkSRPP4 with a homolog of isoprenylcysteine α–carbonyl methylesterase-like 2 (ICMEL2) that was also downregulated in TkCPTL1-RNAi plants (Table 2) (Niephaus et al., 2019) may also play a role in rubber particle biogenesis and integrity. Proteins can be C-terminally prenylated by the addition of farnesyl or geranylgeranyl groups to a cysteine to increase their membrane affinity, usually followed by methylation in the ER, which can be reversed by ICMEs (Clarke, 1992; Crowell, 2000; Lan et al., 2010; Zhang and Casey, 1996). The methylation status can affect protein–lipid interactions and prenylation can affect protein–protein interactions (Crowell, 2000; Hancock et al., 1991; Kuroda et al., 1993; Sapperstein et al., 1994; Zhang and Casey, 1996). Such modifications may therefore be important for protein recruitment to the ER or rubber particles mediated by TkSRPP4/ICMEL2 complexes.




4.2.3 TkSRPP5 interaction with GTPases may promote rubber particle formation

Proteins that undergo prenylation for membrane targeting include GTPases (Chavrier et al., 1991; Hancock et al., 1991; Kuroda et al., 1993), which were enriched among the exclusive TkSRPP5 interactors and part of TkSRPP3/4/5 RP interactomes (Figure 4; Supplementary Data S1–S3 in Supplementary Data Sheet 1). GTPases regulate multiple cellular processes, especially signal transduction and vesicle transport, but also play a major role in immune responses (Kawano et al., 2014; Nielsen, 2020). They switch between inactive GDP-bound and active GTP-bound states, in which they are prenylated and associate with membranes, allowing them to engage with effector proteins (Grosshans et al., 2006; Kawano et al., 2014). TkSRPP5 interactions with GTPases may regulate GTP/GDP binding or membrane interactions, or the GTPases may recruit TkSRPP5 as an effector protein to change membrane lipid distribution. GTPases also recruit proteins that induce vesicle formation (Huang et al., 2001; Kawasaki et al., 2005; Spang, 2008; Springer et al., 1999) and the recruitment of TkSRPP5 and other proteins could thus induce rubber particle budding from the ER (Figure 10B), aligning with the identification of GTPases on rubber particles from H. brasiliensis (Nielsen et al., 2008; Yamashita et al., 2016). The interaction of TkSRPP5 with a putative methyltransferase that was downregulated in TkCPTL1-RNAi lines (Niephaus et al., 2019) could indicate a role in the methylation of prenylated proteins such as GTPases. Therefore, TkSRPP4 and TkSRPP5 may regulate the methylation/demethylation of prenylated latex proteins that affect membrane association and protein interactions. Further, TkSRPP5 interactions with lipid-modifying proteins (Figure 4) could help to establish the membrane conditions needed for rubber particle biogenesis. Beyond that, GO enrichment analysis revealed that exclusive TkSRPP5 interactors were enriched for the term ‘microtubule cytoskeleton’ (Figure 4). Such proteins are present on rubber particles in H. brasiliensis (Dai et al., 2013) and the interaction of TkSRPP5 with those proteins may facilitate the transport of rubber particles along the cytoskeleton to the vacuole, which contains many cytoskeleton-related proteins in the tonoplast (Carter et al., 2004) and stores rubber particles in T. koksaghyz (Abdul Ghaffar, 2017).





4.3 Further evidence for the involvement of TkSRPPs and TkSRPP heterodimers in stress responses

Common TkSRPP3/4/5 interactors were related to membrane and vesicular trafficking, lipid metabolism and stress responses (Supplementary Table S6). TkSRPP3/4/5 may therefore promote stress tolerance by affecting lipid modification, the proteolytic cleavage of pathogen-derived proteins, the inhibition of pathogen-derived proteases and/or cellular adaptations by membrane trafficking. Rab7 proteins, for example, are involved in vacuolar trafficking and improve abiotic stress tolerance when overexpressed (Mazel et al., 2004; Rodriguez-Furlan et al., 2023; Tripathy et al., 2017).

As the protein TkSRPP7 was enriched from whole latex and the IP by TkSRPP3/4/5, despite the relatively low TkSRPP7 transcript levels in the latex of 10-week-old plants (Figure 1B) and the lack of evidence showing its association with rubber particles, this paralog may interact with TkSRPP3/4/5 elsewhere in the laticifers as part of stress-related processes. This may also explain why TkSRPP2 interacted with TkSRPP4 and TkSRPP5 in all latex fractions, and why TkSRPP1 interacted with TkSRPP3 in whole latex (Supplementary Table S7). The roles of these TkSRPPs in stress responses are supported by their transcriptional upregulation following treatment with MeJA or the overexpression of TkMYC2 (He et al., 2024; Wu et al., 2024). TkSRPPs may also form multimers to fulfil their functions, as suggested for HbSRPP (Wititsuwannakul et al., 2008).

The overrepresentation of proteins associated with the chloroplast stroma and thylakoids among exclusive TkSRPP3 interactors was striking (Figure 4). TkSRPP3 and its interactors related to the chloroplast stroma and thylakoids may associate with the plastid-like F.W. complexes, explaining why most of these proteins were enriched from the PP. Notably, rubber particles were also observed within plastid-like structures in T. koksaghyz laticifers (Abdul Ghaffar, 2017), so TkSRPP3 and its chloroplast-related latex interactors may also be connected with such rubber particles. The presence of ferritins, peroxiredoxins, glutathione Ѕ-transferase (GST) and aconitate hydratase among those TkSRPP3 interactors indicate roles in antioxidant defense, redox regulation and detoxification (Briat, 1996; Dietz, 2003; Kumar et al., 2024; Kumar and Trivedi, 2018; Moeder et al., 2007; Pascual et al., 2021). Ferritin inhibits the formation of reactive oxygen species (ROS) by Fe (Halliwell and Gutteridge, 1984; Kroh and Pilon, 2020; Ravet et al., 2009), peroxiredoxins are antioxidants that mediate redox-dependent signaling (Liebthal et al., 2018; Sevilla et al., 2015), and GSTs counter oxidative stress by conjugating glutathione (Cozza et al., 2017; Dixon and Edwards, 2009; Labrou et al., 2015; Nianiou-Obeidat et al., 2017; Wagner et al., 2002). Overexpression of these genes confers abiotic and biotic stress tolerance (Deák et al., 1999; Lo Cicero et al., 2017; Roxas et al., 2000; Wang et al., 2023; Xiao et al., 2023; Zang et al., 2017), and their endogenous promoters are responsive to stress and phytohormones (Dellagi et al., 2005; García Mata et al., 2001; Horling et al., 2002, 2003; Marrs, 1996; Tiwari et al., 2016). GST and aconitate hydratase are also associated with cadmium stress tolerance, a significantly enriched process among TkSRPP3 interactors (Figure 4) that has also been experimentally linked to REF proteins (Dixit et al., 2011; Kim et al., 2011; Liu et al., 2013, 2016; Zhou et al., 2019). These interactors may therefore form a TkSRPP3-dependent network of stress tolerance effectors within F.W. complexes (Cerveau et al., 2016; Manevich et al., 2004), as illustrated in Figure 10C. The large number of kinases among the TkSRPP3 interactors suggests the effector network is regulated by kinase cascades, supported by multiple phosphorylation sites on TkSRPP3. Finally, the glutathione peroxidase activity of GSTs prevents lipid oxidation (Dixon et al., 2009; Dixon and Edwards, 2009; Ohkama-Ohtsu et al., 2011) and could be particularly valuable in latex that contains diverse lipids, many associated with bioactive properties (Bae et al., 2020; González-Coloma et al., 2011; Pütter et al., 2019).

The involvement of TkSRPP5 in stress response is supported by the enrichment of interactors associated with responses to different stimuli (Figure 4). The activation of TkSRPP5 in response to such stimuli could be achieved by phosphorylation at the six predicted phosphorylation sites or by N-glycosylation (Figure 1E).




4.4 TkSRPP6 forms heteromeric complexes with TkSRPP4 and TkSRPP5

TkSRPP6 was one of two candidate interactors that we chose for further analysis, due to its isolated genomic locus and phylogenetic clustering with stress-related proteins from non-rubber-producing plants rather than other TkSRPPs (Figure 5C). The TkSRPP6 gene was also expressed at lower levels than TkSRPP3/4/5 in all tissues (and in latex over time) (Figures 1, 7). SUY2H results confirmed that TkSRPP6 interacted with TkSRPP4 and TkSRPP5, but not TkSRPP3 (Figure 5A). The interaction of TkSRPP6 with the abundant latex proteins TkSRPP4 and TkSRPP5, despite their different molecular characteristics, was striking. The identification of MYC2-binding sites in the TkSRPP6 promoter suggested inducible expression, supported by the transcriptional induction observed after MeJA treatment and TkMYC2 overexpression (Figures 1, 5D) (TkSRPP1 in He et al., 2024; TkSRPP7 in Wu et al., 2024). This induction might be transient, as shown for MeJA (He et al., 2024), and would therefore not show up in our qPCR data for wild-type plants. Stress-induced expression is a common feature of the REF family and is supported by the homology of TkSRPP6 to stress-related proteins (Figure 5C). The heterologous expression of TkSRPP6 in N. benthamiana resulted in localization to the ER and LDs, matching its enrichment from the RP by TkSRPP3 (Figures 8A, B; Table 3). A recent study (He et al., 2024) suggested TkSRPP6 (named TkSRPP1 therein) was localized to the cytosol, plasma membrane and chloroplast, but the authors did not induce LD formation nor did they use plasma membrane and ER markers to confirm their assumptions. We observed no plastid signals for our TkSRPP6-Cerulean fusion protein (Figures 8A, B). TbSRRPs were found to be localized to the cytosol (Laibach et al., 2018) and TkSRPP6 enrichment from the IP supports a cytosolic localization. We conclude that TkSRPP6 may have affinities for different cellular compartments that may change depending on specific conditions.

The localization of TbSRPPs 4 and 5 and TkSRPP6 together with indications of inducible gene expression suggest that TkSRPP6 may interact at basal levels with TkSRPP4 and TkSRPP5 on the surface of the ER and rubber particles, but predominantly after its short-term transcriptional induction in response to various stimuli. These interactions most likely play a role in stress tolerance, and TkSRPP6 could engage with established complexes formed by TkSRPP4/TkSRPP5. TkSRPP6 may respond to stress not only in the latex but also in green tissues as its transcript levels were comparable low in all tissues.




4.5 TkSRPP3 and TkSRPP5 interact with TkUGT80B1 potentially contributing to plant stress tolerance by producing triterpenoid saponins

TkUGT80B1 was the second candidate selected for in depth characterization because glycosyltransferases have not been described in dandelion latex before and glycosides are involved in stress responses (Augustin et al., 2011; Rogowska and Szakiel, 2020). An independent co-IP assay confirmed that TkUGT80B1 interacts with TkSRPP3 and TkSRPP5 (Figure 6A). The interactions were further corroborated by the similar temporal expression patterns of TkUGT80B1 and TkSRPP3/4/5 in latex (Figure 7) (Ge et al., 2001; Jansen et al., 2002; von Mering et al., 2002).

The predicted glycosyltransferase activity of TkUGT80B1 was confirmed for the C3 position of the triterpenoid lupeol in yeast, with UDP-glucose as the most likely sugar donor (Figure 9). This was supported by the presence of glutamine in the C-terminal UDPGT motif, which is conserved among glucosyltransferases but not galactosyltransferases (Figure 6D) (Kubo et al., 2004). Accordingly, we have identified the first enzyme from the latex of T. koksaghyz that produces a triterpenoid saponin and have provided first evidence for the presence of these compounds in dandelions. Given the low substrate specificities of UGTs (Vogt and Jones, 2000), the glycosylation of additional, structurally similar triterpenoids in T. koksaghyz latex is likely. The heterologous expression of TkUGT80B1 did not result in the glycosylation of yeast sterols when sterol synthesis was repressed (Figure 9). It is unclear whether TkUGT80B1 can also utilize phytosterol substrates, as described for its homologs (Stucky et al., 2014), or other lipids in latex. The analysis of Arabidopsis UGTs indicated that AtUGT80B1 is not required for the synthesis of major steryl glucosides but rather for the production of minor glucosides (Stucky et al., 2014). Accordingly, TkUGT80B1 may glycosylate triterpenoids rather than major membrane sterols in accordance with its predominant expression in latex (Figure 6E). Adaptation to freezing stress was inhibited in atugt80b1 knockout plants, and was potentially related to low levels of sterol glycosides, the products of AtUGT80B1 (Mishra et al., 2015). It would be interesting to determine whether triterpenoid saponins have a similar positive effect on freezing tolerance in T. koksaghyz because the lipid–rich latex in its roots has already been proposed to act as an anti-freezing protectant during extremely cold winters, which are common in its native habitat.

The presence of several stress-related cis-acting regulatory elements in the TkUGT80B1 promoter, including binding sites for WRKY transcription factors, suggests the gene is transcriptionally regulated in response to biotic stress (Figure 6D). WRKY transcription factors can affect defense response positively as well as negatively (Javed and Gao, 2023; Wani et al., 2021), but given the reported positive correlation between SRPPs and stress tolerance (Kim et al., 2016, 2012; Laibach et al., 2018; Seo et al., 2010), TkUGT80B1 is also likely to improve stress tolerance, although this should be investigated in more detail.

Saponins are stored in the vacuole (Kesselmeier and Urban, 1983; Mylona et al., 2008; Urban et al., 1983). TkUGT80B1 expression in N. benthamiana suggested tonoplast localization (Figure 8C) and the enrichment of TkUGT80B1 from the PP by TkSRPP3 supports this finding. Enrichment from the IP by TkSRPP4 and TkSRPP5 may reflect the rupture of vacuoles during phase separation. Tonoplast localization may allow the immediate storage of nascent saponins in the vacuole. TkSRPP3 and TkSRPP5 could mediate the transfer of saponins from their biosynthetic enzyme to a transporter by linking both proteins. The transport of saponins to the vacuole may be mediated by ABC-type transporters (Kato et al., 2022; Ramilowski et al., 2013) and two proteins with homology to ABC-type transporters were identified as TkSRPP4 interactors, one of which also interacted with TkSRPP5. Interactions between TkSRPP4/TkSRPP5 and these transporters could also promote saponin efflux from the vacuole to promote stress tolerance. Localization studies in N. benthamiana showed that TkUGT80B1 can also accumulate in LDs, suggesting it might be located on the surface of rubber particles and interact with TkSRPPs there. The interaction between TkSRPPs and TkUGT80B1 may also promote the metabolic flux towards triterpenoid saponin synthesis by linking the triterpenoid synthesizing TkOSC1/5 with the glycosylating TkUGT80B1. TkSRPP3 and TkSRPP5 could further recruit either TkUGT80B1 or specific lipid substrates to direct glycoside synthesis and ultimately modify the composition of membranes in response to environmental conditions.





5 Conclusion

Our study sheds light on the SRPP gene family in T. koksaghyz and presents a comprehensive analysis of the protein interaction partners of the major latex proteins TkSRPP3/4/5. We identified protein interactions that suggest TkSRPP3/4/5 contribute directly to increased stress tolerance as well as rubber particle biogenesis and integrity. Two candidates were characterized at the molecular level, revealing the first evidence for saponin synthesis in T. koksaghyz latex and linking it with TkSRPP3 and TkSRPP5. Our data contribute to the functional differentiation between TkSRPP paralogs and demonstrate unexpected interactions that will help to further identify the network of proteins linking TkSRPPs, stress responses and NR biosynthesis. These new insights into the complexity of latex will eventually help to establish commercially feasible rubber crops.
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Top removal is a widely utilized method in production process of tobacco, but little is known regarding the way it impacts protein and metabolic regulation. In this study, we investigated the underlying processes of alterations in cigar tobacco leaves with and without top removal, using a combined proteomic and metabolomic approach. The results revealed that: (1) Topping significantly affected superoxide anion (O2-) levels, superoxide dismutase (SOD) activity, and malondialdehyde (MDA) content, (2) In the cigar tobacco proteome, 385 differentially expressed proteins (DEPs) were identified, with 228 proteins upregulated and 156 downregulated. Key pathways enriched included flavonoid biosynthesis, porphyrin and chlorophyll metabolism, cysteine and methionine metabolism, and amino acid biosynthesis and metabolism. A network of 161 nodes interconnected by 102 significantly altered proteins was established, (3) In the cigar tobacco metabolome, 247 significantly different metabolites (DEMs) were identified, with 120 upregulated and 128 downregulated metabolites, mainly comprising lipids and lipid-like molecules, phenylpropanoids and polyketides, organic acids and derivatives, and organic heterocyclic compounds, (4) KEGG pathway enrichment revealed upregulation of proteins such as chalcone synthase (CHS), chalcone isomerase (CHI), naringenin 3-dioxygenase (F3H), and flavonoid 3’-monooxygenase (F3’H), along with metabolites like pinocembrin, kaempferol, trifolin, rutin, and quercetin, enhancing the pathways of ‘flavonoid’ and ‘flavone and flavonol’ biosynthesis. This study sheds light on the metabolic and proteomic responses of cigar tobacco after topping.
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1 Introduction

Tobacco is an important economic crop cultivated over vast expanses (Chen et al., 2021). In China, it is categorized into four types based on drying techniques and agronomic traits: flue-cured, sun-cured, air-cured, and burley tobacco (Liu et al., 2021). Cigar tobacco, an air-cured variety, is one of the most commonly grown and traditional types of tobacco. A cigar consists of three main components: the wrapper, binder, and filler, all made from tobacco leaves (Zhang et al., 2023a). As a result, the quality and yield of tobacco leaves are exceedingly significant. In tobacco cultivation, topping—the removal of the plant’s upper portion—is a key agronomic practice that plays a crucial role in enhancing both the quality and quantity of the leaves (Baldwin, 2001; Qin et al., 2020).

Topping in plants, particularly in tobacco, involves the removal of the upper flowering parts and young leaves and is an essential component of tobacco farming (Dai et al., 2022). As tobacco plants mature, they progress from the vegetative to the reproductive phase, with the apical meristem of the main stem converting into floral meristems. When the plant begins flowering, it diverts a significant amount of nutrients to the top, creating a reproductive growth zone. This process involves the movement of water and nutrients from the roots, along with the redistribution of resources from the lower and middle leaves to the upper parts (Shi et al., 2006). This nutrient redistribution becomes increasingly evident as tobacco flowers and seeds develop (Geuns et al., 2001). Nutrients generated in flue-cured tobacco leaves are primarily directed toward flowering, which limits leaf growth. This results in smaller, lighter upper leaves, diminishing the overall quality and yield (Chen et al., 2019). When carried out at the appropriate moment, it redirects the plant’s energy toward the remaining leaves, improving their yield and quality (Yan et al., 2019; Lei et al., 2022). This technique shifts the plant’s primary growth and nutrient distribution centers, altering the original source-sink relationship (Ogilvie and Kozumplik, 1980). Consequently, it influences several biological functions, including secondary metabolism and hormone regulation (Guo et al., 2023). Topping substantially elevates the levels of secondary metabolites like nicotine and aromatic amines (Shi et al., 2006; Banožić et al., 2020), and enhances the expression of genes linked to hormone metabolism and plant defense (Guo et al., 2011). Essentially a form of mechanical damage, topping mimics the effects of insect attacks or physical injuries, leading to an accumulation of reactive oxygen species (ROS), which cause oxidative stress (Gaquerel et al., 2009; Luo et al., 2016; Yan et al., 2019). This activates the plant’s defense mechanisms, prompting the production of secondary metabolites and volatile compounds such as alkaloids and carotenoids. Jasmonic acid (JA) plays a central role in this defense response, regulating carbohydrate distribution and secondary metabolite formation (Katoh et al., 2007; Deboer et al., 2009; Ma et al., 2019), thereby increasing antimicrobial compounds. Therefore, topping is a crucial field management practice during tobacco plant maturation. However, research on cigar tobacco’s proteomic and metabolomic responses to topping remains incomplete.

With the ongoing advancement and adoption of omics technologies, proteomics and metabolomics offer deeper insights into tobacco proteins and their metabolites (Wang et al., 2021). Proteomics, through protein quantification, links gene transcription to metabolic processes (Jin et al., 2015; Cao et al., 2024), and combining proteomics with transcriptomics improves the understanding of regulatory networks. Metabolomics, a vital element of systems biology, identifies a broad spectrum of endogenous metabolites (Wang et al., 2019; Yang et al., 2024). But little is known regarding the way it impacts protein and metabolic regulation, this study employs proteomic and metabolomic analyses to reveal the antioxidant response mechanisms and regulatory processes governing physiological changes in cigar tobacco after topping.




2 Materials and methods



2.1 Plant materials and treatment

The ‘Haiyan103’ variety of cigar tobacco, provided by the Haikou Cigar Research Institute in Haikou, China, was the subject of our investigation. Our goal was to evaluate how topping—removal of the top floral portion and upper young leaves—affects the growth of tobacco plants. We chose plants from Danzhou, one of the main tobacco-growing regions in the Hainan Province. The study included two groups: plants without topping (DDW1) and plants with topping (DDW2). Topping was performed 55 days after transplanting, and samples were collected 5 days later. The untopped plants served as the control group, with three replicates in each plot.

Plants were arranged in rows 1.2 meters apart, with 0.6 meters between individual plants. Each treatment received 180 kg of N, 270 kg of P2O5, and 360 kg of K2O per hectare, and was managed according to standard cigar tobacco cultivation practices (Lei et al., 2014).

During sampling, nine plants were chosen at random from each group as a biological duplicate. On cigar tobacco plants, the eighth leaf (counted from base to tip, undamaged leaves with an area of approximately 48 × 26 cm) was chosen as the sample, and the leaf’s central vein was removed. The leaves were then pooled, wrapped in foil, and quickly frozen in liquid nitrogen. For each biological replicate, we ensured sample uniformity by freezing and grinding the samples in liquid nitrogen.




2.2 Antioxidant index evaluation

To assess superoxide dismutase (SOD) activity, we prepared the enzyme solution according to the procedure outlined by Durak et al. (1993). SOD activity was quantified spectrophotometrically at 560 nm, based on its ability to inhibit the 50% reduction of nitro blue tetrazolium (NBT). The superoxide anion (O2-) levels were measured using the hydroxylamine oxidation method described by Zhuang et al. (2019). Malondialdehyde (MDA) levels were determined using the thiobarbituric acid (TBA) reactive substances method, as detailed by Draper et al. (1993).




2.3 Proteomic analysis



2.3.1 Protein isolation and digestion process

Protein isolation was carried out by grinding 0.5 g of tobacco leaf tissue into a powder in liquid nitrogen. The powder was then swiftly transferred to a pre-cooled centrifuge tube containing 800 µL of SDT lysis buffer (with 100 mM NaCl) and 1/100 volume of dithiothreitol (DTT). The mixture was shaken thoroughly and sonicated in an ice bath for 5 minutes to lyse the sample completely. It was then heated at 95°C for 8-15 minutes, cooled in an ice bath for 2 minutes, and centrifuged at 4°C at 12,000 g for 15 minutes. To the supernatant, 80 µL of iodoacetamide (IAM) solution was added and kept in the dark (in a closed drawer) for 1 hour. Next, 2 mL of pre-cooled acetone was added and the mixture was precipitated at -20°C for 2 hours, followed by centrifugation at 4°C at 12,000 g for 15 minutes, and the resultant precipitate was collected. The precipitate was then suspended and washed in 1 mL of pre-cooled acetone, collected, and air-dried. The resulting precipitate, which represents the total protein, was then dissolved in 1 mL of Dissolved Buffer (DB buffer).

Protein digestion was performed as outlined by Zhang et al. (2016). A total of 200 µL of DB protein dissolution buffer was added. Then, 2 µg of trypsin and 100 mM Triethylammonium bicarbonate (TEA) buffer were added, mixed thoroughly, and incubated at 37°C for 4 hours. Afterward, another 2 µg of trypsin and 200 mM CaCl2 were added, followed by overnight incubation at 37°C for further enzymatic digestion. Formic acid was used to lower the pH below 3, and then the mixture was centrifuged at 12,000 g for 5 minutes at room temperature. The supernatant was slowly passed through a C18 desalting column, washed thrice with a solution of 0.1% formic acid and 3% acetonitrile, and eluted with 200 µL of elution solution (0.1% formic acid, 70% acetonitrile). The filtrate was then collected and lyophilized.




