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Ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS) and gas chromatography-mass spectrometry (GC-MS) were applied to analyze metabolites in perilla leaves (PLs) during its developmental process. In total, 118 metabolites were identified, including volatile and non-volatile compounds, such as terpenoids, sugars, amino acids, organic acids, fatty acids, phenolic acids, flavonoids, and others. Principal component analysis (PCA) indicated great variations of metabolites during PLs development. Clustering analysis (CA) clarified the dynamic patterns of the metabolites. The heatmap of CA showed that most of the detected metabolites were significantly accumulated at stage 4 which is the pre anthesis period, and declined afterwards. The results of the present study provide a comprehensive overview of the metabolic dynamics of developing PLs which suggested that pre anthesis period is the best harvest time for PLs.
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1 Introduction

Perilla frutescens (L.) Britt. is an annual herbal plant that belongs to the family of Lamiaceae. It is widely cultivated in Asia counties, such as China, Japan, Korea, Vietnam and other regions (Yu et al., 2017; Zhang et al., 2021). Perilla leaves (PLs) are commonly consumed as kitchen herb in salads, sushi, soups, and as spice, garnish, or food colorant. PLs are also used as traditional Chinese medicine to relieve exterior, dispersing cold, ease stomach pain, reduce phlegm and relieve cough and asthma (Ha et al., 2012; Igarashi and Miyazaki, 2013). Phytochemical studies indicated PLs were rich in essential oils, flavonoids, fatty acids, phenolic compounds, etc (Ahmed, 2018). Compounds of PLs showed various biological activities such as antioxidant, antimicrobial, anti-allergic, antidepressant, anti-inflammatory, and anticancer effects (Banno et al., 2004; Ghimire et al., 2019; Wang et al., 2021; Yang et al., 2021). PLs has been used as a natural herbal medicine for treatment of depression-related disease, asthma, tumors, coughs, allergies, intoxication, fever, chills, headache, stuffy nose, and some intestinal disorders (Ito et al., 2011; Kim et al., 2012; Zhou et al., 2021). Owing to these health benefits, the food and pharmaceutical industries are increasingly interested in PLs.

The pharmacological activities of perilla are closely related to its chemical constituents. Some studies have revealed that great dynamic variation in the nutritional components and phytochemical substances might occur during plant development. Ghimire et al. (Ghimire et al., 2017) compared the total volatile contents of eighteen accessions of PLs and most of them were higher before the flowering time than at the flowering stage. Luo et al. (Luo et al., 2021) invested variation of two phenolic acids and six flavonoids during PLs development and suggested to harvest PLs at different times basing on the targeted metabolites. Peiretti et al. (Peiretti, 2011) evaluated perilla quality according to the content of fatty acid, fiber, crude protein, organic matter and gross energy during the growth cycle of perilla. According to their result, it is better to harvest perilla at around two months after sowing. Though these studies provided a general feature of perilla nutritional contents, a more comprehensive and detailed dynamic profile of developing PLs is still essential for providing more information to determine the harvest time according to different application.

In this study, mass spectrometry (MS) based high throughput metabolomic platforms were applied to ascertain the dynamic trajectory of complex ingredients of PLs during developmental process. In addition, multiple statistical analysis methods, including principal component analysis (PCA) and Clustering analysis (CA) were used to clarify the dynamic patterns of the detected metabolites. These data provide data support for determining the best harvest time of perilla leaves.



2 Materials and methods


2.1 Chemicals and reagents

HPLC grade methanol (MeOH), acetonitrile (ACN) and formic acid were purchased from Fisher Scientific (Pittsburgh, PA, United States) Ultrapure water was prepared by Synergy water purification system (Millipore, Billerica, United States). The reserpine standards (HPLC grade) and GC grade derivatizing regent MSTFA (N-methyl-N-(trimethylsilyl)trifluoroacetamide), methoxyamine hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO, USA). Chemical reagent n-hexane (GC grade) and Anhydrous pyridine (GC grade) were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Salicylic acid, luteolin, apigenin and rosmarinic acid standards were provided by Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Reference standards of luteolin-7-O-glucoside, scutellarin, luteolin-7-O-glucuronide, apigenin-7-glucoside and apigenin-7-O-glucuronide were purchased from Shanghai Standard Technology Co., Ltd. (Shanghai, China). The purities of all standards were determined to be higher than 98%. Other chemicals and reagents were analytical grade.



2.2 Plant materials

The PLs were randomly collected from Perilla frutescens (L.) Britt. cultivated in the plant base of Hebei Academy of Agriculture and Forestry Sciences in Shijiazhuang (China 38°06′41.7′′ N, 114°45′35.8′′E) in mid May 2019, and the samples were collected semimonthly from July 2019 to October 2019. The mean annual temperature was 14.4°C, mean annual humidity was 62%, mean annual precipitation was 422.6 mm, mean annual sunshine hours was 2235.4 hours. Growth process of perilla was performed using manual fertilization, therefore, soil is rich in organic elements. Three biological replicates were collected for each developmental phase (Table 1). The plant was identified by professor Yuguang Zheng (Hebei Chemical and Pharmaceutical College, China), and voucher specimens were deposited in Traditional Chinese Medicine Processing Technology Innovation Center of Hebei Province, Hebei University of Chinese Medicine. The harvested leaves were air-dried in the dark at room temperature for 2 weeks to acquire consistently low water content.