2.3.2 Proteomic analysis via UHPLC-MS/MS

For proteomic analysis, we employed an Easy-nLC™ 1200 UHPLC (Thermo Fisher, Germany) coupled with a Q Exploris™ HF-X mass spectrometer (Thermo Fisher, Germany). A total of 4 μg of each sample, combined with iRT reagent, was loaded onto a C18 Nano-Trap column. The gradient profile ranged from 5% to 95% acetonitrile in formic acid over 92 minutes, at a flow rate of 600 nL/min. Peptide analysis was performed using a Q Exactive™ HF-X mass spectrometer with specific settings for full scan range, resolution, AGC target, ion injection time, and fragmentation. The top 40 precursors were selected for MS/MS analysis, with DIA mode applied for broader peptide coverage.




2.3.3 Identification and quantification of proteins

We individually analyzed the spectra from each fraction against the Nicotiana tabacum protein database using Proteome Discoverer 2.2. The search parameters were carefully optimized for precision and identified proteins were required to satisfy strict criteria, including FDR and amino acid coverage.




2.3.4 Data analysis and statistical approaches

For functional annotation, we used Gene Ontology and InterPro analyses through InterProScan, comparing against an extensive protein database. Additionally, we utilized the COG and KEGG databases to further analyze protein families and pathways. Differential protein expression was examined with various tools, including Volcano plot and heat map analysis. Protein-protein interactions were predicted using the STRING-db server.





2.4 Metabolomics analysis



2.4.1 Metabolite extraction and untargeted metabolomic analysis

0.1 g of leaf tissue was ground in liquid nitrogen to form a fine powder, which was then reconstituted in pre-chilled 80% methanol. After vigorously shaking the mixture, it was placed on ice for 5 minutes and then centrifuged at 15,000 g for 20 minutes at 4°C. The clear supernatant was diluted to a 53% methanol concentration using UHPLC-MS/MS grade water. The diluted mixture was transferred to new Eppendorf tubes and centrifuged again under the same conditions. The resulting supernatant was then prepared for UHPLC-MS/MS analysis.

The samples were analyzed using a Vanquish UHPLC system (Thermo Fisher, Germany), paired with an Orbitrap Q Exactive™ HF mass spectrometer (Thermo Fisher, Germany). The samples were loaded onto a Hypersil Gold column (100 × 2.1 mm, 1.9 μm)(Thermo Fisher, USA) using a 12-minute linear gradient at a flow rate of 0.2 mL/min. For positive polarity mode, eluent A was 0.1% formic acid in water and eluent B was methanol. For negative polarity mode, eluent A was 5 mM ammonium acetate (pH 9) and eluent B was methanol. The solvent gradient was: 2% B, 1.5 minutes; 2-85% B, 3 minutes; 85-100% B, 10 minutes; 100-2% B, 10.1 minutes; 2% B, 12 minutes. The mass spectrometer parameters, including spray voltage, capillary temperature, gas flow rates, and S-lens RF level, were precisely calibrated. The MS scan range was 90 to 900 m/z, with fragmentation data acquisition in both polarity modes.




2.4.2 Processing and analysis of metabolomics data

To process the metabolomics data, we employed Compound Discoverer 3.3. The metabolite identification process involved comparing the acquired data against various databases, including mzCloud, mzVault, KEGG, and others, while adhering to a strict mass tolerance. For metabolite annotation, we relied on established databases such as KEGG, HMDB, and LIPID Maps, which provide a wealth of information for precise identification and classification.




2.4.3 Synthesis of proteomic and metabolomic data

The incorporation of the identified differentially expressed proteins (DEPs) and metabolites (DEMs) into the KEGG pathway maps enabled the visualization of changes in key metabolic pathways.





2.5 Statistical analysis

Data preparation was carried out with Microsoft Excel 2023, and all statistical analyses were conducted in SPSS V16.0 for Windows (SPSS, Chicago, Illinois, USA). A difference was deemed statistically significant if P < 0.05.





3 Results



3.1 Effect of topping on antioxidant enzymes

The antioxidant enzyme indices of tobacco leaves that underwent topping were compared to those that did not. As illustrated in Figure 1, topping had a significant effect on O2- content, SOD activity, and MDA content. Specifically, O2- levels in the DDW2 group were 22.95% higher than in the DDW1 group. In a similar vein, SOD activity in the DDW2 group was 19.30% higher than in the DDW1 group. Furthermore, MDA content in the DDW2 group was 34.10% higher, demonstrating a statistically significant difference.


[image: Three bar charts compare DDW1 and DDW2 groups for O2- contents, SOD activity, and MDA contents. DDW2 consistently shows higher values: O2- (140 vs. 120 mmol/mL), SOD activity (250 vs. 200 U/g), and MDA (0.8 vs. 0.6 mmol/g FM). Significance is indicated by different letters above bars.]

Figure 1 | That topping has an effect on O2- content, SOD activity and MDA content. Different letters above the error bars indicate significant difference at the 0.05 probability level.






3.2 Identification of proteins

An unsupervised, multi-factor principal component analysis (PCA) was performed to evaluate the protein profile data of cigar tobacco leaves subjected to topping and non-topping treatments. As depicted in Figure 1, the two groups of cigar tobacco leaves were significantly separated along the first principal component, with minimal dispersion among samples within each treatment group. All samples fell within the 95% confidence interval, indicating significant differences in protein profiles between the DDW1 and DDW2 groups. Analysis using the Proteome Discoverer (PD) software confirmed high sample repeatability in this study, as illustrated in Figure 2A. The proteomic analysis of cigar tobacco leaves in the DDW1 and DDW2 groups identified a total of 12,677 proteins. All proteins in this investigation were subjected to screening and analysis utilizing a threshold of VIP > 1, FC > 1.5 or FC < 0.67, and P < 0.05. The results demonstrated that, compared to the DDW2 group, the DDW1 group had 385 DEPs, with 229 up-regulated and 156 down-regulated (Figure 2B; Supplementary Table 2). KEGG pathway analysis, conducted using KOBAS 3.0 online software, revealed the top 20 enriched pathways among these DEPs (Figure 2C). The significantly enriched pathways included flavone and flavonol biosynthesis, flavonoid biosynthesis, porphyrin and chlorophyll metabolism, cysteine and methionine metabolism, amino acid biosynthesis, and general metabolic pathways.


[image: A: A PCA plot shows two groups, DDW1 in red and DDW2 in blue, separated along PC1 and PC2 axes. B: A volcano plot compares DDW1 to DDW2, displaying upregulated (red) and downregulated (green) data points based on log2 fold change and negative log10 p-value. C: A dot plot presents metabolic pathways, highlighting the biosynthesis of secondary metabolites with varying circle sizes and colors indicating the ratio and significance level.]

Figure 2 | Identification of Proteins. (A) PCA result of proteins obtained; (B) Volcano map of differential proteins; (C) KEGG pathway enrichment result of differential proteins.






3.3 Protein-protein interaction (PPI) analysis of Differentially Expressed Proteins (DEPs)

Protein-protein interaction networks were generated using the publicly accessible STRING database, revealing a network of 161 nodes interconnected by 102 interactions among significantly altered proteins. Cluster analysis within STRING showed that these networks were mainly composed of proteins involved in key metabolic pathways. These included porphyrin and chlorophyll metabolism, seleno-compound metabolism, amino sugar and nucleotide sugar metabolism, biosynthesis of phenylalanine, tyrosine, and tryptophan, flavonoid biosynthesis, glyoxylate and dicarboxylate metabolism, amino acid biosynthesis, flavone and flavonol biosynthesis, as well as steroid and secondary metabolites biosynthesis. The results are illustrated in Figure 3 and detailed in Supplementary Table 1.


[image: A complex network diagram showing various nodes connected by lines. Nodes are colored differently, indicating distinct categories or groupings, with labels such as LOC107783240 and LOC107784537. Lines connect these nodes, suggesting interactions or relationships.]

Figure 3 | The PPI analysis of differentially expressed proteins.






3.4 Identification and analysis of metabolites

The PCA results are displayed in Figure 4A. Samples from the DDW1 and DDW2 groups were significantly separated along the first and second principal components, with little variation within each treatment group. All samples fell within the 95% confidence interval, highlighting significant differences in the metabolite profiles of cigar tobacco leaves between the two treatment groups. Through the metabolic analysis of cigar tobacco leaves in the DDW1 and DDW2 groups, a total of 1163 metabolites were quantified. All metabolites in this investigation were screened and examined using a threshold of VIP > 1, FC > 1.2 or FC < 0.83, and P < 0.05. The results demonstrated that, compared to the DDW1 group, the cigar tobacco leaves in the DDW2 group had 247 DEMs, with 120 up-regulated and 128 down-regulated (Figure 4B; Supplementary Table 3). The bulk of these differential metabolites were composed of lipids and lipid-like molecules, phenylpropanoids and polyketides, organic acids and derivatives, and organoheterocyclic compounds, as depicted in Figure 4C. Pathway enrichment analysis highlighted eight key enriched pathways among these metabolites, including zeatin biosynthesis, sulfur relay system, benzoxazinoid biosynthesis, purine metabolism, flavone and flavonol biosynthesis, amino acid biosynthesis, cysteine and methionine metabolism, and flavonoid biosynthesis, shown in Figure 4D. Additionally, correlation analysis revealed that 2-hydroxyisocaproic acid had a significant positive correlation with gamma-caprolactone and octanedioic acid. Sattabacin showed a significant positive correlation with (±)-abscisic acid and methyl jasmonate, and a positive correlation was also observed between octanedioic acid and gamma-caprolactone with methyl jasmonate and (±)-abscisic acid, respectively, as detailed in Supplementary Figure 1.


[image: A: PCA plot showing two clusters, DDW1 and DDW2, with percentage variations labeled on PC1 and PC2 axes. B: Volcano plot displaying gene expression differences with dots sized by VIP and colored for up, down, or no differential expression. C: Pie chart categorizing compounds into eight classes, including lipids and phenylpropanoids. D: Dot plot indicating biosynthesis terms with dots sized by the number of occurrences and colored by p-value significance.]

Figure 4 | Identification and Analysis of Metabolites. (A) PCA result of metabolites obtained; (B) Volcano map of differential metabolites; (C) the pie chart shows the category results of the differential metabolites; (D) KEGG pathway enrichment result of differential proteins.






3.5 Merging proteomic and metabolomic data studies

Eight primary pathways were identified through KEGG enrichment analysis of the DEPs and DEMs previously screened (Figure 5). These pathways included ‘flavonoid biosynthesis’, ‘flavone and flavonol biosynthesis’, ‘indole alkaloid biosynthesis’, ‘phenylpropanoid biosynthesis’, ‘phenylalanine metabolism’, ‘citrate cycle (TCA cycle)’, ‘monobactam biosynthesis’, and ‘pantothenate and CoA biosynthesis’.


[image: A scatter plot titled "Prot_Met" compares different biosynthesis categories. The x-axis shows a specific value range, and the y-axis lists categories like flavonoid and indole alkaloid biosynthesis. Points are circles or triangles, indicating types "Met" and "Prot," respectively. Point size represents "Count" from two to eight, and color indicates "negLog10_p_value," ranging from green to red.]

Figure 5 | Bubble diagram of enrichment pathway of DEPs and DEMs of cigar tobacco leaves in DDW1 and DDW2 groups. Protein was represented by triangles; metabolite was represented by circles. Horizontal axis indicates the enrichment degree of DEPs and DEMs. Point color represents the P-value, and point size indicates the number of DEPs and DEMs in the corresponding pathway.



Differential proteins and metabolites were analyzed using KEGG pathway mapper tools, with a particular focus on their role in the flavonoid biosynthesis pathway, as shown in Figure 6. Within this pathway, three notable differential metabolites were identified: pinocembrin, kaempferol, and caffeoyl shikimic acid. Pinocembrin and kaempferol were up-regulated, whereas caffeoyl shikimic acid was down-regulated. Additionally, several enzymes in this pathway, such as chalcone synthase (CHS), chalcone isomerase (CHI), naringenin 3-dioxygenase (F3H), and 5-O-(4-coumaroyl)-D-quinate 3’-monooxygenase (CYP98A), were predominantly up-regulated, suggesting an overall increase in the activity of flavonoid biosynthesis pathway.


[image: Diagram of flavonoid biosynthesis pathways, showing enzymatic conversions from cinnamoyl-CoA to various flavonoids like pinocembrin, butein, and dihydroquercetin. Colored rectangles represent proteins, and circles denote metabolites, with a color gradient indicating expression levels: red indicates upregulation, blue downregulation, and yellow neutral. Key enzymes include CHS, CHI, F3H, and CYP98A. The pathways bifurcate into phenylpropanoid and flavone/flavonol biosynthesis, with key metabolites like naringenin and quercetin highlighted. A legend explains the color coding for proteins and metabolites.]

Figure 6 | Changes in flavonoid biosynthesis proteins and metabolism. The pathways were drawn based on the KEGG database. CHS, chalcone synthase [EC:2.3.1.74]; CHI, chalcone isomerase [EC:5.5.1.6]; F3H, naringenin 3-dioxygenase [EC:1.14.11.9]; HCT, shikimate O-hydroxycinnamoyltransferase [EC:2.3.1.133]; CYP98A, 5-O-(4-coumaroyl)-D-quinate 3’-monooxygenase [EC:1.14.14.96]; F3’H flavonoid 3’-monooxygenase; flavonoid [EC:1.14.14.82].



Furthermore, four key differential metabolites-kaempferol, trifolin, rutin, and quercetin-were also up-regulated. Enzymes such as flavonoid 3’-monooxygenase (F3’H) were found to be predominantly up-regulated, indicating enhanced activity in the flavonoid biosynthesis pathway. The interactions and regulatory patterns of these enzymes and metabolites are detailed in Figure 6.





4 Discussion

Currently, most studies on topping focus primarily on tobacco leaf quality and alkaloid concentrations, often overlooking the mechanical damage it inflicts on the plant. Additionally, these studies typically employ physiological or single-omics methods to explain the process. Incorporating an integrated data approach—encompassing genetics, epigenetics, transcriptomics, and proteomics—can offer a more comprehensive view of plant responses to various abiotic stresses. Liu et al. (2016) mentioned that protein levels do not always reflect metabolite abundance, suggesting that relying solely on one method, like proteomics or metabolomics, may lead to incomplete or inaccurate interpretations. Zapalska-Sozoniuk et al. (2019) stressed the importance of integrating multiple omics approaches for accurate interpretation. By applying multi-omics studies to understand how tobacco plants respond to the abiotic stress (mechanical damage) of topping, we can gain a deeper understanding of their tolerance mechanisms.

Topping in plants results in mechanical damage that disrupts oxidative balance, leading to an increase in ROS (Das and Roychoudhury, 2014). Stress conditions exacerbate this imbalance, causing ROS accumulation that can damage proteins, lipids, and DNA (Hernandez et al., 2009). In response, plants produce various antioxidant enzymes, such as SOD and ascorbate peroxidase (APX), and small molecules like ascorbic acid (AA) and glutathione (GSH) to counteract ROS effects (Mullineaux and Rausch, 2005; Gill and Tuteja, 2010; Miller et al., 2010). Consistent with these results, our study found that the DDW2 group had higher levels of superoxide anion, SOD activity, and MDA content compared to the DDW1 group (Figures 1). GO enrichment analysis of DEPs showed a focus on oxidative stress-related terms, such as “flavonoid biosynthesis” and “flavonol and flavone biosynthesis” (Figure 2C). Similarly, DEMs were enriched in terms linked to oxidative stress, including “zeatin biosynthesis,” “flavonoid biosynthesis,” and “flavonol and flavone biosynthesis” (Figure 3). These findings denote that many metabolic pathways, especially those involved in flavonoid and flavonol/flavone biosynthesis, are altered under topping conditions, indicating a potential link between increased ROS production and the topping process.

KEGG enrichment analysis of DEPs and DEMs revealed the response pathways in tobacco under topping-induced stress. The findings showed that topping conditions significantly alter several metabolic pathways, especially those involved in flavonoid and flavonol/flavone biosynthesis (Figures 2C, 3D, 4). This implies that flavonoid compounds may play a key role in tobacco’s response to topping (mechanical damage). Flavonoids, a major class of polyphenolic secondary metabolites with over 8000 identified compounds in plants, including flavone, flavonol, and isoflavone, exhibit a range of biological activities due to their unique chemical structures (Yuan et al., 2015). These activities include photoprotection (Harvaux and Kloppstech, 2001), ROS scavenging (Gayomba and Muday, 2020), regulation of auxin transport, pollinator attraction (Kellenberger et al., 2019), pathogen resistance (Yang et al., 2021), stomatal aperture regulation (Watkins et al., 2014), promotion of pollen tube growth (Muhlemann et al., 2018), and influence on root development (Silva-Navas et al., 2016). While most research on flavonoids in tobacco has concentrated on color and quality changes, their role in the plant’s resistance to adverse conditions has been less explored.

In flavonoid biosynthesis, CHS is the initial key enzyme that shifts the metabolic process from phenylpropanoid to flavonoid synthesis (Wang et al., 2017), by catalyzing the reaction between coumaroyl-CoA and malonyl-CoA to generate flavonoid precursors. CHI, the second essential enzyme in this pathway, facilitates the intramolecular cyclization of chalcones to produce flavanones, which are then further modified into various flavonoid structures (Wu et al., 2018; Wang et al., 2017). Studies indicate that both CHS and CHI play significant roles in synthesizing various defensive compounds within the phenylpropanoid pathway and are directly involved in these processes. Plant responses to external stimuli, such as stress and pathogen attacks, involve the rapid activation of CHS, which boosts stress resistance (Turnbull et al., 2004; Petrussa et al., 2013). For instance, incorporating the CHS gene into poplar trees decreased their sensitivity to low temperatures. Similarly, co-expressing CHS and flavonol synthase genes in tomatoes enhanced flavonol production and antioxidant capacity (Verhoeyen et al., 2002). Additionally, overexpression of CHS, CHI, and DFR genes in potato tubers increased anthocyanin and flavonoid levels, thereby improving antioxidant properties (Lukaszewicz et al., 2004). In our study, we observed an upregulation of CHS and CHI in the biosynthesis pathway (Figure 6), leading to higher pinosylvin levels. Pinosylvin, a key flavonoid found in propolis with significant antimicrobial properties (Rasul et al., 2013), appears to be linked to the mechanical damage caused by topping, and its increased production could enhance antibacterial effects.

Flavanone 3-hydroxylase (F3H) is a crucial enzyme in the flavonoid biosynthetic pathway, responsible for converting flavanones into dihydroflavonols, which are precursors for flavonol and anthocyanins (Cheng et al., 2013). Regulation of the F3H gene influences plant pigment levels, which enhances plant adaptability and survival, such as increasing resistance to ultraviolet radiation (Prochazkova et al., 2011). It plays an important role in plant morphogenesis, physiological and biochemical functions, and coping with environmental stress (Prochazkova et al., 2011; Ma et al., 2020). The F3H gene has been cloned and identified in several plant species, including Malus pumila Mill (Davies, 1993), Vitis vinifera L (Sparvoli et al., 1994), Zea mays L (Deboer et al., 2009), Arabidopsis thaliana (Pelletier and Shirley, 1996), Glycine max (Zabala and Vodkin, 2005) and Carthamus tinctorius L (Tu et al., 2016). Evidence indicates that F3H is influenced by various environmental factors. For example, gibberellic acid and sucrose boost the expression of EsF3H in epimedium, enhancing the accumulation of flavonoid bioactive compounds (Zeng et al., 2013). Similarly, JA and abscisic acid (ABA) regulate the expression of AtF3H involved in flavonoid biosynthesis in Arabidopsis (Loreti et al., 2008; Lewis et al., 2011). Overexpression of F3H in Arabidopsis increases resistance to salt and oxidative stress (Li et al., 2017). Our research found that the upregulation of CHS, CHI, and F3H proteins in the flavonoid biosynthesis pathway led to higher levels of dihydroflavonols and subsequent naringenin metabolites. Naringenin, a key flavonoid with antioxidant and anti-inflammatory properties, inhibits protein kinases. Our research shows that CHS and CHI enzymes are mainly involved in synthesizing dihydroflavonols, which, together with FL3, are essential for naringenin production. Naringenin effectively prevents lipid peroxidation and scavenges superoxide anions, aligning with previous studies (Sparvoli et al., 1994). Additionally, increased sunlight and UV-B radiation significantly impact the content and ratio of naringenin and other flavonoids in plant leaves, affecting their photoprotective abilities (Ryan et al., 2002; Zhao et al., 2020; Zhang et al., 2023b).

Flavone and flavonol are classes of natural compounds produced via the phenylpropanoid pathway (Gao et al., 2021). This process begins with phenylalanine, which is first converted into cinnamic acid by phenol oxidase. Cinnamic acid is then converted into coumaric acid through a series of steps. Coumaric acid, a type of organic acid, is subsequently transformed into chalcones through the action of chalcone synthase. Finally, chalcones are converted into flavone or flavonol by flavon synthase (Wu et al., 2018).

Flavonoid 3’-hydroxylase (F3’H, EC: 1.14.13.21) is a cytochrome P450 monooxygenase enzyme (Shi et al., 2006; Li et al., 2021) belonging to the CYP75 subfamily and plays a crucial role in the synthesis of flavonoid compounds. Our study found that topping increases F3’H expression. This enzyme acts on various substrates, including apigenin, naringenin, kaempferol, and dihydrokaempferol. These results align with previous findings that F3’H is upregulated under stress conditions, boosting resistance. For instance, in Citrus sinensis, the gene CsF3’H is significantly induced by drought stress. In transgenic Arabidopsis plants overexpressing CsF3’H, there are lower levels of ROS and higher levels of antioxidant flavonoids and antioxidant enzyme activity compared to wild-type plants, thereby improving drought resistance (Guo et al., 2011).

It was also found that trifolin, rutin, and quercetin experienced alterations in their biosynthesis pathways. Following topping, levels of these compounds increased, implying their antioxidant properties. Liu et al. (2021) investigated lilac (Syringa) responses to light stress and discovered that light can regulate the expression of key genes in the rutin synthesis pathway, such as 4CL1, CYP73A, and CYP75B1, leading to higher rutin levels. Conversely, salt stress impaired germination and seedling growth in Apocynum venetum L., resulting in reduced total flavonoid content. However, the content of the flavonol quercetin increased, with the upregulation of genes involved in its synthesis, including AvF3’H, AvF3H, and AvFLS (Xu et al., 2020).

Research has demonstrated that the biosynthesis of flavonoids, flavones, and flavonols can boost a plant’s antioxidant defense (Prochazkova et al., 2011; Petrussa et al., 2013). This study found that topping significantly influenced the biosynthesis of these compounds, along with the activities of O2-, SOD, and MDA. Protein and metabolism analysis revealed that CHS, CHI, F3H, and F3’H were upregulated, and the levels of metabolites such as kaempferol, clover, rutin, and quercetin were increased. These changes support the accumulation of antioxidant enzymes, help maintain oxidative balance, and protect against oxidative stress by continuously synthesizing and accumulating these compounds. They also shield lipids and membrane proteins from oxidative damage, neutralize ROS, and reduce oxidative cell damage. While these findings shed light on the activation of antioxidant mechanisms following topping in cigar tobacco, further research is needed to gain a more comprehensive understanding of the underlying protein and metabolic processes.




5 Conclusion

In this study, we revealed that topping significantly affects the intrinsic proteins and metabolites in cigar tobacco leaves. This impairment modifies the amount of proteins associated with flavonoid biosynthesis and flavone and flavonol biosynthesis, including CHS, CHI, F3H, and F3’H, as well as the accumulation of the metabolic products kaempferol, trifolin, rutin, and quercetin. Consequently, this encourages the buildup of antioxidative enzymes. To maintain oxidative balance and counteract oxidative stress, flavonoids are continuously produced and accumulated. This process helps protect lipids and membrane proteins from oxidative damage, neutralizes ROS, and impedes their formation, thus mitigating oxidative cell damage. Our findings offer novel insights into the metabolomic and proteomic responses of cigar tobacco to topping.
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Anthocyanins are flavonoid-derived metabolites that contribute to plant and human health. At present, few studies have studied the biosynthesis and accumulation mechanism of anthocyanins in pepper leaves. The role of CaMYBA–CaMYC–CaTTG1 complex in anthocyanin biosynthesis in pepper leaves was studied. Yeast two-hybrid and dual-luciferase experiments showed that CaMYBA, CaMYC, and CaTTG1 could form an MYB–bHLH–WD40 (MBW) complex. They also have transcriptional activation on the anthocyanin synthesis structural genes CaCHS, CaCHI, CaF3H, CaF3′5′H, CaANS, CaDFR, and CaUFGT. Silencing CaMYBA or CaMYC could decrease the content of anthocyanin in pepper leaves. Transient overexpression of CaMYBA in tobacco indicated that CaMYBA determines the function of an MBW complex. Further analysis showed that CaMYBA could activate the expression of CaMYC by binding to its promoter. Overall, our study expands the understanding of the regulatory mechanism of anthocyanin synthesis in pepper leaves and has important significance for creating more pepper plants with different color patterns by gene editing engineering.
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1 Introduction

Anthocyanins are one of the important factors that produce a series of colors in different tissue parts of plants such as leaves, flowers, and fruits. Anthocyanins are a major branch of flavonoid metabolism whose biological functions are diverse and play important roles in plant metabolism and breeding, including attracting insects and birds to pollinate and spread seeds and preventing photooxidative damage (Feild et al., 2001; Liu et al., 2020; Winkel-Shirley, 2001). In recent years, researchers have paid more and more attention to anthocyanin synthesis and its regulatory mechanism, which has been well studied in petunia (Albert et al., 2014), snapdragons (Naing et al., 2017), maize (Chachar et al., 2024), and Arabidopsis (Gonzalez et al., 2008).

The anthocyanin biosynthetic pathway branches off from the general phenylpropanoid pathway (Borovsky et al., 2004), and its synthesis requires two categories of genes: those encoding the enzymes that catalyze different reactions (i.e., structural genes) and those that regulate the expression of the structural genes (i.e., regulatory genes) (Gonzali et al., 2009). All structural genes in the pathway, including chalcone synthase (CHS), chalcone isomerase (CHl), flavanone 3-hydroxylase (F3H), flavonoid 3′5′-hydroxylase (F3′5′H), dihydroflavonol-4-reductase (DFR), anthocyanin synthase (ANS), and UDP-glucose:flavonoid 3-glucosyltransferase (UFGT), have been identified in some crops (Lalusin et al., 2006; Sunil and Shetty, 2022). CHS, CHI, and F3H are early biosynthetic genes (EBGs), while F3′5′H, DFR, ANS, and UFGT are late biosynthetic genes (LBGs) (Jung et al., 2019).

These structural genes usually are regulated by multiple transcription factors, especially MYB, bHLH, and WD40 proteins (Petroni and Tonelli, 2011). The three transcription factors can form a regulatory complex MYB–bHLH–WD40 (MBW) and interact with the promoters of the structural genes of the anthocyanin biosynthesis pathway to regulate their expression (Petroni and Tonelli, 2011; Spelt et al., 2000). For example, the AtMYB113/AtMYB114/AtPAP1/AtPAP2-AtEGL3/AtGL3-AtTTG1 complex can control the accumulation of anthocyanin in Arabidopsis, overexpression of AtMYB113 or AtMYB114 results in substantial increases in pigment production similar to the result of overexpression of AtPAP1 or AtPAP2, and pigment production in these overexpressors remains TTG1- and bHLH-dependent (Gonzalez et al., 2008). In Petunia, the MYB–bHLH–WD40 complex regulates anthocyanin biosynthesis at different tissue sites, and different MYBs determine the tissue-specific accumulation of anthocyanins (Albert et al., 2011). The patterning and spatial localization of anthocyanins are primarily determined by the activity of the R2R3-MYB factors in the complex, with individual gene-family members regulating separate patterns (Davies et al., 2012), which act with common bHLH and WD40 factors (Schwinn et al., 2006; Gonzalez et al., 2008; Albert et al., 2011; Lowry et al., 2012).

Pepper (Capsicum annuum L.) is one of the most important horticultural crops due to its culinary and ornamental applications (Liu et al., 2020). Anthocyanin-rich pepper cultivars can become special peppers with high antioxidant activity (Sharma et al., 2016). Anthocyanin pigmentation in C. annuum is influenced by the locus A, which encodes a MYB transcription factor (CaMYBA). The expression of EBGs (CaCHS and CaCHI) and LBGs (CaDFR and CaANS) of the anthocyanin pathway in pepper has been proposed to be A-independent (Borovsky et al., 2004). The insertion of a non-long terminal repeat (non-LTR) retrotransposon in the CaMYBA promoter region causes it to recruit transcription factors to activate CaMYBA expression, resulting in purple pigmentation in various tissues including fruits (only at the immature stage), flowers, and leaves (Jung et al., 2019). However, tissue-specific anthocyanin pigmentation is still present in some capsicum materials that carry the non-functional CaMYBA allele, especially in flowers and fruits. CaAN3 can induce capsicum fruit-specific anthocyaninosis (Byun et al., 2022). The mutation of WD40 transcription factor CaTTG1 can lead to the disappearance of the hypocotyl anthocyanin phenotype of pepper (Wang et al., 2025). A recessive gene ayw, which encodes F3′5′H, was identified as the major candidate gene influencing the yellow color of the anthers and the green color of the stems after preliminary and fine mapping (Wang et al., 2023). Previously, virus-induced gene silencing (VIGS) of the CaMYBA gene induced the downregulation of most anthocyanins that synthesize structural genes (Aguilar-Barragán and Ochoa-Alejo, 2014; Zhang et al., 2015) and bHLH gene CaMYC (Zhang et al., 2015). However, VIGS of CaMYC also reduced the expression levels of most anthocyanins that synthesize structural genes, but not CaMYBA (Lu et al., 2019). VIGS of CaTTG1 reduced the expression levels of some anthocyanins that synthesize structural genes (Aguilar-Barragán and Ochoa-Alejo, 2014). Although some studies have reported that CaMYBA, CaMYC, and CaTTG1 are highly correlated with anthocyanin synthesis in pepper, they may form an MBW complex to regulate the transcriptional expression of anthocyanin synthesis structural genes. However, whether they can form an MBW complex or their specific molecular mechanism of regulating anthocyanin synthesis has not been deeply studied. This study verified that CaMYBA, CaMYC, and CaTTG1 can form an MBW complex and then regulate the transcriptional expression of CaCHS, CaCHI, CaF3H, CaF3′5′H, CaDFR, CaANS, and CaUFGT, thus affecting anthocyanin synthesis in pepper leaves.




2 Materials and methods



2.1 Plant material

Green pepper (Zunla) and purple pepper (PP) were used as experimental materials. The whole plant of PP material was purple. Its stems, leaves, and flowers were purple, and its young fruit was purple, which gradually changed to orange after the fruit ripened. The materials treated in the same phase were randomly selected and divided into three groups as three biological replicates. Mature leaves of different colors were taken, immediately frozen in liquid nitrogen, and stored at −80°C for further analysis.




2.2 Virus-induced gene silencing of CaMYBA and CaMYC

According to the method of Wang et al. (2013a), gene-specific primers with restriction enzyme cleavage sites were used to amplify CaMYBA and CaMYC coding region fragments (Supplementary Table S1). The obtained product was inserted into the pTRV2 carrier to generate the pTRV2:CaMYBA and pTRV2:CaMYC. pTRV1, pTRV2, pTRV2:CaMYBA, and pTRV2:CaMYC vectors were transformed into Agrobacterium tumefaciens strain (GV3101). GV3101 carrying pTRV1 was mixed with the empty vector pTRV2:00, pTRV2:CaMYBA, and pTRV2:CaMYC in a 1:1 ratio. When the first set of true leaves fully unfolded, the Agrobacterium suspension containing pTRV1, pTRV2:00, pTRV2:CaMYBA, and pTRV2:CaMYC (OD600 = 1.0) was soaked into the fully developed cotyledons of PP using a 1.0-mL sterile needle-free syringe. The Agrobacterium-inoculated pepper plants were grown for 54 hours under conditions of 16°C, 75% relative humidity, and darkness and then transferred to a growth chamber at 22°C, 60% relative humidity, and 16 hours of light/8 hours of dark light cycle.




2.3 Yeast two-hybrid assay

Yeast two-hybrid (Y2H) assay was conducted according to the study of Wei et al. (2020). For yeast two-hybrid assay, the Coding sequences (CDSs) of CaMYBA (NM_001324618.1), CaMYC (XM_016686645.2), and CaTTG1 (XM_016708729.2) were cloned into the pGADT7 and pGBKT7 vectors to generate the prey and bait plasmids (Supplementary Table S1). The recombinant plasmids were co-transformed into the Y2H GOLD strain and grown on SD/-Leu/-Trp medium at 30°C for 3–4 days. Then, several dilutions of transformants were transferred to SD/-Leu/-Trp/-His/-Ade with X-α-Gal.




2.4 Luciferase complementation assay

According to the method of Luo et al. (2020), the full lengths of CaMYBA, CaMYC, and CaTTG1 were inserted into the pCAMBIA1300-nLUC and pCAMBIA1300-cLUC vectors (Supplementary Table S1). The constructs and empty plasmids were transformed into GV3101 and transiently expressed in Nicotiana benthamiana leaves. The LUC fluorescence signal was observed through a Tanon 5200 imaging system (Tanon, Shanghai, China).




2.5 Bimolecular fluorescence complementation assay

Full-length coding sequences of CaMYBA, CaMYC, and CaTTG1 were cloned into the binary N-terminal fragment of yellow fluorescent protein (nYFP) and C-terminal fragment of yellow fluorescent protein (cYFP) vectors (Supplementary Table S1). According to the method of Wang et al. (2021), Agrobacterium strains transformed with indicated nYFP or cYFP vectors were incubated, harvested, and resuspended in infiltration buffer (0.2 mM acetosyringone, 10 mM MgCl2, and 10 mM MES, pH 5.6) to identical concentrations (OD600 = 0.8). Equal volumes of an Agrobacterium culture containing nYFP (OD600 = 0.8) and cYFP (OD600 = 0.8) were mixed before infiltration into N. benthamiana leaves. After infiltration, plants were incubated at 24°C for 48 hours before observation. A confocal laser scanning microscope was used to identify yellow fluorescent protein (YFP) and 4',6-diamidino-2-phenylindole (DAPI) fluorescent signals.




2.6 Dual-luciferase assay

The CDSs of CaMYBA, CaMYC, and CaTTG1 were amplified and ligated into the pGreenII-62-SK vector for the generation of effector constructs (Supplementary Table S1). The CaCHS, CaCHI, CaF3H, CaF3′5′H, CaDFR, CaANS, and CaUFGT promoter fragments were ligated into the pGreenII-0800-LUC vector as reporters (Supplementary Tables S1 and S2). According to the method of Luo et al. (2020), the effector and reporter constructs were introduced into A. tumefaciens strain GV3101 (pSoup-p19) and transiently expressed in 4-week-old tobacco leaves as previously described. The luminescent living image was obtained using the plant living imaging system after 48 hours of incubation at 24°C following infiltration. The real-time fluorescence technique was employed for the quantitative assessment of LUC and REN expression, as well as for the calculation of their ratio to determine transcriptional activity, and the control ratio was set to 1.




2.7 Determination of anthocyanins

The content of anthocyanins was determined following the methods described in a previous study (Zhang et al., 2020). The samples were ground into powder with liquid nitrogen, followed by 24 hours of extraction in 1% HCl–methyl alcohol (3 mL, v/v) under 4°C in the dark. The absorbance at 530 nm and 657 nm was determined, and estimation of anthocyanin concentration was conducted based on the following formula: Q Anthocyanins = (A530 − 0.25 * A657)/fresh weight.




2.8 RNA extraction and real-time quantitative RT-PCR

Total RNA (1 μg), extracted using TRIzol reagent (Sangon Biotech, Shanghai, China), was used for oligo (dT) 18-primed cDNA synthesis according to the reverse transcription protocol (Vazyme, Nanjing, China). The resulting cDNA was subjected to real-time quantitative RT-PCR using a SYBR Premix Ex Taq kit (Vazyme) on a qTOWER3 real-time PCR machine. All quantitative primer information is shown in Supplementary Table S1. For each reported result, at least three independent biological samples were subjected to a minimum of three technical replicates. The results were normalized using the internal control CaUBI-3.




2.9 Statistical analysis

SPSS program version 19 (United States) was used to analyze the data. The one-way analysis of variance and t-test were used to determine the significant difference between groups.





3 Results



3.1 CaMYBA, CaMYC, and CaTTG1 form an MBW complex

Although the transcription factors CaMYBA, CaMYC, and CaTTG1 are expressed in the leaf of C. annuum L (Zhang et al., 2015; Lu et al., 2019), whether or not they regulate the anthocyanin pathway in pepper leaf as a complex remains to be confirmed. We compared CaMYBA and CaMYC with MYB and bHLH proteins that have been reported to regulate anthocyanin synthesis in other species. Similar to MYB proteins that regulate anthocyanin synthesis in other species, CaMYBA contains a highly conserved R2R3 domain in the N-terminal region, a bHLH-interaction motif and an ANDV motif in the R3 domain region, and a KPRPR[S/T]F motif in the C-terminal region (Supplementary Figure S3; Stracke et al., 2001; Yan et al., 2020). Similarly, CaMYC, like other bHLH proteins that regulate anthocyanin synthesis, has a MYB-interaction motif in the N-terminal and a conserved bHLH domain in the C-terminal (Supplementary Figure S4; Wang et al., 2019). CaTTG1 is highly similar to TTG1 protein in tomato with a typical WD40 protein domain, and it is also similar to TTG1 protein regulating anthocyanin synthesis in Arabidopsis and Petunia (Gonzalez et al., 2008; Albert et al., 2011; Wang et al., 2025).

To verify whether CaMYBA, CaMYC, and CaTTG1 can form a complex, we validated their pairwise interactions by Y2H assay. The results showed that only the yeast cells transformed with pGADT7-CaMYBA and pGBKT7-CaMYC, and pGADT7-CaTTG1 and pGBKT7-CaMYC could grow well and show GAL4 activity on the X-α-Gal-contained selective media (Figure 1A). In order to further verify the reliability of the interaction results of the Y2H assay, we conducted luciferase complementation assay (LCA) and bimolecular fluorescence complementation (BiFC) assay. The results of the LCA and BiFC assay confirmed the interaction results of the Y2H assay. Accordingly, CaMYC can interact with CaMYBA or CaTTG1 proteins, while CaMYBA cannot interact with CaTTG1 proteins, and they can form a CaMYBA–CaMYC–CaTTG1 MBW complex.


[image: Panel A displays yeast two-hybrid assays with various protein combinations on SD-Leu-Trp and SD-Leu-Trp-His-Ade+X-α-Gal media, showing differences in colony growth. Panel B shows luminescence imaging of leaves with different luciferase constructs, with a color scale indicating intensity. Panel C presents microscopy images of leaves, including bright field (BF), yellow fluorescent protein (YFP), DAPI staining, and merged images, highlighting protein interactions with different constructs.]

Figure 1 | Interaction between CaMYBA and CaMYC, CaMYC, and CaTTG1. (A) Interaction of CaMYBA and CaMYC, CaMYC, and CaTTG1 in yeast two-hybrid (Y2H) assay. Transformed yeast cells were grown on SD-Leu-Trp and SD-Leu-Trp-His-Ade added with X-α-Gal. Transformation of pGADT7 (AD) and pGBKT7 (BD) vectors was used as a negative control. (B) CaMYC interacts with CaMYBA and CaTTG1 in the luciferase complementation assay (LCA). Positive luminescence observed by Charge Coupled Device (CCD) camera indicates mutual interaction. (C) Physical interactions of CaMYBA and CaMYC, CaMYC, and CaTTG1 by bimolecular fluorescence complementation (BiFC) assay. Transformation of pXY103 and pXY105 vectors was used as a negative control. Microscopic images were taken under bright field and fluorescence. Images under bright field (left one), YFP (left two), and DAPI (right two); the merged images (right one) are shown on the right. BF, bright field; YFP, yellow fluorescent protein.






3.2 CaMYBA, CaMYC, and CaTTG1 synergistically regulate the anthocyanin pathway genes

To verify the regulatory effects of CaMYBA, CaMYC, and CaTTG1 on the transcriptional activation of structural genes in the anthocyanin synthesis pathway of pepper leaves, we collected their 5′-non-coding sequences upstream of the translation initiation site (Supplementary Table S2) to evaluate CaMYBA, CaMYC, and CaTTG1 regulatory capacity on the expression of each. The possible MYB-recognizing element (MRE) or bHLH-recognizing element (BRE) was predicted (Zhu et al., 2015), and it was found that there was at least one MRE and one BRE on the promoters of the seven anthocyanin synthesis pathway genes: CaCHS, CaCHI, CaF3H, CaF3′5′H, CaDFR, CaANS, and CaUFGT (Supplementary Figure S5). By single and combinatory tests of CaMYBA, CaMYC, and CaTTG1 as effectors in dual-luciferase assays (Figure 2A), we detected how they regulated the reporter gene via the 5′-non-coding regions of the pathway genes. The tests showed that CaMYBA could, alone, initiate transcription on the seven pathway gene promoters. By contrast, CaMYC alone failed to activate observable promoter activities in the same setting. When CaMYBA and CaMYC are together or when all three of them are together, greater promoter activity can be generated, and the presence of CaMYBA, CaMYC, and CaTTG1 at the same time produces the largest promoter activity (Figure 2B, Supplementary Figure S6). This suggests that CaMYBA, CaMYC, and CaTTG1 acted as an MBW complex in the transcriptional activation of the main anthocyanin pathway genes in pepper leaves, and CaMYBA should play a role as the main active factor.


[image: Diagram (A) shows a schematic of effector and reporter constructs used in the experiment, with effector genes like CaMYBA and CaMYC driven by the 35S promoter. Reporter constructs include 35S-driven REN and gene-specific promoters linked to LUC. Chart (B) is a bar graph representing the LUC/REN ratio for various combinations of effectors and reporters, showing different gene activities. Each bar corresponds to specific gene constructs with various colors representing different gene combinations.]

Figure 2 | Collaborative regulation of CaMYBA, CaMYC, and CaTTG1 on the anthocyanin pathway genes of Capsicum annuum L. (A) Construct details for dual-luciferase assays. The effector constructs contain CaMYBA, CaMYC, and CaTTG1 driven by the CaMV 35 S promoter. The reporter constructs contain the firefly luciferase (LUC) driven by the promoter of CaCHS, CaCHI, CaF3H, CaF3′5′H, CaDFR, CaANS, or CaUFGT, and the Renilla luciferase (REN) driven by the CaMV 35 S promoter. (B) The effects of CaMYBA, CaMYC, and CaTTG1 individually and in combination on the promoter activity of CaCHS, CaCHI, CaF3H, CaF3′5′H, CaDFR, CaANS, or CaUFGT with the luciferase reporter assay. The 5′-non-coding regions are shown using colored bars for the seven genes tested. Empty effector vector (62-SK) was used as the control. LUC/REN ratio of the control (tobacco leaves co-transformed with the reporters and the empty effector vector) was taken as 1 for normalization. Error bars represent the mean ± SD of three biological replicates. Statistical significance was determined using Duncan’s t-test (p < 0.05).






3.3 Silencing of CaMYBA or CaMYC reduced the accumulation of anthocyanins and the expression of anthocyanin pathway genes

To verify the role of CaMYBA or CaMYC in anthocyanin synthesis in pepper leaves, CaMYBA or CaMYC expression was silenced through the VIGS technique, in which the Agrobacterium strain harboring pTRV1 and pTRV2:00, pTRV2:CaMYBA, and pTRV2:CaMYC were injected into cotyledons of purple pepper line PP. After 5 weeks of injection, obvious green leaves were observed in the silenced peppers with the pTRV2:CaMYBA or pTRV2:CaMYC vector. After silencing CaMYBA or CaMYC, the purple pigment in pepper leaves obviously faded. However, no obvious symptoms were observed in pepper seedlings with pTRV2:00 (Figures 3A–D). The high silencing efficiency of CaMYBA or CaMYC gene expression after 5 weeks of injection suggested the reliability of the VIGS technique in silencing pepper gene expression (Figure 3E).


[image: (A) to (C) images show young plants with varying leaf pigmentation. (D) Bar chart shows anthocyanin content in three samples with corresponding tubes. (E) Multiple bar charts display relative expression levels of genes related to anthocyanin biosynthesis in three conditions. Each chart includes labeled axes and significant differences marked. Plant images have scale bars indicating 1 cm.]

Figure 3 | TRV-mediated silencing of CaMYBA or CaMYC in purple pepper plants (line PP). (A) pTRV2 empty vector infected pepper plant. (B) CaMYBA-silencing pepper plant. (C) CaMYC-silencing pepper plant. (D) Anthocyanin content in silencing plants. (E) Expression of anthocyanin synthesis pathway genes in silencing pepper plants. pTRV2:00, negative control plants; pTRV2:CaMYBA, CaMYBA-silencing plants; pTRV2:CaMYC, CaMYC-silencing plants. The expression of all genes was normalized by that of ubiquitin-conjugating protein gene CaUBI-3. The experiment was conducted with three biological replicates. Error bars represent the mean ± SD of three biological replicates. Statistical significance was determined using Duncan’s t-test (p < 0.05). Lower case letters indicate significant differences at the p<0.05 level.



Real-time quantitative PCR analyses demonstrated that CaMYBA or CaMYC silencing did not impact CaTTG1 and CaCHI expression. After the silencing of CaMYBA, the expression of CaMYC decreased significantly by as much as 99%. Similarly, after the silencing of CaMYC, the expression of CaMYBA also decreased to a certain extent by approximately 48%. The expression of CaCHS, CaF3H, CaF3′5′H, CaDFR, CaANS, and CaUFGT decreased significantly after CaMYBA silencing or CaMYC silencing was conducted due to low expression observed in silenced pepper leaves compared with the negative control. In contrast, the expression of these six genes decreased even more after the silencing of CaMYBA (Figure 3E).




3.4 CaMYBA in the MBW complex leads to activation of anthocyanin synthesis

To confirm the role played by CaMYBA, CaMYC, and CaTTG1 in the synthesis of anthocyanin, Agrobacterium carrying 35S:00, 35S:CaMYBA, 35S:CaMYC, or 35S:CaTTG1 was injected into tobacco leaves alone or in combination. Compared with the negative control, there were obvious color changes in the leaf regions with combined infection containing CaMYBA but no obvious color changes in the leaf regions without combined infection containing CaMYBA (Figure 4A). Consistent with observed phenotypic changes, total anthocyanin levels in tobacco leaf regions without CaMYBA overexpression were similar to those in negative controls, with no significant changes. In contrast, anthocyanin accumulation was much higher in leaf regions with CaMYBA overexpression (Figure 4B). In addition, no NtMYBA expression was detected in all overexpression combinations, so the effect of NtMYBA in tobacco leaves on anthocyanin accumulation could be excluded. The expression of CaMYBA was higher in tobacco leaf regions with color changes (Figure 4C). Therefore, ectopic transient overexpression of CaMYBA in tobacco leaves induces anthocyanin accumulation.


[image: Panel A shows two leaves with different genetic modifications, highlighting phenotypic differences. Panel B presents a bar graph and tubes illustrating anthocyanin content across different genetic lines. Panel C includes several bar graphs depicting the relative expression levels of various genes such as CaMYBA, CaMYC, CaTTG1, NtMYC, and others, in different genetic backgrounds.]

Figure 4 | Transient overexpression phenotype in tobacco leaves. (A) Pigmentation of transiently overexpressed tobacco leaves in different combinations. (B) Determination of anthocyanin content in transiently overexpressed tobacco leaves in different combinations. 35S:00, negative control; A, 35S:CaMYBA; AC, 35S:CaMYBA+35S:CaMYC; ACT, 35S:CaMYBA+35S:CaMYC+35S:CaTTG1; C, 35S:CaMYC; T, 35S:CaTTG1; CT, 35S:CaMYC+CaTTG1. (C) qRT-PCR analysis of anthocyanin-related gene expression between tobacco leaves with different combinations of transient overexpression. NtEF1α was used as an internal control gene. Error bars represent the mean ± SD of three biological replicates. Statistical significance was determined using Duncan’s t-test (p < 0.05).



The effects of single or combined overexpression of CaMYBA, CaMYC, and CaTTG1 on anthocyanin biosynthesis gene expression in tobacco leaves were analyzed by qRT-PCR. The CaMYBA-overexpressing, CaMYBA-CaMYC-overexpressing, and CaMYBA–CaMYC–CaTTG1-overexpressing regions presented remarkably higher expressions of NtMYC, NtCHS, NtCHI, NtF3H, NtF3′5′H, NtDFR, NtANS, and NtUFGT relative to negative control region and CaTTG1-overexpressing region, and this consistent with the greater content of anthocyanin in CaMYBA-overexpressing, CaMYBA-CaMYC-overexpressing, and CaMYBA–CaMYC–CaTTG1-overexpressing regions (Figure 4C). The expression levels of related genes did not change significantly in CaMYC-overexpressing, CaTTG1-overexpressing, and CaMYC-CaTTG1-overexpressing regions. Although the expression levels of NtF3′5′H in CaMYC-overexpressing and CaMYC-CaTTG1-overexpressing regions were higher than those in negative control, statistical analysis showed no significant difference (Figure 4C). Overall, CaMYBA dominated anthocyanin accumulation, and it may independently activate the expression of NtMYC in tobacco leaves and form a complex with it to further regulate anthocyanin synthesis.