Table 1 | Information of samples collected at different developmental times.





2.3 Analysis of the volatile metabolites by GC-MS


2.3.1 Sample pretreatment

The dried PF samples were pulverized with grinder (FW100, Taisite, Tianjin, China), and screened through 60 mesh sieves. 100 mg of each accurately weighted pulverized sample were thoroughly mixed with 1 mL of n-hexane then sonicated (300 W, 40 kHz) 15 min at room temperature. The extracted solution was centrifuged at 13000 rpm at room temperature for 10 min. The supernatant was injected into the GC-MS for analysis.



2.3.2 Instrument parameters

The GC-MS analysis was performed with an Agilent 7890B-5977B GC-MS (Agilent, Santa Clara, CA, USA) coupled with a HP-5MS capillary column (30 m × 0.25 mm, 0.25 μm film thickness, Agilent, Santa Clara, CA, USA). Helium (≥ 99.999%) was used as carrier gas at a constant flow rate of 1.0 mL·min-1. 1 μL of the prepared supernatant solution was injected in split-mode with the split ratio set to 2:1 at a temperature of 250°C. The oven temperature program was initially set at 45°C, then increased to 100°C at a rate of 10°C·min-1, and subsequently increased to 280°C at a rate of 4°C·min-1, finally held for 10 min. The electronic ionization voltage of electron-impact (EI) ion source was 70 eV. The mass spectrometer was operated in full scan mode with a scanning range of 50-550 m/z. n-Alkane standard solution (C8-C20, 40 mg·L-1, Sigma-Aldrich, Switzerland) was analyzed under the same condition for retention index (RI) calculation.




2.4 Analysis of non-volatile metabolites by GC-MS


2.4.1 Sample pretreatment

An integrative extraction of primary metabolites and secondary metabolites was performed according to a universal extraction protocol (Weckwerth et al., 2010; Mari et al., 2013; Wang et al., 2017) with some modifications. 100 mg of each pulverized samples were extracted with 1 mL of extraction solution (methanol: water: formic acid = 70:28:2) by sonication 15 min. The crude extract was centrifuged at 13,000 rpm at room temperature for 10 min. 50 μL of the supernatant together with 20 μL of salicylic acid (1 mg·mL-1, internal standard) was dried using a SpeedVac (Thermo Scientific, Inc., Bremen, Germany) at 5000 rpm and 40°C for 90 min. Methoxyamination of the carbonyl groups was performed by adding 20 μL of methoxyamine hydrochloride (40 mg·mL-1) in pyridine to each sample followed by incubation in metal bath at 30°C for 90 min. Subsequently, 80 μL of MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroacetamide) was added and the mixtures were incubated at 37°C for 30 min. The derivatized samples were centrifuged at 13,000 rpm at room temperature for 10 min with the supernatants prepared for GC-MS analysis.



2.4.2 Instrument parameters

Aforementioned GC-MS instrument and column (see 2.3.2) was also applied for analysis of derivatized samples. 1 μL of the derivatized sample was injected using 5:1 split-mode at a temperature of 250°C. The temperature gradient program was as follows: Initial temperature was 80°C, increased to 200°C at a rate of 10°C·min-1; then increased to 250°C at a rate of 6°C·min-1; subsequently increased to 310°C at a rate of 6°C·min-1 and hold at 310°C for 5 min. EI ion source was adjusted to 230°C with electronic energy of 70 eV. The mass spectrometer was determined by the full-scan method ranging from 50 to 550 (m/z). n-Alkane standard solution (C8-C20, 40 mg·L-1, Sigma-Aldrich, Switzerland) was analyzed under the same condition for retention index (RI) calculation.




2.5 Analysis of the non-volatile metabolites by LC-MS


2.5.1 Sample pretreatment

100 μL of the above mentioned crude extract (see in 2.4.1) was mixed with 100 μL of 5 μg·mL-1 reserpine (internal standard) and diluted with 800 μL of extract solution then centrifuged at 13,000 rpm at room temperature for 10 min with the supernatants prepared for the LC-MS analysis.



2.5.2 Instrument parameters

The UHPLC-Q/TOF-MS analysis was performed on an Agilent 1290 UHPLC system coupled with an Agilent 6545 quadrupole time-of-flight mass spectrometer system (Agilent, Santa Clara, CA, United States). Chromatographic separation was performed on an Agilent ZORBAX SB C18 column (4.6 × 50 mm, 1.8 μm).