3.5 CaMYBA binds to the CaMYC promoter and activates its transcription

To verify the regulatory effects of CaMYBA on the transcriptional activation of CaMYC, we collected 5′-non-coding sequences of CaMYC upstream of the translation initiation site (Supplementary Table S2) to evaluate CaMYBA regulatory capacity on their expression (Figure 5A). Dual-luciferase assay showed that CaMYBA could initiate transcription on CaMYC promoters (Figure 5B). At the same time, we also performed transient overexpression of CaMYBA in pepper leaves. Although the phenotype change was not so obvious as in tobacco leaves, qRT-PCR data showed that the expression level of CaMYBA was significantly increased, and the expression levels of CaMYC, CaCHS, CaCHI, CaANS, and CaUFGT were also significantly increased (Supplementary Figure S7). These results all indicate that CaMYBA can activate the transcriptional expression of CaMYC.


[image: Diagram labeled “A” and “B”. “A” shows constructs for effector and reporter systems. Effector: 62-SK with CaMYBA under 35S promoter. Reporter: 0800-LUC and ProCaMYC-2255 constructs with REN and LUC. “B” displays a fluorescence image indicating LUC/REN ratio and a bar graph comparing LUC/REN ratios for 62-SK and CaMYBA with ProCaMYC. The ratio is higher in CaMYBA.]

Figure 5 | Regulation of CaMYBA on the CaMYC. (A) Construct details for dual-luciferase assays. The effector constructs contain CaMYBA driven by the CaMV35S promoter. The reporter constructs contain the firefly luciferase (LUC) driven by the promoter of CaMYC and the Renilla luciferase (REN) driven by the CaMV35S promoter. (B) Dual-luciferase detection experiments showed that CaMYBA promoted the expression of the CaMYC. Empty effector vector (62-SK) was used as the control. LUC/REN ratio of the control (tobacco leaves co-transformed with the reporters and the empty effector vector) was taken as 1 for normalization. Error bars represent the mean ± SD of three biological replicates. Statistical significance was determined using a t-test, p < 0.01 (**).







4 Discussion

Chili pepper (C. annuum L.) originated in the tropics of South America, belongs to the Solanaceae family, and has high economic values (Wang et al., 2022). It has been reported that purple pepper leaves can enhance photosynthesis and alleviate oxidative stress (Dewez and Perreault, 2013; Zhang et al., 2015). In addition, pepper can also be used as an ornamental crop, and the purple pigment increases its ornamental value. Therefore, it is of great significance to expand the understanding of the regulatory mechanism of anthocyanin biosynthesis in pepper leaves.

In Arabidopsis and Petunia, MYB, bHLH, and WD40 transcription factors form an MBW complex to regulate anthocyanin biosynthesis (Gonzalez et al., 2008; Albert et al., 2011). According to previous reports, CaMYBA, CaMYC, and CaTTG1 have been shown to be highly correlated with anthocyanin accumulation in pepper, and they may regulate anthocyanin biosynthesis in pepper (Borovsky et al., 2004; Aguilar-Barragán and Ochoa-Alejo, 2014; Zhang et al., 2015; Lu et al., 2019; Jung et al., 2019; Wang et al., 2025; Liu et al., 2024). However, whether they can form an MBW complex has not been reported. In this study, amino acid sequence analysis showed that CaMYBA and CaMYC were highly similar in structure to MYB and bHLH transcription factors regulating anthocyanin synthesis in other species (Supplementary Figures S1 and S2); CaMYBA and CaMYC should be the corresponding members of the MBW complex regulating anthocyanin synthesis in capsicum. Meanwhile, protein interaction experiments showed that CaMYC could interact with CaMYBA or CaTTG1 (Figures 1A–C), and it was indicated that CaMYBA, CaMYC, and CaTTG1 can also form an MBW complex in pepper.

The binding of MYB and bHLH to promoters of anthocyanin structural genes was first reported with maize C1 and B (Roth et al., 1991). For the MYB part, C1 could bind to variable sites in the maize a1 gene promoter (Sainz et al., 1997). For the bHLH part, after the reported binding of CG-1 protein (Staiger et al., 1991) and human c-MYC (Blackwell et al., 1990) to CACGTG, the G-box was shown to bind to maize R (Kong et al., 2012), petunia AN1, and Ipomoea bHLH2 (Wang et al., 2013b). Most pathway genes identified so far do contain the cis-regulatory region with the necessary footings for the MBW complex; also, a 7-bp MRE (ANCNNCC) and a 6-bp bHLH-recognizing element [BRE and CACN(A/C/T)(G/T)] are required for an MBW complex to activate the promoter of target genes in the anthocyanin synthesis pathway (Zhu et al., 2015). After comparison, there was at least one MRE and one BRE on the promoter of CaCHS, CaCHI, CaF3H, CaF3′5′H, CaDFR, CaANS, and CaUFGT (Supplementary Figure S5). By single and combinatory tests of CaMYBA, CaMYC, and CaTTG1 as effectors in dual-luciferase assays (Figure 2A), CaMYBA, CaMYC, and CaTTG1 acted as an MBW complex in the transcriptional activation of the main anthocyanin pathway genes in pepper leaves (Figure 2B). Studies have shown that the activity of MYB transcription factors determines the function and regulatory mode of the MBW complex, with individual gene-family members regulating separate patterns (Davies et al., 2012), which act with common bHLH and WD40 transcription factors (Schwinn et al., 2006; Gonzalez et al., 2008; Albert et al., 2011; Lowry et al., 2012). Therefore, we believe that CaMYBA also determines the specific functional mode of an MBW complex regulating anthocyanin synthesis in pepper leaves. After VIGS silencing CaMYBA and CaMYC in our purple pepper variety PP, the leaves changed significantly from purple to green (Figures 3A–C), and the expression levels of anthocyanin synthesis structural genes (such as CaCHS) were significantly decreased except for CaCHI. In the study of Zhang et al. and Lu et al., the expression levels of all anthocyanin synthesis structure genes such as CaCHS were significantly decreased after silencing CaMYBA or CaMYC in pepper (Zhang et al., 2015; Lu et al., 2019). The difference is that the silencing of CaMYC resulted in a certain degree of decline in the expression of CaMYBA (Figure 3B). The VIGS experiment showed that CaMYBA and CaMYC have previously been shown to play a crucial role in the process of anthocyanin accumulation in pepper leaves. The transient overexpression of CaMYBA, CaMYC, and CaTTG1 alone or in combination in tobacco leaves produced obvious anthocyanin accumulation only when CaMYBA was present (Figures 4A, B). Overall, CaMYBA determined the function and regulatory mode of CaMYBA–CaMYC–CaTTG1 complex to activate anthocyanin synthesis in pepper leaves.

In Arabidopsis, the bHLH transcription factor TRANSPARENT TESTA8 (AtTT8) regulates its own expression through an MBW complex, which ultimately contributes to the regulation of anthocyanin and proanthocyanidin (PA) synthesis (Baudry et al., 2006; Xu et al., 2013). In Petunia, ectopic expression of PhAN2 (R2R3-MYB activator) in leaves resulted in ectopic expression of the bHLH transcription factor PhAN1 (Spelt et al., 2000). Similarly, PhAN1 transcript levels are severely reduced in the anthers of petunias that lack a functional PhAN4 allele (R2R3-MYB activator) (Spelt et al., 2000). After the expression of CaMYBA was silenced in pepper leaves, the expression of CaMYC was also decreased, and the expression of NtMYC was also significantly increased after transient overexpression of CaMYBA in tobacco leaves (Figures 3D, 4C). This suggests that CaMYC may also be regulated by CaMYBA in pepper. In the promoter analysis of CaMYC, we also found several possible MRE and BRE sites (Supplementary Figure S5). Dual-luciferase assay also proved that CaMYBA binds to the CaMYC promoter and activates its transcription (Figure 5B). Transient overexpression of CaMYBA in pepper leaves showed no significant changes in leaf color phenotype, but the expression levels of CaMYC and some anthocyanin synthesis structural genes increased significantly (Supplementary Figure S7). Therefore, when combined with studies of bHLH transcription factors such as AtTT8 and PhAN1 in other plants, we speculated that the transcription of CaMYBA activated the expression of CaMYC in pepper leaves, and they formed an MBW complex together with CaTTG1 to further transcriptively activate the expression of anthocyanin synthesis structural genes such as CaANS, thus promoting the accumulation of anthocyanins in pepper leaves. Our results verified the formation of CaMYBA–CaMYC–CaTTG1 complex in pepper and verified its function and regulation mode in the anthocyanin synthesis of pepper leaves. However, it is not clear whether CaMYBA can stably activate anthocyanin synthesis in the absence of CaMYC. Further studies should focus on elucidating the effect of the presence of CaMYC and CaTTG1 on the functional stability of CaMYBA at the protein level and the validation of MRE and BRE on the promoter of the structural gene of anthocyanin synthesis in pepper. The verification of the CaMYBA–CaMYC–CaTTG1 complex and its function and regulatory mode will help to expand the understanding of the regulatory mechanism of anthocyanin synthesis in pepper leaves, improve the regulatory model of anthocyanin synthesis in pepper, and also help to create germplasm resources of pepper with different color patterns.




5 Conclusion

In sum, CaMYBA, CaMYC, and CaTTG1 can form an MBW complex, and the complex can directly bind promoters of anthocyanin synthesis structural genes such as CaANS to promote their transcription and expression, thus promoting anthocyanin accumulation in pepper leaves. We believe that CaMYBA activates CaMYC expression and determines the function and regulation mode of the MBW complex.





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

XM: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Validation, Visualization, Writing – original draft. GL: Conceptualization, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft. ZX: Conceptualization, Data curation, Formal analysis, Investigation, Writing – original draft. CL: Validation, Visualization, Writing – original draft. BZ: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Project administration, Resources, Software, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was financially supported by the Major Science and Technology Project of Plant Breeding in Zhejiang Province (2021C02065).





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1538607/full#supplementary-material




References

 Aguilar-Barragán, A., and Ochoa-Alejo, N. (2014). Virus-induced silencing of MYB and WD40 transcription factor genes affects the accumulation of anthocyanins in chilli pepper fruit. Biol. Plantarum 58, 567–574. doi: 10.1007/s10535-014-0427-4

 Albert, N. W., Davies, K. M., Lewis, D. H., Zhang, H., Montefiori, M., Brendolise, C., et al. (2014). A conserved network of transcriptional activators and repressors regulates anthocyanin pigmentation in eudicots. Plant Cell 26, 962–980. doi: 10.1105/tpc.113.122069

 Albert, N. W., Lewis, D. H., Zhang, H., Schwinn, K. E., Jameson, P. E., and Davies, K. M. (2011). Members of an R2R3-MYB transcription factor family in Petunia are developmentally and environmentally regulated to control complex floral and vegetative pigmentation patterning. Plant Journal: Cell Mol. Biol. 65, 771–784. doi: 10.1111/j.1365-313X.2010.04465.x

 Baudry, A., Caboche, M., and Lepiniec, L. (2006). TT8 controls its own expression in a feedback regulation involving TTG1 and homologous MYB and bHLH factors, allowing a strong and cell-specific accumulation of flavonoids in Arabidopsis thaliana. Plant Journal: Cell Mol. Biol. 46, 768–779. doi: 10.1111/j.1365-313X.2006.02733.x

 Blackwell, T. K., Kretzner, L., Blackwood, E. M., Eisenman, R. N., and Weintraub, H. (1990). Sequence-specific DNA binding by the c-Myc protein. Sci. (New York N.Y.) 250, 1149–1151. doi: 10.1126/science.2251503

 Borovsky, Y., Oren-Shamir, M., Ovadia, R., De Jong, W., and Paran, I. (2004). The A locus that controls anthocyanin accumulation in pepper encodes a MYB transcription factor homologous to Anthocyanin2 of Petunia. TAG. Theor. Appl. Genet. Theoretische und angewandte Genetik 109, 23–29. doi: 10.1007/s00122-004-1625-9

 Byun, J., Kim, T. G., Lee, J. H., Li, N., Jung, S., and Kang, B. C. (2022). Identification of CaAN3 as a fruit-specific regulator of anthocyanin biosynthesis in pepper (Capsicum annuum). TAG. Theor. Appl. Genet. Theoretische und angewandte Genetik 135, 2197–2211. doi: 10.1007/s00122-022-04106-y

 Chachar, Z., Lai, R., Ahmed, N., Lingling, M., Chachar, S., Paker, N. P., et al. (2024). Cloned genes and genetic regulation of anthocyanin biosynthesis in maize, a comparative review. Front. Plant Sci. 15. doi: 10.3389/fpls.2024.1310634

 Davies, K. M., Albert, N. W., and Schwinn, K. E. (2012). From landing lights to mimicry: the molecular regulation of flower colouration and mechanisms for pigmentation patterning. Funct. Plant Biology: FPB 39, 619–638. doi: 10.1071/FP12195

 Dewez, D., and Perreault, F. (2013). Effect of the anthocyanic epidermal layer on Photosystem II and I energy dissipation processes in Tradescantia pallida (Rose) Hunt. Acta Physiol. Plant 35, 463–472. doi: 10.1007/s11738-012-1089-5

 Feild, T. S., Lee, D. W., and Holbrook, N. M. (2001). Why leaves turn red in autumn. The role of anthocyanins in senescing leaves of red-osier dogwood. Plant Physiol. 127, 566–574. doi: 10.1104/pp.010063

 Gonzalez, A., Zhao, M., Leavitt, J. M., and Lloyd, A. M. (2008). Regulation of the anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb transcriptional complex in Arabidopsis seedlings. Plant journal: Cell Mol. Biol. 53, 814–827. doi: 10.1111/j.1365-313X.2007.03373.x

 Gonzali, S., Mazzucato, A., and Perata, P. (2009). Purple as a tomato: towards high anthocyanin tomatoes. Trends Plant Sci. 14, 237–241. doi: 10.1016/j.tplants.2009.02.001

 Jung, S., Venkatesh, J., Kang, M. Y., Kwon, J. K., and Kang, B. C. (2019). A non-LTR retrotransposon activates anthocyanin biosynthesis by regulating a MYB transcription factor in Capsicum annuum. Plant Science: Int. J. Exp. Plant Biol. 287, 110181. doi: 10.1016/j.plantsci.2019.110181

 Kong, Q., Pattanaik, S., Feller, A., Werkman, J. R., Chai, C., Wang, Y., et al. (2012). Regulatory switch enforced by basic helix-loop-helix and ACT-domain mediated dimerizations of the maize transcription factor R. Proc. Natl. Acad. Sci. United States America 109, E2091–E2097. doi: 10.1073/pnas.1205513109

 Lalusin, A. G., Nishita, K., Kim, S. H., Ohta, M., and Fujimura, T. (2006). A new MADS-box gene (IbMADS10) from sweet potato (Ipomoea batatas (L.) Lam) is involved in the accumulation of anthocyanin. Mol. Genet. Genomics: MGG 275, 44–54. doi: 10.1007/s00438-005-0080-x

 Liu, J., Ai, X., Wang, Y., Lu, Q., Li, T., Wu, L., et al. (2020). Fine mapping of the Ca3GT gene controlling anthocyanin biosynthesis in mature unripe fruit of Capsicum annuum L. TAG. Theor. Appl. Genet. Theoretische und angewandte Genetik 133, 2729–2742. doi: 10.1007/s00122-020-03628-7

 Liu, S., Yang, H., Zhang, H., Liu, J., Ma, S., Hui, H., et al. (2024). Phenotypic, genetic, variation, and molecular function of CaMYB113 in pepper (Capsicum annuum L.). Int. J. Biol. Macromolecules 281, 136300. doi: 10.1016/j.ijbiomac.2024.136300

 Lowry, D. B., Sheng, C. C., Lasky, J. R., and Willis, J. H. (2012). Five anthocyanin polymorphisms are associated with an R2R3-MYB cluster in Mimulus guttatus (Phrymaceae). Am. J. Bot. 99, 82–91. doi: 10.3732/ajb.1100285

 Lu, B. Y., Cheng, G. X., Zhang, Z., Sun, J. T., Ali, M., Jia, Q. L., et al. (2019). CaMYC, A novel transcription factor, regulates anthocyanin biosynthesis in color-leaved pepper (Capsicum annuum L.). J. Plant Growth Regul. 38, 574–585. doi: 10.1007/s00344-018-9871-2

 Luo, P., Li, Z., Chen, W., Xing, W., Yang, J., and Cui, Y. (2020). Overexpression of RmICE1, a bHLH transcription factor from Rosa multiflora, enhances cold tolerance via modulating ROS levels and activating the expression of stress-responsive genes. Environ. Exp. Bot. 178, 104160. doi: 10.1016/j.envexpbot.2020.104160

 Naing, A. H., Park, K. I., Ai, T. N., Chung, M. Y., Han, J. S., Kang, Y. W., et al. (2017). Overexpression of snapdragon Delila (Del) gene in tobacco enhances anthocyanin accumulation and abiotic stress tolerance. BMC Plant Biol. 17, 65. doi: 10.1186/s12870-017-1015-5

 Petroni, K., and Tonelli, C. (2011). Recent advances on the regulation of anthocyanin synthesis in reproductive organs. Plant science: an Int. J. Exp. Plant Biol. 181, 219–229. doi: 10.1016/j.plantsci.2011.05.009

 Roth, B. A., Goff, S. A., Klein, T. M., and Fromm, M. E. (1991). C1- and R-dependent expression of the maize Bz1 gene requires sequences with homology to mammalian myb and myc binding sites. Plant Cell 3, 317–325. doi: 10.1105/tpc.3.3.317

 Sainz, M. B., Grotewold, E., and Chandler, V. L. (1997). Evidence for direct activation of an anthocyanin promoter by the maize C1 protein and comparison of DNA binding by related Myb domain proteins. Plant Cell 9, 611–625. doi: 10.1105/tpc.9.4.611

 Schwinn, K., Venail, J., Shang, Y., Mackay, S., Alm, V., Butelli, E., et al. (2006). A small family of MYB-regulatory genes controls floral pigmentation intensity and patterning in the genus Antirrhinum. Plant Cell 18, 831–851. doi: 10.1105/tpc.105.039255

 Sharma, V. K., Chandresh, C., Kumar, R., Meena, R. D., and Mawliya, M. (2016). Influence of planting time and fruit maturity stage on antioxidant activity, phenols and anthocyanin contents in sweet pepper. Res. Crops 17, 360–368. doi: 10.5958/2348-7542.2016.00061.9

 Spelt, C., Quattrocchio, F., Mol, J. N., and Koes, R. (2000). anthocyanin1 of petunia encodes a basic helix-loop-helix protein that directly activates transcription of structural anthocyanin genes. Plant Cell 12, 1619–1632. doi: 10.1105/tpc.12.9.1619

 Staiger, D., Becker, F., Schell, J., Koncz, C., and Palme, K. (1991). Purification of tobacco nuclear proteins binding to a CACGTG motif of the chalcone synthase promoter by DNA affinity chromatography. Eur. J. Biochem. 199, 519–527. doi: 10.1111/j.1432-1033.1991.tb16150.x

 Stracke, R., Werber, M., and Weisshaar, B. (2001). The R2R3-MYB gene family in Arabidopsis thaliana. Curr. Opin. Plant Biol. 4, 447–456. doi: 10.1016/s1369-5266(00)00199-0

 Sunil, L., and Shetty, N. P. (2022). Biosynthesis and regulation of anthocyanin pathway genes. Appl. Microbiol. Biotechnol. 106, 1783–1798. doi: 10.1007/s00253-022-11835-z

 Wang, J., Dai, Y., Pan, L., Chen, Y., Dai, L., Ma, Y., et al. (2025). Fine mapping and identification of CaTTG1, a candidate gene that regulates the hypocotyl anthocyanin accumulation in Capsicum annuum L. Hortic. Plant J 11 (1), 264–274. doi: 10.1016/j.hpj.2023.05.016

 Wang, H., Guan, S., Zhu, Z., Wang, Y., and Lu, Y. (2013b). A valid strategy for precise identifications of transcription factor binding sites in combinatorial regulation using bioinformatic and experimental approaches. Plant Methods 9, 34. doi: 10.1186/1746-4811-9-34

 Wang, J. E., Li, D. W., Gong, Z. H., and Zhang, Y. L. (2013a). Optimization of virus-induced gene silencing in pepper (Capsicum annuum L.). Genet. Mol. Research: GMR 12, 2492–2506. doi: 10.4238/2013.July.24.4

 Wang, L., Tang, W., Hu, Y., Zhang, Y., Sun, J., Guo, X., et al. (2019). A MYB/bHLH complex regulates tissue-specific anthocyanin biosynthesis in the inner pericarp of red-centered kiwifruit Actinidia chinensis cv. Hongyang. Plant Journal: Cell Mol. Biol. 99, 359–378. doi: 10.1111/tpj.14330

 Wang, Y., Wang, Z., Du, H., Chen, B., Wang, G., Wang, Q., et al. (2023). Fine mapping of the flavonoid 3’,5’-hydroxylase gene controlling anthocyanin biosynthesis in pepper anthers and stems. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1232755

 Wang, Z., Wong, D. C. J., Wang, Y., Xu, G., Ren, C., Liu, Y., et al. (2021). GRAS-domain transcription factor PAT1 regulates jasmonic acid biosynthesis in grape cold stress response. Plant Physiol. 186, 1660–1678. doi: 10.1093/plphys/kiab142

 Wang, J., Yang, G., Chen, Y., Dai, Y., Yuan, Q., Shan, Q., et al. (2022). Genome-wide characterization and anthocyanin-related expression analysis of the B-BOX gene family in capsicum annuum L. Front. Genet. 13. doi: 10.3389/fgene.2022.847328

 Wei, Z. Z., Hu, K. D., Zhao, D. L., Tang, J., Huang, Z. Q., Jin, P., et al. (2020). MYB44 competitively inhibits the formation of the MYB340-bHLH2-NAC56 complex to regulate anthocyanin biosynthesis in purple-fleshed sweet potato. BMC Plant Biol. 20, 258. doi: 10.1186/s12870-020-02451-y

 Winkel-Shirley, B. (2001). Flavonoid biosynthesis. A colorful model for genetics, biochemistry, cell biology, and biotechnology. Plant Physiol. 126, 485–493. doi: 10.1104/pp.126.2.485

 Xu, W., Grain, D., Le Gourrierec, J., Harscoët, E., Berger, A., Jauvion, V., et al. (2013). Regulation of flavonoid biosynthesis involves an unexpected complex transcriptional regulation of TT8 expression, in Arabidopsis. New Phytol. 198, 59–70. doi: 10.1111/nph.12142

 Yan, S., Chen, N., Huang, Z., Li, D., Zhi, J., Yu, B., et al. (2020). Anthocyanin Fruit encodes an R2R3-MYB transcription factor, SlAN2-like, activating the transcription of SlMYBATV to fine-tune anthocyanin content in tomato fruit. New Phytol. 225, 2048–2063. doi: 10.1111/nph.16272

 Zhang, Z., Li, D. W., Jin, J. H., Yin, Y. X., Zhang, H. X., Chai, W. G., et al. (2015). VIGS approach reveals the modulation of anthocyanin biosynthetic genes by CaMYB in chili pepper leaves. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00500

 Zhang, Y., Ye, J., Liu, C., Xu, Q., Long, L., and Deng, X. (2020). Citrus PH4-Noemi regulatory complex is involved in proanthocyanidin biosynthesis via a positive feedback loop. J. Exp. Bot. 71, 1306–1321. doi: 10.1093/jxb/erz506

 Zhu, Z., Wang, H., Wang, Y., Guan, S., Wang, F., Tang, J., et al. (2015). Characterization of the cis elements in the proximal promoter regions of the anthocyanin pathway genes reveals a common regulatory logic that governs pathway regulation. J. Exp. Bot. 66, 3775–3789. doi: 10.1093/jxb/erv173




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 © 2025 Ma, Liang, Xu, Lin and Zhu. 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.




ORIGINAL RESEARCH

published: 12 March 2025

doi: 10.3389/fpls.2025.1540674

[image: image2]


Identification of genetic factors influencing flavonoid biosynthesis through pooled transcriptome analysis in mungbean sprouts


Yeonghun Cho 1, Hakyung Kwon 1,2, Byeong Cheol Kim 3, Donghwan Shim 4 and Jungmin Ha 1,2*


1 Department of Agriculture, Forestry and Bioresources and Research Institute of Agriculture and Life Sciences, Seoul National University, Seoul, Republic of Korea, 2 Crop Genomics Lab, Plant Genomics and Breeding Institute, Seoul National University, Seoul, Republic of Korea, 3 Department of Plant Science, Gangneung-Wonju National University, Gangneung, Republic of Korea, 4 Department of Biological Sciences, Chungnam National University, Daejeon, Republic of Korea




Edited by: 

Moonhyuk Kwon, Gyeongsang National University, Republic of Korea

Reviewed by: 

Saet Buyl Lee, National Institute of Agricultural Science, Republic of Korea

Soyon Park, University of Missouri, United States

Pradeep Yerramsetty, University at Buffalo, United States

*Correspondence: 

Jungmin Ha
 jungmin.ha@snu.ac.kr


Received: 06 December 2024

Accepted: 20 February 2025

Published: 12 March 2025

Citation:
Cho Y, Kwon H, Kim BC, Shim D and Ha J (2025) Identification of genetic factors influencing flavonoid biosynthesis through pooled transcriptome analysis in mungbean sprouts. Front. Plant Sci. 16:1540674. doi: 10.3389/fpls.2025.1540674






Introduction

Mungbean (Vigna radiata L.) is gaining increasing interest among legume crops because of its nutritional value. Various secondary metabolites that act as antioxidants and bioactive compounds are beneficial for human health. The secondary metabolite content in plants is easily influenced by environmental conditions, and this influence varies depending on the genotype.





Materials and Methods

Here, we screened six genotypes with consistently high and low content of major secondary metabolites (gallic acid, chlorogenic acid, neo-chlorogenic acid, genistin, formononetin, catechin, syringic acid, and resveratrol) across environmental replicates. Transcriptome data obtained from the individual genotypes were pooled into two groups: high and low levels of secondary metabolites.





Results and Discussion

Of the 200 differentially expressed genes identified using stringent criteria, 23 were annotated in the secondary metabolite pathway. By combining the results of the secondary metabolite and transcriptome data, we identified six key genes encoding four enzymes (CCoAOMT1; Caffeoyl-CoA O-methyltransferase, CYP81E1; 4'-methoxyisoflavone 2'-hydroxylase, DFR; dihydroflavonol-4-reductase, and HCT; shikimate O-hydroxycinnamoyltransferase) that commonly influence the content of secondary metabolites (catechin, chlorogenic acid, formononetin, and genistin) in mungbeans. Through regulatory network analysis, NAC042 and MYB74 transcription factors were identified. These transcription factors regulate the expression of four key genes in mungbean, CCoAOMT1(Vradi02g00000724.1), CYP81E1(Vradi09g00002897.1), DFR(Vradi07g00001336.1), and HCT(Vradi07g00000614.1) leading to high flavonoid content.





Conclusion

These results provide information on the common genetic factors involved in the production of secondary metabolites, which can improve the nutritional value of mungbeans and contribute to the development of elite mungbean cultivars.
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1 Introduction

Mungbean (Vigna radiata L.) is a major legume crop with high economic and agricultural value. It ranks third among legumes in South Asia, after chickpeas and pigeon pea, with an average annual per capita consumption of up to 2 kg (Vijayalakshmi et al., 2003). Mungbeans are an important source of vegetable proteins and an important resource for the alternative meat industry (Dahiya et al., 2015; Pataczek et al., 2018). Mungbeans are grown extensively throughout Asia, particularly in countries such as Thailand, where they account for up to 83% of the total area under legumes (Vijayalakshmi et al., 2003). In general, mungbeans are well suited to intercropping systems, complement other crops, and provide key benefits, such as fixing nitrogen from the atmosphere, improving soil fertility, and reducing the need for chemical fertilizers. The crop also has a high market value, resulting in a high price per kilogram, making it an attractive option for farmers seeking both profitability and sustainability (Nair and Schreinemachers, 2020).

Recently, mungbeans have attracted increasing interest from customers owing to their high levels of secondary metabolites (Tang et al., 2014; Pataczek et al., 2018). One of the ways to consume mungbeans is to sprout them; the key benefit of this method is that germination increases the amount of antioxidants and other bioactive compounds (Ebert et al., 2017). Specifically, carotenoids, vitamin E, and various phenolic compounds in seeds increase after germination, which helps prevent chronic diseases in humans, such as inflammation and cancer (Kim et al., 2012; Nderitu et al., 2013; Basli et al., 2017; Teodor et al., 2020; Li et al., 2021).

To increase the levels of secondary metabolites and enhance the nutritional value of mungbeans, understanding the regulatory mechanisms of the biosynthetic pathways of target compounds and the underlying genetic factors remains crucial. Although mungbeans are rich in secondary metabolites compared to other legumes, only a few studies have been conducted on the biosynthetic pathways of secondary metabolites in mungbeans, with most studies on soybeans. Furthermore, previous studies attempting to increase the antioxidant components in mungbeans have focused on controlling stress factors (Lim et al., 2022a, 2022b), as most secondary metabolites in plants are produced as defense mechanisms against biotic and abiotic stresses (Hartmann, 2007; Zandalinas et al., 2017). However, the effectiveness of this approach varies among genotypes, because each genotype may have different sensitivities or tolerances to environmental factors (Kim et al., 2023a). Therefore, investigating the genetic factors that regulate the biosynthesis of secondary metabolites in mungbeans is necessary. To achieve this, eliminating environmental factors and varietal differences to identify the underlying genetic determinants remains imperative.

Gene pooling has been used to identify useful genetic factors for plant breeding and development,
thereby minimizing genotype specificity (Cronn et al.,
2012; Botnari et al., 2018). Genetic pooling methods have been used in various strategies to identify common genetic factors associated with target traits regardless of individual variation. In a previous study conducted on pigeon peas (Cajanus cajan L.), the QTL-seq approach was used to identify candidate genes for flowering and leaf shape (Singh et al., 2022). In sesame (Sesamum indicum L.), the same approach was used to identify loci that control lignan content (Kim et al., 2023b). Because of the unique characteristics of gene pooling, it can also be applied to non-model plants, including cultivars or wild varieties, and their pooled transcriptomes (Ward et al., 2012; Goyal et al., 2016).

In this study, we conducted transcriptome pooling of six mungbean species to identify the key genes that regulate the biosynthetic pathways of secondary metabolites. These findings provide information on the key genetic factors involved in the biosynthesis of secondary metabolites and contribute to improving mungbean varieties with enhanced nutritional value.




2 Materials and methods



2.1 Plant material and sample preparation

A total of 12 mungbean cultivars were used in the present study (Supplementary Table S1). Seeds were germinated by soaking in distilled water for 16 h at 37°C using an incubator (ISS-4075R, Jeiotech). The germinated seeds were moved to a sprout cultivator (ST001A, Sundotcom) and cultivated for three days at 28–30°C with a water spraying interval of 4 h and water spraying time of 2 min (Kim et al., 2021). After three days, the sprouts were harvested. Each sample of the 12 mungbean varieties consisted of 30 sprouts, which were divided into two groups of 15 sprouts each for secondary metabolite phenotyping and RNA extraction, respectively. The first group was dried at 70°C for 24 h in an oven (HQ-DO84, CORETECH) and then finely grounded for extraction with 70% ethanol (Supelco, cat. no. 1009831011) in the dark at room temperature. The other group was stored at -80°C for further study and RNA extraction.




2.2 Measurement of flavonoid content using UPLC

Ultra-high-performance liquid chromatography (UPLC) analysis was performed to measure the metabolite content (Nexera series equipped with MPM-40, SCL-40, SPD-M40, LC-40, SIL-40, and CTO-40 units from Shimadzu, Kyoto, Japan) with a photodiode array detector. Separation was conducted using a ZORBAX SB-C18 column (3.5 μm, 4.6 x 150 mm; Agilent, PN 863953-902, Santa Clara, USA). The sample injection volume was 2 µL and the column oven temperature was set at 40°C. The solvent for the mobile phase gradients was ultrapure water (Thermo Fisher, W5-4, Korea with 0.1% acetic acid solution [v/v; solvent A] and acetonitrile [solvent B]). The ratio of solvent A proceeded with 95% and solvent B flowed at 1 mL/min as follows: 0–10 min 95–90% A, 10–11 min 90–85% A, 11–15 min 85–80% A, 15–16 min 80–70% A, 16–25 min 70–65% A, 25–28 min 65–50% A, 28–32 min 50% A, 32.1 min solvent A was increased from 50 to 95%, and 32.1–40 min 95% A. The chromatograms of reference compounds, biochanin A (Chemfaces, CFN99734, Wuhan, China), catechin (Chemfaces, CFN99646), genistin (Chemfaces, CFN90250), caffeic acid (Chemfaces, CFN99646), daidzein (Chemfaces, CFN98774), daidzin (Chemfaces, CFN99101), formononetin (Chemfaces, CFN99962), gallic acid (Chemfaces, CFN99624), genistein (Chemfaces, CFN98681), glycitein (Chemfaces, CFN99106), glycitin (Chemfaces, CFN99105), isovitexin (Chemfaces, CFN98620), neochlorogenic acid (Chemfaces, CFN97472), p-coumaric acid (Chemfaces, CFN98794), resveratrol (Chemfaces, CFN98791), syringic acid (Chemfaces, CFN98884), t-ferulic acid (Chemfaces, CFN92394), vitexin (Chemfaces, CFN98601), chlorogenic acid (Chemfaces, CFN99116), coumestrol (Chemfaces, CFN96040), kaempferol (Chemfaces, CFN98838), myricetin (Chemfaces, CFN98877), and quercetin (Chemfaces, CFN99272) were extracted at wavelengths ranging from 270 to 330 nm (Supplementary Table S2). The analysis results were determined with three replicate.




2.3 RNA extraction and cDNA library construction

Total RNA was extracted from six cultivars of mungbean sprouts using a Ribospin Plant RNA extraction kit (GeneAll, Songpa-gu, South Korea) following the manufacturer’s protocol. cDNA libraries for RNA-seq were constructed using a TruSeq Staranede mRNA LT Sample Prep Kit (Illumina Inc., San Diego, CA, USA). Twelve libraries were constructed with two libraries from each of the six cultivars used for replication. The size and quality of libraries used for sequencing were determined using a 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA). Sequencing runs were conducted in the paired-end mode using a Truseq SBS Kit on the Illumina NovaSeq 6000 platform. The RNA sequencing data were deposited in the NCBI SRA database (PRJNA1086206).




2.4 Identification and analysis of differentially expressed genes

The reference
genome and gene annotation data for mapping were downloaded from the Seoul National University Crop Genomics Lab (http://plantgenomics.snu.ac.kr) (Ha et al., 2021). The reads were mapped to the mungbean reference genome using HiSat2 (Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype | Nature Biotechnology, n.d). Counts per million of mapped read values were calculated using FeatureCounts (Liao et al., 2014). The raw read counts were normalized using the trimmed mean of M-values (TMM) method, and differentially expressed genes (DEGs) were identified using edgeR (Robinson et al., 2010). DEGs were defined as genes with an absolute log2foldchange (|log2FC|) ≥ 1 between the two groups.




2.5 Functional annotation of DEGs and iRegNet regulatory co-expression network analysis

Gene ontology (GO) (Gene Ontology Consortium, 2004) enrichment analysis was performed using Clusterprofiler (Yu et al., 2012). Kyoto Encyclopedia of Genes and Genomes ontology pathway enrichment analysis was conducted using ClusterProfiler. iRegNet regulatory co-expression network analysis was conducted with homologous genes from Arabidopsis thaliana detected using BLAST.




2.6 Validation of DEGs using real-time quantitative reverse transcription-PCR

Real-time quantitative reverse transcription PCR (qRT-PCR) was performed using a PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa Bio Inc., San Jose, CA, USA) according to the manufacturer’s protocols. Forty cycles of PCR amplification were performed using gene-specific primers. The relative gene expression levels were calculated using the [image: Mathematical expression showing "2 raised to the power of minus delta delta CT."]  method. The housekeeping gene, eukaryotic initiation factor 5A (EIF5A, Vradi07g21320), was used as a normalization control.





3 Results



3.1 Contents of secondary metabolites in mungbean sprouts

In a previous study on the metabolic profiling of 50 mungbean genotypes, 12 genotypes were selected based on the criteria of significant variations in the contents of 23 major secondary metabolites, and an expression analysis was conducted to identify key genes involved in the biosynthesis of secondary metabolites (Kim et al., 2023a). Building on these findings, we analyzed these 23 secondary metabolites again in the 12 genotypes to further investigate differences in metabolite accumulation between genotypes with consistently high and low secondary metabolite contents. Among the 23 commonly detected secondary metabolites in legumes, 19 were detected due to species-specific differences, comprising biochanin A, caffeic acid, catechin, coumestrol, daidzein, daidzin, formononetin, gallic acid, genistein, genistin, isovitexin, myricetin, p-coumaric acid, quercetin, resveratrol, syringic acid, sum of chlorogenic acid and neo-chlorogenic acid and vitexin; however, four metabolites, glycitein, clycitin, kaempferol, and t-ferulic acid, were not detected (Supplementary Table S3). To ensure robustness in selecting target metabolites for genetic analysis, we prioritized metabolites and genotypes at consistent levels across trials. As determined by one-way analysis of variance (ANOVA) at a significance level of 0.05, the contents of gallic acid, sum of chlorogenic acid and neo-chlorogenic acid, genistin, formononetin, catechin, syringic acid, and resveratrol were significantly higher in genotypes 205, 304, and 667 than in SH, 313, and DH, which was consistent with the results of our previous study (Figure 1). Other metabolites showed no significant differences between genotypes. Based on the consistently high and low levels of these secondary metabolites, genotypes 205, 304, and 667 were designated as the high group, whereas SH, 313, and DH were classified as the low group. These groups were then selected for further transcriptome analysis to compare expression patterns and investigate the key genetic factors involved in the biosynthetic pathways of these secondary metabolites.
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Figure 1 | Contents of Secondary metabolites in mungbean sprouts of six genotypes. X-axis indicate mungbean sprouts genotype (205, 304, 667, SH, 313, and DH). Y-axes indicate the concentration of secondary metabolites (Catechin, Syringic acid, Genistin, Formononetin, Total Chlorogenic acid, Gallic acid, Resveratrol, Daidzein, Genistein, Vitexin, p-Coumaric acid, Caffeic acid, Daidzin, Isovitexin, Myricetin, Quercetin, Coumestrol, Biochanin A, and S-CHL, sum of chlorogenic acid and neo-chlorogenic acid.), determined with three replicates. The error bar indicates the standard deviation. The asterisk indicates metabolites that were statistically significant based on the ANOVA test (p < 0.05). Red and blue bars indicates high group and low group, respectively.






3.2 Identification of DEGs between the high group and low group

To investigate the genetic factors underlying the differences in the secondary metabolite content, the total mRNA of the six mungbean genotypes, 205, 304, 667, SH, 313, and DH, were sequenced. In total, 80 Gb of reads (6.6 Gb per library on average) were obtained from the six mungbean genotypes (Supplementary Table S4). In general, 96.97% of the reads were properly aligned with the mungbean reference genome (Ha et al., 2021).

To minimize genotype-specific variations, sequencing data from each genotype were pooled into high group and low group. Between the groups (high group vs. low group), 4,217 DEGs were identified, which comprised 1,838 upregulated and 2,379 downregulated genes (Figure 2A, Supplementary Table S5).
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Figure 2 | Identification of DEGs between high group and low group. (A) Volcano plot of DEGs identified between high group and low group. Colored dots represent DEG with value of 2foldchange. (B) Statistics of DEGs identified across each comparison between high group and low group. Among 4,217 DEGs between high group and low group, the number of DEGs cross-validated through individual comparison were identified. Every possible comparison between individuals in high group and low group were conducted. “D1” indicates the number of DEG identified between one genotype of high group and one genotype of low group. “D9” indicates the number of DEG appeared in every nine possible combinations between each genotype in high group and low group. “D0” indicates the number of DEGs unique to the high group and low group comparison.



A group-wise comparison alone may not sufficiently capture consistent expression differences because DEG detection can be disproportionately influenced by a small number of genotype pairs exhibiting extreme variations. To minimize genotype-specific variations, a more stringent selection criterion was applied by analyzing DEGs through pairwise comparisons across all possible genotype combinations within the High and Low groups (Figure 2B). In total, nine pairwise comparisons were performed: Genotype 205 vs. Genotype SH, Genotype 205 vs. Genotype 313, Genotype 205 vs. Genotype DH, Genotype 304 vs. Genotype SH, Genotype 304 vs. Genotype 313,… Genotype 667 vs. Genotype DH. Each DEG was classified according to the number of pairwise comparisons in which it was detected. D1 denotes a gene that was identified in only one of the nine comparisons, and D9 denotes a gene that was consistently detected in all nine comparisons. After cross-validation, 200 DEGs were selected based on appearing in seven (D7), eight (D8), or nine (D9) pairs of comparisons. These genes with highly stable differential expression patterns were designated as true DEGs and subjected to further functional analysis.




3.3 Functional annotation of DEGs

To determine the biological functions of DEGs identified through cross-validation, functional annotation of the 200 DEGs, which were identified at least seven pairs of combinations (D7, D8, and D9) was conducted using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and GO enrichment analyses. In the KEGG pathway analysis, 43 DEGs were annotated to five pathways and the top three pathways based on p-value harbor 14 genes; 4 genes in Isoflavonoid biosynthesis, 7 genes in Phenylpropanoid biosynthesis, and 3 genes in Tropane, piperidine, and pyridine alkaloid biosynthesis. In the GO analysis, 154 DEGs were annotated to 15 clusters. The top three clusters based on p-value include “phenylpropanoid biosynthetic process” (7 genes), “phenylpropanoid metabolic process” (7 genes), and “secondary metabolite biosynthetic process” (8 genes). Based on the two enrichment analyses, 23 DEGs were annotated as genes related to the biosynthetic pathways of secondary metabolites (Figure 3A, Supplementary Table S6).
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Figure 3 | Enrichment analysis of DEG. (A) KEGG enrichment. (B) GO enrichment analysis of DEGs.






3.4 Validation of gene expression levels using qRT-PCR

Among the 23 DEGs, six were selected for qRT-PCR as key genes in the biosynthetic pathways that regulate the content of secondary metabolites (Table 1, Supplementary Table S7). These genes include caffeoyl-CoA O-methyltransferase (CCoAOMT: Vradi02g00000724.1, Vradi03g00001121.1), 4’-methoxyisoflavone 2’-hydroxylase (CYP81E1: Vradi09g00002897.1, Vradi02g00004162.1), dihydroflavonol-4-reductase (DFR: Vradi07g00001336.1), and shikimate O-hydroxycinnamoyltransferase (HCT: Vradi07g00000614.1), all of which are enzymes involved in the biosynthesis of chlorogenic acid, genistin, formononetin, catechin, syringic acid, and resveratrol (Figure 4). Consistent with the RNA-seq results, the expression levels of CCoAOMT and HCT were upregulated (Figure 5A), while CYP81E1 and DFR were downregulated in the high group than in the low group (Figure 5B, Table 1). These findings reinforce the reliability of our RNA-seq data, highlighting clear differential expression patterns that align with the distinct metabolic profiles observed in the high group and low group.



Table 1 | RNA-seq result of six candidate genes used for qRT-PCR validation.
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[image: Biochemical pathway diagram showing the conversion of compounds like chlorogenic acid and p-coumaroyl-CoA through various enzymes. Nodes include metabolites such as catechin, genistin, and formononetin. Charts indicate log₂ fold changes comparing high and low conditions, with color coding from green to red representing change magnitude. Arrows denote reaction direction, with enzymes like CYP81E1, DFR, and HCT involved.]

Figure 4 | Schematic illustration of Secondary metabolite biosynthesis pathway with expression levels of 6 DEGs (CCoAOMT, CYP81E1, DFR, and HCT paralogs) and the average contents of 4 metabolites (Catechin, Chlorogenic acid, Formononetin, and Genistin) from each group. The color scale indicates fold change level of each DEGs between high group and low group. The bar plots show secondary metabolite content of High (Red bar) and Low group (Blue bar). The y-axis of four graphs represents concentration of metabolites (mg/L). CCoAOMT, caffeoyl-CoA O-methyltransferase; CYP81E1, 4’-methoxyisoflavone 2’-hydroxylase; DFR, dihydroflavonol-4-reductase; HCT, shikimate O-hydroxycinnamoyltransferase.




[image: Bar graphs displaying gene expression data. (A) Shows Log₂FC and LogCPM for CCoAOMT 1, CCoAOMT 2, and HCT. (B) Shows Log₂FC and LogCPM for CYP81E1 1, CYP81E1 2, and DFR. Results are from RNA-seq and qRT-PCR methods, with color-coded bars for each method in blue, green, and gray.]

Figure 5 | Validation of the DEGs through qRT-PCR analysis. (A) Up-regulated genes. (B) Down-regulated genes. The results of qRT-PCR were determined with three technical replicates. Log counts per million reads (LogCPM) values were used to identify key genes between paralogues for subsequent analysis. CCoAOMT, caffeoyl-CoA O-methyltransferase; CYP81E1, 4’-methoxyisoflavone 2’-hydroxylase; DFR, dihydroflavonol-4-reductase; HCT, shikimate O-hydroxycinnamoyltransferase.







4 Discussion

Understanding the mechanisms by which secondary metabolites accumulate is necessary to enhance the nutritional value of mungbeans and develop elite cultivars. Previous studies have artificially induced stress conditions, including biotic and abiotic stresses, to increase secondary metabolite content (Singh et al., 2002). However, the response of different genotypes to these stress conditions varied with different response mechanisms against external factors (Kim et al., 2022) and certain genotypes showed consistently higher metabolite content with statistical significance compared to others under different conditions, suggesting the existence of genetic regulators that control genes and enzymes that influence the production of secondary metabolites.

Sample pooling has also been used in several genetic studies. For example, QTL-seq and genome-wide association studies use pooled DNA samples to identify candidate genes associated with target traits (Gyawali et al., 2019; Singh et al., 2022; Kim et al., 2023b). Although sample pooling offers optimized cost and statistical efficiency, previous research has revealed that it has the disadvantage of false detection caused by pooling bias (Wang and Paterson, 1994; Cutler and Jensen, 2010; Rajkumar et al., 2015). Despite this drawback, it remains a useful tool to identify common genetic variations, and researchers have tried various approaches to overcome false detections by overlapping identified DEGs from different methods (Ko and Van Raamsdonk, 2023). Therefore, in this study, we calculated DEGs using two combined approaches to minimize false detections. The first approach to calculating DEGs was RNA transcript pooling, grouping each member of the high group and low group as a replicate, resulting in 4,217 DEGs (Figure 2A). The second approach for calculating the DEGs was to compare each genotype of the high group with each genotype of the low group. With a total of nine possible combinations, DEGs detected from seven or more combinations were identified, and, in total, 200 DEGs were confirmed to be detected in HvsL DEGs (Figure 2B). Most of the 200 DEGs identified using our stringent criteria were annotated as being involved in secondary metabolite pathways according to KEGG (Figure 3A) and GO (Figure 3B) analyses, indicating that false detections were successfully removed from our DEGs.

Although the functions of major secondary metabolites in mungbeans are well known owing to their nutritional significance, the mechanisms of secondary metabolite biosynthesis in mungbeans remain unclear. Through functional annotation and the integration of metabolic and transcriptomic data, six genes encoding four key enzymes (CCoAOMT: Catechin, CYP81E1: Catechin and Chlorogenic acid, DFR: Genistin and Formononetin, and HCT: Genistin and Formononetin) were identified. HCT and CCoAOMT, which are involved in the biosynthesis of catechin and chlorogenic acid, showed higher expression levels in the high group genotypes, resulting in increased catechin and chlorogenic acid content in high group (Figure 4). These two metabolites, which are abundant in coffee and tea, offer many health benefits, including stable blood pressure and anti-cancer effects (Khalesi et al., 2014; Hayakawa et al., 2020). A previous study conducted on coffee (Coffea canephora) suggested that increased expression of HCT directly results in high levels of chlorogenic acid, which is consistent with the results of this study (Lepelley et al., 2007; Lallemand et al., 2012). In mungbean sprouts, chlorogenic acid content has been reported to be associated with the level of HCT expression under salinity stress (Kang, et al., 2022), which indicates that HCT is a key enzyme for the biosynthesis of chlorogenic acid in mungbeans. In Arabidopsis, eriodictyol accumulation has been reported to be caused by CCoAOMT (Wils et al., 2013), leading to increased catechin levels.

The expression levels of DFR and CYP81E1, which are involved in the isoflavonoid biosynthesis pathway, were significantly lower in high group with higher genistin and formononetin content than in low group (Figure 4) (Petit et al., 2007; Uchida et al., 2017). Naringenin and liquiritigenin, as intermediate precursors, are catalyzed by various flavonoids using these enzymes (Liu et al., 2021). Decreased expression of DFR and CYP81E1 can activate an alternate biosynthetic pathway, resulting in the production of genistin and formononetin, which originate from naringenin and liquritigenin, respectively. The previous research findings, reporting that CYP81E1 catalyzes the hydroxylation of the isoflavone formononetin, to yield 2′-hydroxyformononetin (Akashi et al., 1998), are consistent with our results, which demonstrate that the expression level of CYP81E1 has a negative correlation with the formononetin content. The expression levels of DFR and CYP81E1 in this study were lower in high group, which had higher genistin and formononetin content than low group (Figure 4). These results indicate that the downregulation of CYP81E1 and DFR may enhance the accumulation of genistin and formononetin in high group by redirecting biosynthetic pathways.

Our analysis revealed that the flavonoid content was generally elevated across different types of flavonoids in high group, with significant differences observed for chlorogenic acid, catechin, genistin, and formononetin (Figure 1). Additionally, despite the differences in the genetic backgrounds of the six mungbean genotypes, the expression levels of the six genes encoding the four key enzymes involved in the biosynthesis of these flavonoids were highly correlated. This suggests that these key enzymes are co-regulated by common genetic or transcriptional mechanisms, ultimately influencing flavonoid biosynthesis. To identify potential transcription factors upstream of these key enzymes, homologous Arabidopsis genes of these key enzymes were subjected to iRegNet analysis (Vradi02g00000724.1; AT4G34050, Vradi09g00002897.1; AT5G36220, Vradi07g00001336.1; AT5G42800, and Vradi07g00000614.1; AT2G19070) (Figure 6) (Shim et al., 2021). Four transcription factors regulate these enzymes: MYB49 (AT5G54230), MYB74 (AT4G05100), NAC042 (AT2G43000), and ZCW32 (AT1G59640). Among the mungbean homologs of these transcription factors, MYB74 (Vradi10g00000584.1) and NAC042 (Vradi06g00001115.1) showed significantly lower expression in high group compared to low group, with log2FC values of -3.68 and -4.3, respectively (Table 2). MYB74 and NAC042 are known to negatively regulate CCoAOMT1 and HCT, respectively, and positively regulate CYP81E1 and DFR. These findings suggest that the downregulation of MYB74 and NAC042 may have led to the upregulation of CCoAOMT1 and HCT and the downregulation of CYP81E1 and DFR, resulting in higher levels of catechin, chlorogenic acid, genistin, and formononetin in the high group.


[image: Diagram illustrating interactions between transcription factors and enzymes leading to metabolites. Transcription factors MYB74, MYB49, BPE, ZCW32, JUB1, and NAC042 regulate enzymes CCoAOMT1, HCT, CYP81E1, and DFR. Enzymes produce metabolites catechin, chlorogenic acid, genistin, and formononetin. Solid arrows represent activation, and dashed arrows represent metabolic pathways.]

Figure 6 | Regulatory co-expression network analysis for flavonoid biosynthetic pathway. Transcription factors affecting key enzymes in the flavonoid biosynthetic pathway were predicted using iRegNet. Arrows represent positive correlations, while T-shaped ends indicate negative correlations. Node colors reflect direction of regulation; Red for up-regulation and blue for down-regulation. Dotted lines suggest the association between the key enzymes and their corresponding secondary metabolites.





Table 2 | Fold changes of mungbean homologs of Arabidopsis thaliana transcription factors. “A. thaliana” refers to gene name from Arabidopsis thaliana, and “V. radiata” refers to gene names from Vigna radiata.

[image: Table displaying transcription factor (TF) names with corresponding A. thaliana and V. radiata identifiers. Log2FC, p-values, and average RPKM values for high and low groups are provided. N.D. indicates not detected.]

While these findings provide insights into the transcriptional regulation of secondary metabolite biosynthesis, further studies are needed to validate the functional roles of key genetic factors. Such studies using CRISPR-based knockout, overexpression, and complementation test experiments will directly confirm their roles in flavonoid biosynthesis. Additionally, environmental factors influencing the expression of key genes and metabolite accumulation should be investigated to optimize growth conditions, develop elite cultivars, and enhance metabolite production in field. These approaches will provide insights into the regulatory mechanisms involved in secondary metabolism in mungbean.

In this study, we utilized metabolic data consistent with environmental conditions, along with DEGs identified using stringent criteria obtained from a pooled transcriptome. This approach aims to minimize environmental influences and eliminate variations due to genetic diversity among genotypes. The secondary metabolite content in mungbean sprouts was associated with the expression levels of the genes involved in the key biosynthetic pathways for each target metabolite. These results indicate that the accumulation or biosynthesis of secondary metabolites is regulated at the transcriptional level in mungbean sprouts. We identified the key genetic factors affecting the contents of major secondary metabolites. The findings of this study will contribute to the sustained and efficient production of antioxidant compounds in mungbean sprouts, thereby facilitating the development of high-value products with added benefits.
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Introduction

Lipoic acid (LA) is a key, yet overlooked player in primary metabolism, due to its role as a cofactor for various multi enzymatic complexes such as the E2 subunits of pyruvate dehydrogenase (PDH) and alpha-ketoglutarate dehydrogenase (kGDH). In recent years, this molecule has seen renewed interest given its strong antioxidant properties and its applications as a dietary supplement. The mechanisms behind the synthesis of LA in vivo have been elucidated, identifying lipoyl synthase (LIP1) as the key enzyme required for this process.





Methods

Therefore, in this work, we used the fruit-specific polygalacturonase (PG) promoter to guide Solanum lycopersicum (tomato) LIP1 (SlLIP1) overexpression in stably transformed tomatoes.





Results

The resulting plants presented higher transcript levels of SlLIP1 in a fruit-specific manner, accumulated more bound and unbound LA yet lacked major phenotypic defects at both the vegetative and reproductive growth stages. Furthermore, changes in the expression of genes related to LA synthesis were explored and a metabolomic study was carried out. Specific metabolite patterns were clearly distinguishable between untransformed and stably transformed lines. For instance, trehalose 6-phosphate, GABA and proline levels were generally higher, whilst glucose 6-phosphate and UDP-glucose levels were lower in fruits of the SlLIP1 transformants.





Discussion

In addition, as the overexpression of SlLIP1 results in lower transcript levels of E2 PDH and E2 kGDH, and enhanced amounts of LA-bound targets, we speculate that the proportion of unlipoylated E2 subunits of PDH and kGDH may have decreased. This work could assist in obtaining crops with a higher LA content and therefore improved health benefits.





Keywords: antioxidant, lipoylation, polygalacturonase promoter, Solanum lycopersicum, TCA cycle




1 Introduction

Antioxidants are molecules known generally for their ability to provide reducing power and neutralize reactive oxygen species (ROS; Turrens, 2003). Although ROS are a natural byproduct of metabolism, they are often produced in electron transport chains, and even act as signaling molecules; excessive ROS production is also associated with cellular damage in organisms and aging (Turrens, 2003). Because of this, research into antioxidant molecules has surged in recent years for their applications in many industries, including in the food, pharmaceutical, agronomical, and cosmetic sectors, among others (Jimenez-Lopez et al., 2020; Lupo, 2001; Neha et al., 2019; Shahidi, 2000; Sun et al., 2024).

Lipoic acid (LA) and its reduced form (dihydrolipoic acid, DHLA) are antioxidants with several unique properties. LA is an eight-carbon molecule characterized by its two thiol groups in the carbon six and carbon eight positions that are responsible for its antioxidant nature. Like many antioxidants, LA is capable of neutralizing a wide range of ROS, regenerating other antioxidant molecules such as glutathione, and chelating heavy metals (Gora̧ca et al., 2011; Matsugo et al., 1996; Packer et al., 1995; Scott et al., 1994). However, unlike other antioxidants, LA is both water and lipid soluble in its free form (Packer et al., 1995). For these reasons, LA has been the focus of many studies that have demonstrated its beneficial influence over human health, such as preventing the effects of diabetic neuropathies, and stabilizing cognitive functions in Alzheimer’s patients, or in other neurodegenerative diseases induced by oxidative stress (Borcea et al., 1999; Gilgun-Sherki et al., 2001; Packer et al., 2001). Other organisms, including plants, have also been shown to benefit from applications of LA. For example, exogenous LA ameliorates the effects of oxidative stress caused by high salinity in wheat seedlings, and promotes water-deficit tolerance in maize (Gorcek and Erdal, 2015; Saruhan Guler et al., 2021).

An additional feature of LA is that it can be found as an essential cofactor. In this role, LA is necessary for the functioning of various enzymatic complexes that participate in primary and secondary metabolism. These lipoylated targets include the E2 subunits of pyruvate dehydrogenase (PDH), alpha-ketoglutarate dehydrogenase (kGDH), and branched-chain 2-oxoacid dehydrogenase (BCDH), as well as the H-protein of the glycine decarboxylase complex (GDC) (Harmer et al., 2014). In plants, LA can be added onto its cognate enzyme through two distinct pathways: the direct ligation of an exogenous LA molecule onto a cognate enzyme in a ‘salvage’ pathway via lipoate protein ligase (LplA), or through the assembly of a lipoate cofactor de novo, from an octanoyl precursor followed by the addition of two sulfur atoms by lipoyl synthase (LIP1) (Ewald et al., 2014a; Yasuno and Wada, 2002). In the latter case, the octanoyl precursor is bound firstly to an acyl carrier protein (ACP) by octanoyltransferase (LIP2), enabling the 8-carbon precursor to be shuttled to either a E2 subunit (PDH, kGDH, BCDH) or H-protein (GDC) before being thiolyated by LIP1 in a rare example of a cofactor being assembled in situ (Ewald et al., 2014a; Sarvananda et al., 2023). Therefore, both the unbound (LA) and bound (lipoylated proteins) forms, acting as an antioxidant and cofactor, respectively, require the addition of thiol groups by LIP1, making it the key step in the metabolism of this molecule (Ewald et al., 2014).

It is known that the E2 subunit of PDH is a target for lipoylation and there are two PDH complexes in plants, with one being present in mitochondria (PDHm) and participating in the TCA cycle, while the other is found in chloroplasts (PDHc) and plays a role in de novo lipid biosynthesis (Tovar-Méndez et al., 2003). Studies of plastidial sunflower (LIP1p; Helianthus annuum L.) lipoyl synthase in Arabidopsis revealed that expression of this gene results in a redistribution of the glycerolipid species being produced, attributed to the depletion of S-adenosylmethionine (SAM or Ado-Met), whose reductive cleavage by LIP1 is required for thioylation to take place (Harmer et al., 2014; Martins-Noguerol et al., 2020). SAM also participates in various other cellular processes, including as a precursor for ethylene synthesis, a phytohormone associated with senescence and stress responses, as well as regulatory processes such as DNA methylation (Cronan, 2014; Harmer et al., 2014; Lu, 2000; Sauter et al., 2013). Indeed, expression of cotton (Gossypium hirsutum L.) LIP1 delayed senescence in Arabidopsis (Chen et al., 2021). Because LA is an antioxidant and participates in a central role by lipoylating several enzymatic complexes, it is expected that modifications in LA metabolism would lead to widespread metabolic changes.

In this work, we generated a system that allowed us to examine the effects of the organ-specific over-expression of LIP1. To do so, we overexpressed mitochondrial LIP1 from Solanum lycopersicum (tomato; SlLIP1, Solyc07g054540; Araya-Flores et al., 2020) in a fruit-specific manner in stably-transformed tomato. This was achieved by guiding the expression of SlLIP1 with the promoter region of the tomato polygalacturonase gene (PG) which is triggered during fruit ripening in normal development (Montgomery et al., 1993). PG is a cell-wall degrading enzyme, and publicly-available transcriptome data (bar.utoronto.ca/eplant_tomato/) demonstrates that PG expression is detected exclusively in maturing tomato fruits. Changes in phenotype, gene expression, protein accumulation, and the fruit metabolome were assessed to elucidate the global impact of altered LA metabolism in plants, and especially in fruits.




2 Materials and methods



2.1 Vector construction

The full-length CDS of SlLIP1 was previously cloned into the pGWB8 binary vector (Araya-Flores et al., 2020). Using primers containing the AscI restriction site (primer pair 1-2; Supplementary Table 1), SlLIP1 was amplified from the ATG start codon to the stop codon of the vector, including a 6xHis tag, and subcloned into the pCR™8/GW/TOPO® TA (Invitrogen), generating the pCR8-SlLIP1 construct. The pCP binary vector is based on the backbone of the pB7FWG2-AtDXR vector, containing a 7,854 bp fragment with the T-DNA right and left borders (RB and LB) and the BAR gene, which confers resistance to BASTA® or glufosinate (herbicide) in plants (Arias et al., 2021). This pCP vector already contained an 804 bp polygalacturonase (PG) promoter fragment driving the transcription of the DcLCYB gene. To excise DcLCYB, 1 μg of pCP was digested with 10 U AscI (New England Biolabs), following the manufacturer’s protocol, generating linearized pCP with the PG promoter. The same digestion was performed on the pCR8-SlLIP1 construct to obtain the SlLIP1 insert. Finally, the SlLIP1 insert was ligated overnight at 4°C into linearized pCP using 3 U of T4 ligase (Promega) at a 1:1 vector-to-insert ratio, resulting in the PG-SlLIP1 vector (Figure 1A). This final vector was verified by sequencing (Macrogen Co.) and transformed into Agrobacterium tumefaciens (EHA105 strain). Positive clones were selected and used for the stable transformation of Solanum lycopersicum var. ‘Micro-Tom’.
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Figure 1 | Generation of tomato plants overexpressing SlLIP1. (A) Diagram of the pCP vector used to transform tomato cv 'Micro-Tom'. (B) Three independent T0 lines (4-months old, L31, L4 and L3) and two in the T2 generation (3-months old, L31 and L4) exhibited normal development compared to WT. (C) Three representative fruits of PG-SlLIP1 lines at T0 and T2 generations.






2.2 Tomato stable transformation and in vitro culture

S. lycopersicum var. ‘Micro-Tom’ was cultivated in vitro on solid Murashige & Skoog (MS) medium (4.4% MS salts with vitamins, 1.5% sucrose, and 1.5% agar, pH 5.8) and transformed according to Cruz-Mendívil et al. (2011). Briefly, young leaves from three-week-old plants were excised, and the tips were removed with a sterile scalpel. These explants were incubated in co-culture medium (4.4% MS salts with vitamins, 3% sucrose, 100 μM acetosyringone, 0.1 μM naphthaleneacetic acid, 2 μg/mL trans-zeatin) for 3–4 days before transformation. The explants were then immersed in an Agrobacterium culture harboring pCP-SlLIP1 for 20 min, transferred to fresh co-culture medium, and incubated for 2 days at 23°C in darkness.

Next, the explants were transferred to induction medium (4.4% MS salts with vitamins, 3% sucrose, 2 μg/mL trans-zeatin, 0.1 μg/mL indole-3-butyric acid [IBA], 400 μg/mL timentin, and 0.25 μg/mL BASTA®) for callus induction and initial shoot development, which typically takes 4 to 6 weeks. The emerging shoots were then transferred to elongation medium (4.4% MS salts with vitamins, 1.5% sucrose, 400 μg/mL timentin, and 0.35 μg/mL BASTA®). Once the shoots reached a height of 8 cm, they were transferred to rooting medium (2.2% MS salts with vitamins, 1.5% sucrose, 5 μg/mL IBA, 400 μg/mL timentin, and 0.5 μg/mL BASTA®) until roots formed.

The plants were then acclimated in a greenhouse (16 h light/8 h dark photoperiod with white fluorescent light at 150 µmol/m²/s, 22–25°C) in plastic pots (20 x 10 cm) containing a mix of soil and vermiculite (2:1) or rock wool soaked with hydroponic medium (1.25 mM KNO3, 1.5 mM Ca(NO3)2, 0.75 mM MgSO4, 0.5 mM KH2PO4, 50 µM H3BO3, 10 µM MnSO4, 2 µM ZnSO4, 1.5 µM CuSO4, 0.075 µM(NH4)6Mo7O24, 0.1 mM Na2O3Si, iron diethylenetriamine pentaacetate, pH 6).

To confirm the insertion of PG-SlLIP1 into the plant genome, PCR was performed on DNA extracted from leaves using primers designed to amplify the region from the PG promoter to the 6xHis tag (primer pair 3-4, Supplementary Table 1).




2.3 RNA extraction and quantitative expression analysis

RNA was isolated from fully-expanded leaves and transgenic and wild-type (WT) tomato fruits at the green, breaker, pink and mature red stages (CFR, 1991) using a modified CTAB method (Arias et al., 2021, 2022), and cDNA synthesis was carried out using the ImProm-II™ Reverse Transcription System (Promega), as described in Arias et al. (2021). Quantitative expression analysis (qRT-PCR) was conducted using a Stratagene MX300P system (Agilent Technologies) with Forget-Me-Not™ qPCR Master Mix containing ROX (Biotium). From fruits, the primers used to analyze transcript levels of SlLIP1 (primer pair 5-6), SlLIP1p (primer pair 7-8), SlLIP2 (primer pair 9-10), SlLplA (primer pair 11-12), E2-PDHm (primer pair 13-14), E2-PDHc (primer pair 15-16), E2-kGDH (primer pair 17-18), and SlSAMS1 (primer pair 19-20) are listed in Supplementary Table 1. Actin7 (primer pair 21-22, Supplementary Table 1) was selected as the reference gene (Bokhale et al., 2023). To analyze the introduced SlLIP1 in leaves, RT-PCR was carried out using primers specific to SlLIP1 and the 6xHis tag (primer pair 5-4) and GAPDH was used as a housekeeping gene (primer pair 23-24). Each qRT-PCR was performed with three biological replicates and two technical replicates. Quantification was calculated using the method described by Pfaffl (2001).




2.4 Analysis of lipoic acid bound to proteins

Protein extraction from mature red transgenic and WT tomato fruits was performed according to Nilo-Poyanco et al. (2013). Protein concentrations were determined using the BCA method (Thermo Scientific), and samples were loaded onto an SDS-PAGE gel to confirm protein integrity via Coomassie Blue staining. Subsequently, immunoblot analysis was conducted using an anti-LA antibody (1:3000, Calbiochem 437695) and an anti-actin antibody (1:2000, Sigma-Aldrich SAB4301137). Both membranes were incubated with a secondary antibody conjugated to HRP (1:80000, Biorad 170-6515) and visualized using SuperSignal™ West Femto (Thermo Scientific). Signals were captured using a UVITEC Cambridge (Biomolecular Imaging-Alliance © Software) photodocumentation system, and images were processed using ImageJ software.

For the anti-LA immunoblot, the total signal intensity of each lane was recorded, while for the anti-actin immunoblot, the 42 kDa band was quantified (Jimenez-Lopez et al., 2014). Protein-bound LA quantification was calculated as the ratio between the sum of pixel intensity per area from the LA immunoblot and the pixel intensity per area from the 42 kDa band of the actin immunoblot for each sample, using 3 (T0 and T2) and 5 (WT) replicates. The final result for each transgenic line was normalized relative to the WT sample.




2.5 Analysis of unbound lipoic acid

To extract hydrophilic antioxidants, 10 mg of dry weight (DW) from mature red transgenic and WT tomato samples (B+15 days approximately) were ground using liquid nitrogen with a pestle and mortar. Then, 250 μL 0.5% acetic acid in methanol were added, followed by vortexing and sonication for 1 hour. The samples were centrifuged at 7,500 g for 10 min, and the supernatants were freeze-dried. The resulting pellet was resuspended in 10 μL of water to obtain the antioxidant solution.

To detect unbound LA, 1 μL of the antioxidant solution was loaded onto a nitrocellulose membrane, and a dot blot assay was performed. The membrane was blocked with 5% non-fat milk in TBS-T for 30 min. After three washes with TBS-T, the membrane was incubated with an anti-LA antibody (1:3000, Calbiochem 437695) for 30 min, followed by three additional washes with TBS-T. A secondary antibody conjugated to HRP (1:20000, Biorad 170-6515) was then applied, and signals were detected as described in section 2.4. As a positive control, 2 μL of total protein from the T0 PG-SlLIP1 L4 line was used.




2.6 Targeted metabolomic analysis

Polar metabolite extraction was performed following the protocol described by Alonso et al. (2010). Briefly, 10 mg DW from mature red transgenic and WT tomato samples were ground using liquid nitrogen with a pestle and mortar. As internal standards, 5 mM 13C-glycine, 20 mM 13C-mannose, and 1 mM 13C-fumarate were added to each tube. Polar metabolites were extracted using 1 mL of boiling water and then incubated in a water bath at over 90°C for 10 min. The extracts were then placed on ice and centrifuged at 17,000 g for 5 min at 4°C. The supernatants were passed through a 0.22 μm filter, and the remaining pellets were subjected to a second extraction. Finally, the water-soluble metabolites were freeze-dried overnight.

The metabolites were resuspended in 500 μL of water, vortexed, and 150 μL were loaded onto a 0.2 μm nanosep MF centrifugal device and centrifuged at 17,000 g for 10 min at 4°C to detect sugars and sugar alcohols. The remaining volume was loaded onto a 3 kDa Amicon Ultra column, centrifuged at 14,000 g for 75 min at 4°C, and kept on ice until injection into the LC-MS/MS.

LC-MS/MS quantification was performed following the method described by Cocuron et al. (2014) to determine sugars, sugar alcohols, amino acids, phosphorylated compounds, and organic acids.




2.7 Statistical analysis

Transcript, bound and unbound LA, and metabolite levels were analyzed using a t-test (p < 0.05), with WT serving as the reference parameter for comparison.

Metabolomic data were uploaded to MetaboAnalyst 6.0 (Pang et al., 2024) for statistical analysis (one-factor), including PCA, heatmap, and pathway enrichment analysis on normalized data. Metabolites were used as predictor variables, while genotype (WT and transgenic lines) was used as the response variable. For clustering analysis, the Euclidean distance similarity measure and Ward’s clustering algorithm were applied.





3 Results



3.1 Stable transformation of tomato with PG-SlLIP1 reduces seed production

Considering the essential role of lipoylation in several enzymes in primary metabolism, the overexpression of lipoyl synthase, the key enzyme required for this process, may be expected to generate pleiotropic phenotypic effects, even if limited to specific organs in plants. Therefore, to increase the LA content in fruits, we performed a stable transformation of tomato cv ‘Micro-Tom’ plants with SlLIP1 (Solyc07g054540), which encodes mitochondrial lipoyl synthase (Araya-Flores et al., 2020). The CDS of SlLIP1 was cloned into the pCP vector (Arias et al., 2021), a binary vector that contains an 804 bp fragment upstream of the transcription start site of the Polygalacturonase (SlPG14, Solyc10g080210.1.1) promoter from S. chilense (tomatillo). The expression of PG in tomato cv ‘Micro-Tom’ is fruit-specific starting in breaker and peaking at the pink stage (Supplementary Figure 1A). pCP also harbors a Nopaline synthase Terminator (NosT), and the bar gene, which confers BASTA® resistance. The SlLIP1 CDS was cloned with a 6xHis tag at the 3’ end (Figure 1A).

Using Agrobacterium-mediated transformation, young leaves were transformed with pCP harboring PG-SlLIP1, and the regeneration of the explants was carried out in vitro. Upon root elongation, plants were transferred ex vitro until the appearance of fruits. Three T0 transgenic lines, referred to as L31, L4 and L3, were analyzed and compared to WT plants (Figure 1B). By monitoring the growth and development of all lines, it was determined that the height of the aerial part of all plants at the end of the third month of acclimatization (4 months post-transformation) in the greenhouse was similar between L31, L4 and L3 and WT, indicating no significant impact on overall vegetative performance (Table 1). When the fruits were analyzed, the main difference observed was in the number of seeds; while WT fruits had seeds in all fruits, a reduction was found in L31 and L4, and no seeds were present in L3 (Table 1, Figure 1C). Due to this feature, transgenic lines L31 and L4 were propagated until the T2 generation, for further evaluation.



Table 1 | Phenotypic description of WT and T0 and T2 PG-SlLIP1 transgenic tomato lines.
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3.2 Overexpression of SlLIP1 in tomato fruits increases lipoylated protein and unbound LA levels

The level of overexpression of SlLIP1 was analyzed using qRT-PCR in mature red fruits from WT and transgenic PG-SlLIP1 lines across two different generations. Since the introduced SlLIP1 is an endogenous gene in tomato, overexpression was defined as transcript levels higher than those in WT. Fruits from the transgenic lines PG-SlLIP1 L31, L4 and L3 at the T0 stage accumulated 2–3 fold higher transcript levels of SlLIP1 than in WT. This pattern persisted into the T2 generation of L31 and L4 fruits (Figure 2A). Transcripts of introduced SlLIP1 in fully-expanded leaves of all lines were absent, demonstrating that the PG promoter was not active in these organs (Supplementary Figure 2).
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Figure 2 | SlLIP1 transcript levels and LA content in fruits of T0 and T2 PG-SlLIP1 transgenic tomato lines. (A) qRT-PCR analysis of SlLIP1 was performed on three different fruits, each with two technical replicates (n=6 ± SD), normalized against Actin7 and calibrated to WT levels. (B) Quantification of immunoblot signals of protein-bound LA using an anti-LA antibody, normalized to the signal of an anti-actin antibody in WT and PG-SlLIP1 transgenic fruits. All T0 and T2 samples were subjected to this analysis at least three times, whilst 5 replicates are considered for WT. Bars show means ± SD. (C) Detection of unbound LA in WT and T2 PG-SlLIP1 fruits (n=9 ± SD). p ≤ 0.05 (*), p ≤ 0.005 (**), and p ≤ 0.0005 (***) and not significant (n.s.).



To determine whether this increase in SlLIP1 transcript levels affected LA content, two experiments were conducted. First, lipoylated proteins were analyzed by immunoblotting, using an anti-LA antibody. The signal obtained was normalized to the signal of the anti-actin immunoblot, and the results were compared relative to WT, such that an increase in the LA/actin ratio suggests an increase in the lipoylation of target proteins (Supplementary Figure 3). In this context, fruits from T0 transgenic lines L31 and L4 showed up to ~2-fold higher lipoylated protein levels than WT. This rise was stably transmitted to the T2 generation (Figure 2B). The second approach measured free LA in extracts of hydrophilic antioxidants obtained from tomato fruits. To do so, a dot blot was performed using the same anti-LA antibody (Supplementary Figure 4). The results showed a significantly stronger signal in fruits from L31 and L4 at the T2 generation compared to WT fruits (Figure 2C). Overall, these results indicate that increasing SlLIP1 levels in tomato fruits enhances bound and unbound LA content.




3.3 Transcript levels of LA biosynthesis and related genes are altered in transgenic tomato fruits with higher LA content

As an increase in SlLIP1 transcript levels triggered a corresponding increase in bound and unbound LA content in fruits, the expression of various genes related to LA biosynthesis was analyzed to understand how transgenic fruits respond to the overexpression of SlLIP1. SlLIP1p (Solyc12g099700) is the plastidial lipoyl synthase isoform (Araya-Flores et al., 2020). SlLIP1p transcript levels in L31 and L4 at T0 were significantly higher than in WT fruits, while no differences were observed in L3 T0 or in both T2 lines (Figure 3A). On the other hand, the LA biosynthetic genes SlLIP2 and SlLplA were more highly expressed in fruits from all the transgenic lines analyzed in the T0 generation (Figures 3B, C). Nevertheless, no differences were observed in the accumulation of SlLIP2 transcripts in L31 and L4 at T2 (Figure 3B). In contrast, L4 at T2 showed higher transcript levels of SlLplA than WT and L31 fruits (Figure 3C).
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Figure 3 | Relative transcript levels of genes involved in LA metabolism in fruits of T0 and T2 PG-SlLIP1 transgenic tomato lines. The analyzed genes are: (A) Plastid lipoyl synthase (SlLIP1p): an isoform of lipoyl synthase that contains a signal peptide targeting to chloroplasts. (B) Octanoyl transferase (SlLIP2): participates in de novo LA biosynthesis. (C) Lipoate protein ligase (SlLplA): involved in the salvage pathway. (D) Mitochondrial E2 subunit of pyruvate dehydrogenase (E2 PDHm). (E) Plastidial E2 subunit of pyruvate dehydrogenase (E2 PDHc). (F) E2 subunit of alpha-keto glutarate dehydrogenase (E2 kGDH). (G) SAM synthetase (SAMS1): involved in SAM biosynthesis. Transcript levels were normalized against Actin7 and calibrated to WT levels. n=6 (T0 and T2) or 12 (WT) ± SD. p ≤ 0.05 (*), p ≤ 0.005 (**), p ≤ 0.0005 (***) and not significant (n.s.).



Regarding the genes encoding lipoylated subunits, transcript levels of E2 PDHm (mitochondrial), E2 PDHc (plastidial) and E2 kGDH were evaluated. For E2 PDHm, transcript levels were higher in L31 and L3 at T0 compared to WT and L4. However, L31 and L4 at T2 showed lower transcript levels than WT (Figure 3D). In the case of E2 PDHc, L31 expressed this transcript more than WT, L4 and L3 fruits at T0, while L31 and L4 at T2 showed lower levels of transcript than WT (Figure 3E). For E2 kGDH, L31 and L4 at T0 showed higher transcript accumulation compared to WT, but at T2, L31 accumulated less of this transcript (Figure 3F).

Finally, during the enzymatic reaction of LIP1, SAM is consumed. Therefore, transcript levels of SAM synthetase 1 (SAMS1), the enzyme responsible for SAM synthesis (Zhang et al., 2020) were analyzed. L4 T0 fruits accumulated higher levels of this transcript, but this trend was not observed at T2. In contrast, L31 T2 fruits accumulated lower levels of SAMS1 (Figure 3G). Taken together, these findings suggest that the fruit-specific overexpression of SlLIP1 results in knock-on effects in transcript levels of lipoylation-related genes.




3.4 Primary metabolism is affected by the overexpression of SlLIP1 in transgenic tomato fruits

To understand how the overexpression of SlLIP1 and the increase in LA content modified the metabolite profiles in the PG-SlLIP1 tomato lines, a targeted metabolomic analysis of polar metabolites was performed using LC-MS/MS. A total of 99 metabolites were identified in mature red fruits, consisting of 10 sugars, 27 amino acids and their derivatives, and 62 organic acids and phosphorylated compounds. The data were evaluated through an unsupervised multivariate statistical analysis using the genotype as the response variable and metabolites as the predictor variable. Principal components analysis (PCA) of metabolites from transgenic PG-SlLIP1 (L31, L4 and L3) and WT tomato fruits explained 41% of the variance for PC1 and 21.3% for PC2. The projection clearly separated the transgenic and WT groups, with the three transgenic lines clustering together on the negative side of the plot (Figure 4A).
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Figure 4 | Targeted metabolomic analysis of fruits of T0 PG-SlLIP1 transgenic tomato lines. (A) Principal component analysis (PCA) was performed using detected metabolites as the predictor variable and genotype as the response variable. (B) Heatmap analysis of the top 50 significantly-altered metabolites identified by ANOVA. Columns represent the average of three biological replicates for each genotype (WT and PG-SlLIP1 lines L31, L4 and L3). The distance measure for clustering was Euclidean, and the clustering algorithm used was Ward.



Next, the top 50 metabolites identified by ANOVA as being significantly-altered were clustered and visualized with a heatmap (Figure 4B). The three transgenic PG-SlLIP1 lines grouped together, distinct from WT. Thirty-five metabolites accumulated more in WT fruits than in transgenic lines, representing 70% of the metabolites identified. The remaining 15 metabolites accumulated more in the transgenic lines than in WT fruits, with four metabolites (asparagine, PEP, citrulline and trehalose) showing higher levels in L31 only. L4 and L3 fruits were more similar to each other, with four metabolites showing different patterns compared to L31 and WT fruits (UDP-arabinose, fructose 1,6-biphosphate, azelaic acid and ATP). Three metabolites (ADP-glucose, glutamate and GDP) accumulated more in all three transgenic lines than in WT. Erythrose 4-phosphate showed similar levels in L31 and L3 fruits.

The changes in metabolite accumulation across the different transgenic lines provide insights into the metabolic pathways that may be altered due to the overexpression of SlLIP1. To explore this, a pathway enrichment analysis was performed by comparing metabolites of each transgenic line with WT (Table 2). The pentose phosphate pathway, starch and sucrose metabolism, fructose and mannose metabolism, alanine, aspartate and glutamate metabolism, and amino sugar and nucleotide sugar metabolism were the five metabolic pathways that were most represented in the three transgenic lines compared to WT fruits. The p-values from the enrichment analysis were statistically significant in all cases. This information was used to create a map illustrating the effect of SlLIP1 overexpression in tomato fruits compared with WT (Figure 5).



Table 2 | Metabolic pathways showing statistical differences in pathway enrichment analysis comparing WT to PG-SlLIP1 transgenic fruit metabolites.
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Figure 5 | Metabolic comparison of fruits of PG-SlLIP1 transgenic and WT tomato lines. The graphical representation illustrates the variance in the metabolic profile of each transgenic fruit (n=3 ± SD) compared to WT (n=3 ± SD). Green arrows beside metabolite names indicate an increase in accumulation in transgenic fruits compared to WT, while red arrows indicate a decrease, according to the t-test with significance set at p ≤ 0.05 (*), (**) and (***). Gray metabolites were not measured but are included in the scheme to facilitate understanding. G1P, Glucose 1-phosphate; UDPG, UDP-glucose; UDP-GlcA, UDP-glucuronic acid; UDP-Ara, UDP-arabinose; UDP-Xyl, UDP-xylose, UDP-Api, UDP-apiose; UDP-Gal, UDP-galactose; ADP-Glc, ADP-glucose; G6P, Glucose 6-phosphate; T6P, Trehalose 6-phosphate; F6P, Fructose 6-phosphate; M6P, Mannose 6-phosphate; R5P, Ribulose 5-phosphate; S7P, Sedoheptulose 7-phosphate; R1,5-bP, Ribulose 1,5-biphosphate; E4P, Erythrose 4-phosphate; Ery/Thre, Erythritol/Threitol; PGA, 2–3 phosphoglyceric acid; DHA-P, Dihydroxyacetone phosphate; GLY-P, Glycerol phosphate; PEP, Phosphoenolpyruvate; SAM, S-adenosyl methionine; GABA, gamma-aminobutyric acid; OH-proline, hydroxyproline; ArgSuc, Argininosuccinate.



The main differences were observed in the pentose phosphate pathway, where four metabolites (ribulose 5-phosphate, ribulose 1,5-biphosphate, sedoheptulose 7-phosphate and erythritol/threitol) accumulated more in WT fruits, while erythrose 4-phosphate was more abundant in L3 fruits than in WT. Conversely, UDP-glucose, glucose 6-phosphate, and fructose 6-phosphate, related to starch and sucrose metabolism, along with metabolites related to amino sugar and nucleotide sugar metabolism (e.g., UDP-glucose, UDP-glucuronic acid, mannose 6-phosphate, UDP-xylose, fructose 6-phosphate, and UDP-galactose) accumulated more in WT fruits than in transgenic fruits (Figure 5). In contrast, trehalose 6-phosphate was more abundant in L4 fruits than WT, similar to ADP-glucose and UDP-arabinose. Regarding fructose and mannose metabolism, sorbitol, mannose 6-phosphate, and fructose 6-phosphate accumulated more in WT fruits, while fructose 1,5-biphosphate experienced the opposite. In alanine, aspartate and glutamate metabolism, aspartate and fumarate were more represented in WT fruits, whereas asparagine, glutamate (L31, L4 and L3), glutamine (L31), and GABA and proline (L31) were more abundant in transgenic lines than WT fruits (Figure 5). Therefore, these data highlight the central role of lipoylation in both primary and secondary metabolic pathways, such that overlipoylation results in a series of changes in polar metabolites.





4 Discussion

Lipoyl synthase is the enzyme that catalyzes the final step in LA biosynthesis by adding the two sulfur atoms to four octanoylated targets, PDH, kGDH, BCDH and GDC. Consistently, the effects of manipulating the expression of this enzyme throughout the whole plant are expected to be severe. Indeed, Ewald et al. (2014a) and Ewald et al. (2014) demonstrated that interruption of LIP2, LplA, LIP1p and LIP2p through T-DNA-mediated insertion in Arabidopsis resulted in a lethal phenotype when the T-DNA insertion was homozygous. This suggests that manipulating LA metabolism hinders normal plant growth. In this study, we used the PG promoter to overexpress tomato lipoyl synthase (SlLIP1) specifically during the breaker and pink fruit stages (Supplementary Figure 1B), thereby avoiding potential negative effects on vegetative organs. The increase in SlLIP1 expression driven by the PG promoter in T0 and T2 generations was approximately 2- to 3- fold higher than in WT plants (Figure 2), similar to the ranges described by Arias et al. (2021) using the same pCP vector system. Additionally, no additional SlLIP1 transcripts were detected in fully-expanded leaves of transformed plants (Supplementary Figure 2). The fruit-specific promoter chosen for this study corresponds to SlPG14 (Solyc10g080210.1.1); indeed, a detailed analysis of the expression pattern of this gene shows that it is fruit-specific (Ke et al., 2018), consistent with publicly-available data (bar.utoronto.ca/efp2/Tomato/Tomato_eFPBrowser2).

The greater levels of SlLIP1 transcripts triggered concomitant rises in both bound and unbound LA (Figure 2). These increases in LA content were associated with modifications in the transcript levels of various genes involved in LA biosynthesis (Figures 3A, B, C). To the best of our knowledge, there is no existing evidence detailing how this feedback mechanism operates between LIP1 and other genes in the LA biosynthesis pathway. However, in this study, we propose that elevated SlLIP1 activity results in depletion of octanoylated proteins which act as reaction substrates for lipoylation, leading to a positive feedback signal to upregulate SlLIP2 activity. This upregulation would enhance the transfer of octanoyl groups from acyl carrier protein (ACP) to target proteins, thus providing more potential substrates for SlLIP1. In the case of SlLplA, an enzyme associated with the salvage pathway that directly adds exogenous octanoyl or lipoyl groups onto target domains (Ewald et al., 2014a), we observed increased transcript levels in all three transgenic lines (Figure 3C). Therefore, we suggest a similar mechanism to that of SlLIP2, where substrate depletion caused by SlLIP1 activity upregulates SlLplA transcription through positive feedback, facilitating the uptake of free octanoyl and/or lipoyl from the medium and its transfer to target proteins.

Regarding the target proteins, we observed a significant increase in the transcript levels of mitochondrial and plastidial E2-PDH, as well as E2 kGDH, in some transgenic lines in the T0 generation. However, there were no differences observed in the T2 generation (Figures 3D–F). This is noteworthy, as these subunits must be lipoylated for them to be active (Douce et al., 2001; Mooney et al., 2002; Perham, 2000). In this context, there may be a positive feedback loop between LA biosynthesis and the transcription of genes encoding these target proteins. A similar phenomenon was observed in hepatocytes supplemented with LA, where researchers found an increase in mitochondrial PDH activity due to inhibition of its antagonist, pyruvate dehydrogenase kinase (PDK), through an unknown mechanism (Korotchkina et al., 2004). In contrast to the T0 lines, in the T2 generation the transcript levels of E2-PDHm, E2-PDHc and E2 kGDH were generally lower than in WT fruits. Along these lines, it has been demonstrated that there is an unlipoylated pool of E2 subunits of PDH and kGDH proteins in normal conditions in Arabidopsis (Ewald et al., 2014a). Therefore, we suggest that in the T2 generation, due to the stable overexpression of SlLIP1 (Figure 2A) and the lower levels of transcripts of the genes encoding these lipoylated targets (Figures 3D–F; E2-PDHm, E2-PDHc and E2 kGDH), that the pool of unlipoylated E2 subunits has been reduced in the transgenic fruits. Indeed, and in support of this hypothesis, the immunoblot analysis shows that there are overall higher levels of bound LA in PG-SlLIP1 tomatoes compared to untransformed controls (Figure 2B).

Using targeted metabolome analysis of transgenic compared to WT fruits, we observed that the three PG-SlLIP1 lines were similar to each other but distinct from WT in terms of polar metabolite accumulation (Figure 4). Based on this data, we were able to identify which metabolic pathways were most affected by the overexpression of SlLIP1 (Table 2) and subsequently created a diagram illustrating central metabolism and the metabolite accumulation in each genotype (Figure 5). Regarding starch and sucrose metabolism, glucose 6-phosphate (G6P) and UDP-glucose (UDPG) are two essential compounds in central metabolism within fruits. G6P belongs to the hexose pool and serves as a precursor for the pentose phosphate pathway, providing reducing power within the cells (Jiang et al., 2022). As for UDPG, it plays a key role in sucrose synthesis in source organs, as well as in the formation of cellulose and callose in the apoplast (Kleczkowski et al., 2010). Additionally, it is involved in the synthesis of hemicelluloses and pectins in the cell wall (Amor et al., 1995; Feingold and Barber, 1990; Gibeaut, 2000; Johansson et al., 2002; Kleczkowski, 1994; Reiter, 2008). A mutant of the ugpA gene in Arabidopsis, which encodes UDP-glucose pyrophosphorylase responsible for synthesizing UDPG from glucose 1-phosphate, exhibited 50% less seed production compared to WT plants (Meng et al., 2009). This finding is consistent with observations in PG-SlLIP1 lines, which showed reduced or absent seed production (Table 1). Metabolomic data indicated that G6P and UDPG levels were lower in PG-SlLIP1 fruits compared to WT. Additionally, trehalose 6-phosphate (T6P) accumulated more in PG-SlLIP1 L4 and tended to be higher in L31 and L3 fruits (Figure 5). G6P and UDPG serve as precursors to T6P (Kerbler et al., 2023), which is subsequently dephosphorylated by T6P phosphatase to produce trehalose. Meanwhile, fatty acid synthesis is regulated by the WRI1 transcription factor (Zhai et al., 2018). When phosphorylated by SnRK1 kinase, WRI1 cannot translocate to the nucleus. T6P can bind to the SnRK1 kinase catalytic subunit, inhibiting its activation, thus allowing WRI1 to enter the nucleus and activate fatty acid synthesis (Zhai et al., 2018). Since LA is derived from fatty acid biosynthesis (octanoylated-ACP) when synthesized de novo, we propose that the observed increase in LA is, at least in part, being sustained by the elevated T6P levels.

As previously mentioned, SAM is a key molecule in LIP1 activity, as one molecule of SAM is consumed for every two sulfur atoms inserted into octanoylated proteins (Harmer et al., 2014). The biosynthesis of SAM is catalyzed by SAMS, with methionine serving as a precursor. Previous studies have mutated one of the four SAMS genes in Arabidopsis, leading to an increase in methionine levels. Consequently, mutant plants exhibit a severe growth defect due to reduced SAM levels, which are essential for methylation reactions (Goto et al., 2002; Jander and Joshi, 2010; Shen et al., 2002). Lysine, or a related metabolite, regulate SAMS at the transcriptional level and modulate its enzymatic activity (Hacham et al., 2007). Inhibition of SAMS reduces SAM biosynthesis and consequently leads to methionine accumulation, as SAM is a negative regulator of cystathionine gamma-synthase, which is involved in the initial step of methionine biosynthesis (Jander and Joshi, 2010). Our results showed a decrease in lysine levels in transgenic tomato fruits (Figure 5), suggesting that this may enable SAMS to become more active, thereby consuming more methionine to generate additional SAM for elevated LIP1 activity.

The metabolomic data showed an increase in glutamate levels in the three transgenic lines, along with a statistically significant increase in glutamine and GABA levels in L31, and a trend towards increased levels in L4 and L3 (Figure 5). These results suggest an activation of the “GABA shunt”, which bypasses two steps of the TCA cycle, specifically succinyl-CoA ligase and kGDH (Bouché and Fromm, 2004), the latter of which is a lipoylated target. This pathway involves three key enzymes: glutamate decarboxylase (GAD), GABA transaminase (GABA-T) and succinic semialdehyde dehydrogenase (SSADH) (Michaeli and Fromm, 2015). The metabolomic results indicate a potential activation of the shunt, possibly due to deregulation of kGDH as a result of higher LIP1 activity. Another possible explanation is that the transgenic fruits were responding to oxidative stress, which could have triggered an increase in Ca2+ levels, subsequently activating the GABA shunt, as GAD is regulated by intracellular Ca2+. Notably, changes in intracellular Ca2+ levels are known to be related to ROS response and signaling in plants (Ansari et al., 2021). Indeed, high proline content is an indicator of the stress response (Kavi Kishor and Sreenivasulu, 2014). This was corroborated by our metabolomic data, where L31 exhibited statistically-significantly higher proline levels compared to WT (Figure 5). Similar findings were reported by (Ewald et al., 2014a), where LplA RNAi plants showed elevated proline and GABA levels, indicating metabolic stress due to decreased E2-PDH lipoylation in leaves and roots in Arabidopsis. In contrast, our results showed higher levels of lipoylated proteins, suggesting that both greater and lower lipoylation may induce metabolic stress in plant cells. Nevertheless, the metabolomic analysis also demonstrates the uniformity of the mature red fruits that were chosen for these assays, as the levels of Glc and Fru [sugars known to accumulate in mature red fruits, Figure 5; Carrari and Fernie (2006)] were identical between transgenic and WT fruits, consistent with our expression data showing that transcript levels of SlPG14 and SlNAP2, genes whose expression correlates positively with fruit development (Ke et al., 2018; Kou et al., 2016) are similar between transgenic and WT lines (Supplementary Figures 1A, B).

In conclusion, the use of the PG promoter has made it possible to obtain stably transformed tomato plants whose plant phenotypes did not differ significantly from WT. Using this promoter, LIP1 was overexpressed in mature fruits, but not in leaves. Overexpression of SlLIP1 was observed to not only increase bound and unbound levels of LA but additionally it raised the expression of many other genes associated with LA metabolism. Higher SlLIP1 expression was also observed to have effects on metabolite abundance associated with various metabolic routes, among which we highlight general reductions in metabolites participating in glycolysis and the pentose phosphate pathway, and a marked increase in glutamate and some of its downstream products such as glutamine and GABA, pointing towards activation of the GABA shunt. The applications of this work mean that SlLIP1 is a potential target for increasing LA levels in antioxidant-poor crops in an organ-specific manner, without incurring substantial physiological costs on their performance.
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evm.model.utgl1341.6

TkSRPP3

evm.model.utg10104.22

evm.model.utg7969.4
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evm.model.utg29345.1
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evm.model.utg8052.7

evm.model.utg1886.1

TkSRPP5

NCBI (non-redundant)

Protein names (identity)

cis-prenyltransferase CPT2
(Taraxacum
brevicorniculatum) (98.05%)

3-hydroxy-3-methylglutaryl-CoA
reductase 2, partial [Taraxacum
kok-saghyz] (98.20%)

hypothetical protein
LSAT_6X38201 [Lactuca
sativa] (83.07%)

probable isoprenylcysteine alpha-
carbonyl methylesterase ICMEL2
[Lactuca sativa) (77.08%)

CRAL-TRIO domain-containing
protein YKL091C-like [Lactuca
sativa] (81.48%)

SEC14 cytosolic factor-like
[Lactuca sativa) (87.05%)

myo-inositol oxygenase 4
[Artemisia annua) (89.84%)

probable glycerol-3-phosphate
acyltransferase 8 isoform X2
[Lactuca sativa) (80.28%)

germacrene A oxidase [Lactuca
sativa] (95.49%)

squalene epoxidase 1 [Taraxacum
kok-saghyz] (98.12%)

plastidial pyruvate kinase 2
isoform X2 [Lactuca sativa]
(93.21%)

putative methyltransferase
DDB_G0268948 [Lactuca
sativa] (91.83%)

UniProtKB/Swiss-Prot

Protein names (identity) TkCPTL1-

RNAi - WT

Dehydrodolichyl diphosphate
synthase 6 (Dedol-PP synthase 6)
(EC 25.1.-) (52.80%)

-3.54

3-hydroxy-3-methylglutaryl
coenzyme A reductase 2-A
(HMG-CoA reductase 2)
(Hydroxymethylglutaryl-CoA
reductase) (PgHMGR2)
(EC 1.1.1.34) (74.46%)

-1.96

Ricin B-like lectin R40G3

-1.
(Osr40g3) (57.52%) 7

Probable isoprenylcysteine alpha-
carbonyl methylesterase ICMEL2
(EC 3.1.1.n2) (Isoprenylcysteine
methylesterase-like protein
2) (61.10%)

-1.46

Secl4 cytosolic factor
(Phosphatidylinositol/
phosphatidyl-choline transfer
protein) (PI/PC TP) (Sporulation-
specific protein 20) (31.12%)

-1.23

CRAL-TRIO domain-containing

-1.68
protein YKL091C (26.29%)

Inositol oxygenase 4 (EC 1.13.99.1)
(Myo-inositol oxygenase 4)
(AtMIOX4) (MI oxygenase

4) (74.13%)

-1.83

Glycerol-3-phosphate 2-O-
acyltransferase 4 (AtGPAT4) (EC
2.3.1.198) (Glycerol-3-phosphate

acyltransferase 4) (61.22%)

-5.65

Germacrene A hydroxylase
(EC 1.14.14.95) (Germacrene A
oxidase) (LsGAO) (95.29%)

116

Squalene monooxygenase SE1 (EC
1.14.14.17) (Squalene epoxidase 1)
(PgSQE1) (SE) (SE1)

(gse) (76.24%)

3.11

Plastidial pyruvate kinase 2 (PKp2)
(EC 2.7.1.40) (Plastidial pyruvate
kinase 1) (PKP1) (Pyruvate kinase
III) (Pyruvate kinase isozyme B1,
chloroplastic) (PKP-BETA1)
(Plastidic pyruvate kinase beta
subunit 1) (95.43%)

112

Putative methyltransferase
DDB_G0268948
(EC 2.1.1.-) (32.14%)

-1.30

Log,FC

Latex

228

RP

P PP

1.25

2.68

1.73

1.10 | 201

1.80

512

3.01

3.86

4.05

1.43

5.63

5.34

The mean log,FC between transgenic and wild-type plants reported in an earlier study (Niephaus et al., 2019) are shown with the log,FC of AE-MS experiments and the corresponding latex

fractions as determined in the current study.
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Genome ID Given name TkSRPP3 TKSRPP4 TKSRPP5
RP P PP RP IP IP

evm.model.utg2059.21 ‘ TKkSRPP6

evm.model.utg4564.7 ‘ TKUGT80B1

Log,FC values are provided for each bait TkSRPP and latex fraction in which TkSRPP6 and TkUGT80B1 were significantly enriched. L, latex; RP, rubber phase; IP, interphase; PP, pellet phase.
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Match Status

Pathway Name

L4
Pentose phosphate pathway 60f 19 6 of 19
Starch and sucrose metabolism 9of 22 9 of 22
Fructose and mannose metabolism 60f 18 6of 18
Alanine, aspartate and glutamate metabolism 9 of 22 9 of 22

Amino sugar and nucleotide sugar metabolism 14 of 52 14 of 52

60f 19

10 of 22

60f18

9of22

14 of 52
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Plant phenotype Fruit phenotype

. Flowering y Presence
Genotype Plant height (cm 5 Diameter (mm
P ghuiCe) time (d) (i) of seeds®
WT 188 58 ‘ 133 +38" ++
TO PG-SILIP1 131 165 40 ‘ 157 + 29 +
4 10 67 ‘ 163 25" +
13 115 67 ‘ 130 + 1.0° -
T2 PG-SILIP1 131 22.3 67 ‘ 181 +23° +
14 18.6" 60 ‘ 178 +22° +
a. Average of 18-21 plants.
b. Average of at least three fruits.
c. ++, >10 seeds/fruit; +, <5 seeds/fruit; -, absent.
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gene model Description PS skin YS skin PS flesh YS flesh Fold change Up in PS

vs YS?
Total normalized reads across all stages Skin Flesh
Sm12G00739 SmuMYB11 0 0 0 0
SmO01GO1578 SmuMYBI12 [ 95 97 0 0
Sm06G02794 SmuMYBI111 0 0 0 0
Sm10G01616 SmuMYB113 3511 0 998 12 11.6 6.0
Sm10G01614 SmuMYB114 76 1 22 0
Sm10G01615 SmuPAP1 0 0 0 0
Sm01G00097 SmuPAP2 0 0 3 0
Sm09G01582 SmuTT8/bHLH 1099 93 47 10 28
Sm08G02075 SmuGL3/bHLH 1350 1145 1036 888
Sm08G00007 SmuEGL3/bHLH 3535 4149 4297 4679
Sm03G01281 SmuTTG1/WD40 37 40 40 35
VSmOSGOOMS SmuMYBL2 33 0 0 0
i Sm12G02638 SmuCPC 489 256 1 508 0 345 ' 1.6
SmATV SmUATV 13 0 6 1
Sm02G02436 SmuLBD37 956 729 94 58
Sm01G03283 SmuLBD38 1823 1795 1596 1713
Sm11G00468 SmuLBD39 554 307 844 823

“Data presented only if fold change >2, p value 20.05 and mean count over samples >50.
PS, purple-skinned; YS, yellow-skinned.
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gene model Description YS skin PS flesh YS flesh Fold change Up in PS

vs YS?
Normalized reads across all stages Skin Flesh
Sm10G01622 SmuPAL10 9025 4105 11067 2420 1.5 11
Sm09GO0502 SmuPAL3 11584 5056 7332 7129 16
Sm09GO0503 SmuPAL4 8246 4366 1818 2460
Sm09G00504 SmuPALS 8475 5022 2159 3176
Sm09G00505 SmuPAL6 14 10 12 3
Sm10G02259 SmuC4H 8794 4433 1957 1338
Sm03G00494 Smu4CL3 2244 1352 725 444
Sm03G01314 Smu4CL4 673 416 37 32
Sm06G00927 Smu4CL5 6096 2973 4379 4094
Sm05G02050 SmuCHI3 328 12 18 3
SmUnG137G00010 SmuCHI4 1600 1249 1232 1420 13 8
Sm05G02138 SmuCHS 30706 26715 33015 56022
Sm02G02082 SmuF3H 7273 235 126 417 49
Sm03G00722 SmuF3’H 874 631 665 329 09
Sm11G02385 SmuF3'5’H 4870 1 13 5 11.0
I Sm02G02175 SmuDFR 7846 3 20 3 I 111
Sm08G01977 SmuANS 2644 1 17 4 10.2
Sm09G02395 SmuUFGT 514 183 1086 129 11 29
Sm10G01884 SmuUFGT-like 4011 190 1 0 48
Sm02G01868 SmuTT19 5962 6 5 1 102

“Data presented only if fold change 0.5, p value 20.05 and mean count over samples > 50.
PS, purple-skinned; YS, yellow-skinned.





OPS/images/fpls.2024.1397874/crossmark.jpg
©

2

i

|





OPS/images/fpls.2024.1408202/fpls-15-1408202-g004.jpg
AcMYB10_APZ74276.1 (Kiwifruit)
AtMYB75_AT1G56650.1 (Arabidopsis)
PhAN2_ABQ21074.1 (Petunia)
78 IBMYB1_AB576767 (Ipomea)
100 StAN1_XP_015160237.1 (Potato)
SmMuMYB113_Sm10G01616 (Pepino)
84 100 ——— SmuMYB114_Sm10G01614 (Pepino)
SIANT1_AAQ55181.1 (Tomato)
100 SmuUPAP1_Sm10G01615 (Pepino)
51 SIMYB75_ACT36603.1 (Tomato)
92 SIMYB114_NP_001362565.1 (Tomato)
CaA_CAE75745.1 (Capsicum)
SmuPAP2_Sm01G00097 (Pepino)
AtMYBL2_AT1G71030.1 (Arabidopsis)
CaHv1_XP_016553377.2 (Capsicum)
87 IIMYBL1_ASR83103.1 (Iochroma)
89 StHv1_XP_006344323.1 (Potato)
98 SpHv1_XP_015075741.1 (wWild tomato)
SIHv1_XP_004238850.1 (Tomato)
95 76 PhMYBx_AHX24371.1 (Petunia)
93 SmuCPC_Sm12G02638 (Pepino)
100 SMUATV (Pepino)
SIMYB-ATV_NM_001365378.1 (Tomato)
AtCPC_AT2G46410.1 (Arabidopsis)
86 AtETC1_AT1G01380.1 (Arabidopsis)
AtETC3_AT4G01060.1 (Arabidopsis)
55 SITRY_MF197521 (Tomata)
67 AtTRY_AT5G53200.1 (Arabidopsis)
AtETC2_AT2G30420.1 (Arabidopsis)
AtMYB37_AT5G23000.1 (Arabidopsis)
AtMYB4_AT4G38620.1 SG4 (Arabidopsis)
AtMYB3_AT1G22640.1 (Arabidopsis)
100 AtMYB32_AT4G34990.1 (Arabidopsis)
53 AtMYB7_AT2G16720.1 (Arabidopsis)
CaMYB3_XP_016553378.2 (Capsicum)
PhR2R3-MYB_AHX24372.1 (Petunia)
IIMYB3L_AVB77252.1 (Ilochroma)
SpMYB3_XP_015075126.1 (Wild tomato)
87 SIMYB3_XP_004239398.1 (Tomato)
68| StMYB3-like_XP_006344224.1 (Tomato)
SMuMYBL2_Sm05G00345 (Pepino)

100 61

51
97

100

66 99
56

88
51
o7]100

0.3





OPS/images/fpls.2024.1408202/fpls-15-1408202-g005.jpg
Relattve Expression

SKIN 0020 FLESH

] PC
0.020 SmuDFR (Sm02G02175) EYC SmMuUDFR (Sm02G02175)
00254
0.025 4
i ]
2 0.020 4
0.020 4 a
4
(=9
00154 LﬁOO‘.E—
[t
= 1
0.010 4 §00‘.0<
14
0.005 4 0.005
0.000 ==
1 2 3 4 1 2 3 4 g0, 1 2 3 4 1 2 3 4
SMUF3’H5’(SM11G02385) SMUF3’H5’(SM11G02385)
s s
3 §
2 5
L% @ 005
@ [
> =
B 5
2 &
—r——r i, 000 +—1—— l'l'l'T'T"IlL
ozs. 102 3 4 1 2 3 4 1 2 3 4 1 2 3 4
SmuMYB113 (Sm10G01616) SmuMYB113 (Sm10G01616)
0204 020
S 5
S %
§0151 3 0154
e 3
ﬁ w
£ 010 £010]
®B o
2 &
0054 0054
—r— 000
4 1 2 3 4 1 2 3 4
SMUATV chr.7 (57.771-60.096 Kb)
[ 4 c
o o
1] /]
2 5 2
o 2
(=% (=%
X 0.0020 4 X
w w
o 2
§ 0.0015 4 3
o [}
& 0.0010 4 &
1 2 3 4 1 2 3 4

Figure 5. qPCR confirmations
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Compound Chemical Inflorescences

assignment formula
Monoterpene hydrocarbons 124 4.62
1G 6.39 a-Pinene CioH6 0.08 034
2G 6.82 Sabinene CioHis 0.30 111
3G 6.87 B-Pinene CioHis 0.49 1.91
4G 6.97 B-Myrcene CioHis 0.21 0.74
5G 733 p-Cymene CioHig 0.07 0.22
6G 737 D-Limonene CioHis 0.09 0.30
Oxygenated monoterpenes 65.81 37.36
7G 741 1,8-Cineole CioH 50 12.67 22.56
8G 7.73 cis-Sabinenhydrate CyoH 50 0.48 0.98
9G 8.11 trans-2-Caren-4-ol CioH 60 0.06 0.05
10G 839 Pinocarveol CioH160 0.35 0.04
11G 8.60 & Terpineol CioHy0 121 076
12G 878 a-Terpineol CioH 50 1.86 0.92
13G 8.84 (-)-Myrtenol CyoH,60 0.19 027
14G 9.04 Pinanediol CioH,50, 0.13 0.26
15G 9.16 3-Hydroxy-1,8-cineol CioH 50, 0.14 0.09
16G 9.49 p-Mentha-1(7),2-dien-8-ol CioH160 0.11 0.07
17G 9.95 p-Mentha-1,5-dien-8-ol CioH 60 0.03 0.28
18G 10.03 trans,trans-Nepetalactone CyoH 140, 44.05 257
19G 10.09 cis,trans-Nepetalactone CyoH 140, 4.52 853
Sesquiterpene hydrocarbons 20.74 32.84
20G 10.26 PB-Bourbonene CysHay 1.06 203
21G 1051 beta-Caryophyllene CisHas 2.07 7.03
22G 10.56 cis-Muurola-4(15),5-diene CysHaq 0.14 027
23G 10.61 PB-Farnesene CysHay 242 0.12
24G 10.66 Bicyclosesquiphellandrene CisHay 0.10 0.09
25G 10.90 Germacrene D CsHyy 14.88 23.03
26G 10.94 o-Farnesene CysHay 0.08 0.28
Oxygenated sesquiterpenes 1.69 149
27G 1157 Caryophyllene oxide CysH0 0.88 0.75
28G 1172 Humulene epoxide I Cy5Hy0 0.06 0.13
29G 12.04 14-Hydroxycaryophyllene CisH20 0.07 0.25
30G 12.14 Germacra-4(15),5,10(14)-trien- ~ Cy5sH,,0 0.61 0.25

1-ol
31G 13.11 Platambin Cy15H60, 0.07 0.10
Diterpene hydrocarbons 0.11 0.62
32G 12.81 Neophytadiene CyoHag 0.11 0.62
Oxygenated diterpenes 1.84 [ 19.02
33G 14.18 Phytol CyoHyeO 1.84 19.02
Oxygenated triterpenes 0.19 1.90
34G 17.30 Squalene C3oHs0 0.19 1.90
Other compounds 8.04 2.00
35G 9.99 Nepetonic acid CoH,403 4.12 2.00
36G 1112 Nepetalactam CyoH;sNO 3.92 /

Values represent means of three biological replicates and are presented relatively in % (100% refers to the total peak area of the specific compound).
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Metabolites

Nepetanudoside A 1,5,9-epi-Deoxyloganic acid Dehydronepetalactone c.t-Nepetalactol t,t-Nepetalactone
NnGPPS ‘ 0.05099 0.01171 0.02422 0.01530 ‘ 0.02615
NnGES 0.40227 0.69953 0.62632 0.73876 0.75092
NnG8H 0.49685 0.92993* 0.65089** 0.76221** 0.84667**
Nn8HGO 0.14440 0.07399 0.05780 0.01432 0.04141
NnISY 0.47210 0.86730 0.62146 0.66582** 0.77429**
NnNEPS1 0.50028** 0.91788** 0.48505*** 0.69303*** 0.75252***
NnNEPS2 0.59176 0.89129 0.84279 0.81969** 0.90995**
NnNEPS3 0.61061* 0.97990** 0.70291%** 0.84138** 0.90471**

NnMLPL 0.27544 0.67000 0.27289 0.38925 0.48010%

R?, coefficient of determination; n, total number of comparisons; ***, **, * - significance levels at p < 0.001, p < 0.01, and p < 0.05, respectively.
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Metabolites

Caffeic Rosmarinic Luteolin = Apigenin

acid acid
NnPAL | 0.70436 0.37304 0.41609 0.6189
NnC4H , 0.44942 0.88650 0.44946 0.77645
NndCL | 0.80174 0.81177 0.78283 0.89404
NnTAT | 0.03716 0.00140 0.04487 0.01887
NnHPPR = 0.47873 0.22249 0.27942 042757
NnRAS | 0.62464 0.74598 067462 | 056519
NnCYP , 0.72381 0.83617 0.87822 0.66551

No significant correlations were observed.
R?, coefficient of determination; n, total number of comparisons.
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enzyme Amino acid identity (%) Accession (E-value) Leaf TPM Root TPM
Te7DLS 0 943 Cr7DLS 85.6 13150
Te7DLH 0 89.8 Cr7DLH 14.4 [ 3247
Te7DLGT 0 902 0 Cr7DLGT 19.0 2337
TeLAMT 0 836 CrLAMT 86.6 3109
TeSLS 0 910 CrsLs 117.3 1450.0
TeSTR 22E-163 723 CrSTR 206 185.4
TeSGD 0 708 CrSGD 353 1488
TeGS 0 88.7 CrGs 173.9 14305
TeSBE 0 834 RsSBE 4502 1055.4
TeGO 0 925 CrGo 369.9 1080.6
TePeNMT(TeMT1) 1.7B-104 523 RsPINMT 401.8 5749
TeMT2 29E-110 539 RsPINMT 525 200
TeMT3 2.7E-109 523 RsPINMT 15.3 779
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The bolded fonts represent the common DEMs among treatments.
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Treatment Parameter 'S EGES

NC Dry bulb (°C) 35 38 40 42 45 48 51 54 60 68
Wet bulb (°C) 34 35 36 36 36 36 37 38 39 40
Heating rate (°C/h) 1 1 0.5 0.5 0.5 0.5 0.5 0.5 1 1
Time (h) 6 22 14 14 6 8 6 14 8 28

EC Dry bulb (°C) 35 38 40 42 45 48 51 54 60 68
Wet bulb (°C) 34 36 36 36 36 37 38 39 40 41
Heating rate (°C/h) 1 1 0.5 0.5 0.5 0.5 0.5 0.5 1 1
Time (h) 6 18 18 18 10 8 6 14 8 33

IC Dry bulb (°C) 35 38 40 42 45 48 51 54 60 68
Wet bulb (°C) 34 35 36 36 36 36 37 38 39 40
Heating rate (°C/h) 1 1 0.5 0.5 0.5 0.5 0.5 0.5 1 1
Time (h) 6 16 10 14 6 8 6 14 8 28

Y8, yellowing stage; CES, color fixing stage; DTS, dry tendon stage; NC, normal curing; EC, excessive curing; IC, insufficient curing.
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Leaf Sugar Nicotine Nitrogen Potassium Chlorine

Treatment density content content content content content
%) (%) () (%) (%) )

NC 8.5+ 0.7a 75.7 £ 1.5a 19.0 + 2.8ab 3.51 £ 0.08a 244 £0.17a 147 £ 0.02a 0.25 £+ 0.03a

EC 7.8 £ 0.5a 68.7 £ 5.0a 159 + 3.3b 3.42 £ 0.32a 233 £0.10a 1.52 £ 0.07a 0.27 + 0.04a

I 8.8 £ 0.4a 740 £ 6.1a 214 + 1.9a 3.46 £ 0.12a 240 £ 0.09a 1.58 + 0.10a 0.25 £ 0.01a

NC, normal curing; EC, excessive curing; IC, insufficient curing. Different lowercase letters indicate significant differences among treatments according to One-way ANOVA.
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Avg. RPKM

A.thaliana V.radiata
High group  Low group
MYB49 AT5G54230 Vradi04g00003889.1 N.D. N.D. 16,512 24.66
MYB74 AT4G05100 Vradil0g00000584.1 -3.678 145E-05 749.90 1260.50
NAC042 AT2G43000 | Vradi06g00001115.1 -4.295 2427E-13 3488.04 744527
ZCW32 AT1G59640 Vradi07g00000781.1 0.500 0.004 30475.54 27157.72

‘TF, Transcription Factor; Avg, average; N.D., not detected in high group vs. low group DEGs.
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Regulation

Log,
Fold Change

Description

7.76.E-

CCoAOMT_1 Down Vradi02g00000724.1 | 5.97 1.95.E-10 0 2.1.1.104 caffeoyl-CoA O-methyltransferase
& 8.02.E-
CCoAOMT_2 = Down Vradi03g00001121.1 | 5.46 1.64.E-03 03 2.1.1.104 caffeoyl-CoA O-methyltransferase
. 8.18.E- s N .
CYPSIEL_1 Up Vradi09g00002897.1 = -10.85 294E-16 | 1.14.14.89 4-methoxyisoflavone 2’-hydroxylase
. 257E- 8 ) .
CYP81E1_2 Up Vradi02g00004162.1 | -5.94 7.71E-10 08 1.14.14.89 4-methoxyisoflavone 2*-hydroxylase
" 1.9LE- %
DFR Down Vradi07g00001336.1 | -1.24 2.11.E-05 o4 1.1.1.219 dihydroflavonol-4-reductase
1.72.E- hikimate
HCT Down Vradi07g00000614.1 | 341 9.60.E-08 231133 shidmate
06 O-hydroxycinnamoyltransferase
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Varieties References Advantageous Sec-

ondary Metabolites

Israel Mission (Solomon Total anthocyanin content
(Black) et al., 2006)
Italy Mattalona (Del Caro and Flavonols (rutin,
(Black) Piga, 2008) anthocyanins,
Dottato (Russo hydroxycinnamic acids)
et al.,, 2014) Total phenolic content
Cyaniding-3-rutinoside
Turkey Bursa siyahi ~ (Kamiloglu and Total flavonoid content
(purple) Capanoglu, 2015) | Total proanthocyanidin
Siyah 5 (Caliskan and content
Polat, 2011) Total anthocyanin content
Flavan-3-ols
Total phenolic content
Total anthocyanin content
Albania Kraps (Hoxha and Total phenolic content
Zi (dark) Kongoli, 2016) Total flavonoid content
Total anthocyanin content
Tunisia Soltani (Ammar et al., Total phenolic content
(purple) 2015) Total anthocynin content
Kohli (Harzallah Prenylhydroxygenistein
et al., 2016) Total phenolic content
Total tannis content
Iran Sabz (green) = (Maghsoudlou Total phenolic content
Siyah et al.,, 2017) Total flavonoid content
(dark
purple)
Spain Banane (Pereira et al., Total Vitamin C
VB1 2017) Total phenolic content
Cuello (Vallejo et al., Total anthocynins
de Dama 2012) Luteolin 6C-hexose-8C-
(Duenas pentose
et al., 2008) Total anthocynins
Cyanidin-3-rutinoside
Algeria Bakkor (Mahmoudi Total phenolic content
Khal et al., 2018) Total anthocynins
Onk Total flavonoid content
Elhamam
Morocco Fassi (Hssaini et al., Total phenolic content
Noukali 2020, 2021) Total anthocynins
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Molecular pl  Instability Aliphatic Grand average Subcellular

weight (kD) index index of hydropathicity localization
ReBBX1 | 687 75.16 532 | 53.25 60.36 -0.669 Nucleus
ReBBX2 | 686 75.04 532 | 54.25 62.16 -0.648 Nucleus
ReBBX3 | 186 20.63 649 | 53.27 70.27 -0.559 Cytosol
ReBBX4 | 763 82.15 861 6741 59.34 -0.617 Nucleus
ReBBX5 | 255 29.10 868  59.00 72.98 -0.552 Nucleus
ReBBX6 | 809 88.52 661 5820 58.92 -0.662 Nucleus
ReBBX7 | 385 4258 562  54.36 57.06 -0.679 Cytosol
ReBBX8 | 339 37.73 582  43.34 70.47 0,463 Nucleus
ReBBX9 | 302 3291 583 | 5142 69.47 -0.344 Nucleus
ReBBX10 | 215 24.07 598  44.61 70.28 0,470 Nucleus
ReBBX11 | 265 30.03 710 66.47 7351 -0.450 Nucleus
ReBBX12 | 285 30.29 472 | 52.52 64.04 -0.235 Nucleus
ReBBX13 | 248 27.78 440 58.52 58.19 -0.955 Nucleus
ReBBX14 | 198 21.88 406 70.49 38.38 -1.221 Nucleus
ReBBX15 | 223 2539 8.69 7507 68.61 -0.638 Nucleus
ReBBX16 | 866 95.32 7.57 | 37.66 89.36 -0.344 Nucleus
ReBBX17 | 239 26.38 475 | 47.99 75.98 -0.307 Nucleus
ReBBX18 | 239 26.32 476 | 4893 76.82 -0.286 Nucleus
ReBBX19 | 197 23.29 9.45  56.63 70.25 -0.650 Chloroplast
RcBBX20 = 348 38.16 | 6.70 = 47.09 71.47 -0.331 Chloroplast
ReBBX21 | 432 47.96 541 5468 58.08 -0.749 Chloroplast
ReBBX22 | 501 56.05 592 6228 65.19 -0.577 Nucleus
ReBBX23 | 610 68.01 6.10  47.35 69.77 -0.610 Nucleus
ReBBX24 | 417 45.18 543 5583 58.99 -0.509 Nucleus
ReBBX25 | 173 18.89 7.04 | 3734 83.99 -0.054 Cytosol
RcBBX26 = 254 27.40 8.61  61.05 74.17 -0.158 Chloroplast
ReBBX27 | 211 23.85 872 | 6278 65.12 -0.609 Nucleus
ReBBX28 | 251 28.14 855  54.10 82.03 -0.301 Nucleus
ReBBX29 | 400 43.98 552 36.80 59.80 -0.605 Nucleus
ReBBX30 | 265 28.99 457 | 5731 56.04 -0.985 Nucleus
ReBBX31 | 434 47.38 510 5827 67.19 -0.506 Chloroplast

RcBBX32 | 243 27.06 8.85  61.86 82.26 -0.190 Chloroplast
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