UHPLC chromatographic conditions: the 0.5 μL of prepared samples were loaded on an Agilent 1290 UHPLC system and eluted with 0.1% formic-water (mobile phase A) and acetonitrile (mobile phase B) in the following gradient: 0-2 min, 12% B; 2-26 min, 12%-24% B; 26-35 min, 24%-50% B; 35-38 min, 50%-100% B; 38-45 min, 100% B. The flow rate was maintained at 0.4 mL·min-1, the column temperature was set at 25°C.

The MS acquisition parameters were referred to Chang et al. (2021) with minor modifications. The capillary voltage was set to 4000 V; and the collision energy was 20 eV and 35 eV. The analysis was operated in positive mode with the mass range of m/z 50-1000 Da.




2.6 Data processing and multivariate statistical analysis

For qualitative analysis, the metabolites detected by GC-MS with a similarity more than 80% to the NIST17 standard library were identified using the Agilent MassHunter analysis program (Agilent, Santa Clara, CA, USA). The RI of all the identified compounds were calculated by comparing their corresponding peak retention time to that of n-alkanes (C8–C20) (Chaturvedula and Prakash, 2013; Ma et al., 2014). The identification of detected metabolites in the LC-MS analysis was based on their accurate precursor masses and fragment masses. For quantitative analysis, the integrated peak area was considered to be a variable for analysis and normalized to internal standard. The combined GC-MS and LC-MS dataset was transformed to -1~1 by Min-Max Normalization method. SIMCA P13 software (Umetrics, Umea, Sweden) was used for principal component analysis (PCA). Cluster analysis (CA) and heatmap was performed with Origin Pro 2020 (OriginLab Corporation, USA) software. Duncan’s test was performed with IBM SPSS Statistics 23.0 (IBM, USA) software.




3 Results and discussion


3.1 Identification of detected metabolites

The typical total ion chromatograms (TICs) of GC-MS, pre-column derivatized GC-MS and LC-MS showed metabolomic profiles of PLs (Figures 1A-C). With reference to the NIST17 database, 47 volatile metabolites including aldehydes, ketones, alcohols, fatty acids, steroids and others (Table 2) were identified according to their retention times and mass spectrums. 51 peaks in Figure 1B were identified including sugars, amino acids, organic acids, fatty acids, and phenolic compounds (Table 3). The identification of non-volatile metabolites form LC-MS data were based on their precursor ions and fragmentation patterns. 28 metabolites, mainly flavonoids and anthocyanidins, were identified with their detail information such as retention time, chemical formula, ppm errors and fragment ions were listed in Table 4. Among the putatively identified compounds, eight metabolites (luteoloside (peak C11), scutellarin (peak C16), luteolin-7-O-glucuronide (peak C17), apigenin-7-O-glucoside (peak C18) apigenin-7-O-glucuronide (peak C23), rosmarinic acid (peak C24), luteolin (peak C26), apigenin (peak C27)) were confirmed with reference substances (Figure 1D). The chemical fingerprints showed distinct differences in the chemical composition of PLs at different harvesting (Figure 2).




Figure 1 | The typical total ion chromatograms of PLs by GC-MS and LC-MS. (A) TIC of volatile metabolites in pooled samples by GC-MS; (B) TIC of non-volatile metabolites in pooled samples by GC-MS after derivatization; (C) TIC of non-volatile metabolites in pooled samples by LC-MS; (D) TIC of reference substances by LC-MS.




Table 2 | Identification of volatile compounds analyzed by GC-MS.




Table 3 | Identification of non-volatile metabolites analyzed by pre-column derivatization combining with GC-MS.




Table 4 | Identification of non-volatile metabolites analyzed by UPLC-ESI-Q-TOF-MS/MS.






Figure 2 | The chemical fingerprints of PLs at different harvesting by GC-MS and LC-MS. (A) Fingerprints of volatile metabolites by GC-MS; (B) Fingerprints of non-volatile metabolites by GC-MS after derivatization; (C) Fingerprints of non-volatile metabolites by LC-MS.





3.2 Principal component analysis (PCA) reveals metabolic variation of PLs at different harvest times

PCA was carried out for an overview of the dataset. In the PCA plot, three biological replicates of each stage were compactly gathered together (Figure 3) while samples at different harvest time were clearly separated indicating metabolomic changes during PLs development. PC1 and PC2 explained 77.7% of the total variance. Samples collected at harvest time 4 were completely separated with samples harvested at other periods on PC1 indicating a special and significant meaning of this harvest period. The loading values of all the metabolites are listed in Table 5.




Figure 3 | The principal component analysis (PCA) score plots of of PLs samples at different harvesting times.




Table 5 | The PCA loading values and Duncan’s test result of metabolites identified in developing PLs.





3.3 Clustering analysis reveals dynamic patterns of metabolites in PLs during developmental process

To observe the dynamic changes of metabolites in different harvest periods in a more intuitive manner, a heatmap of the 118 different metabolites was obtained (Figure 4A).




Figure 4 | Metabolome dynamics of developing PLs. (A) Overview of the metabolite dynamics with clustering heat map. (B–G) Present the dynamics of volatile oils, sugars, phytosterols and fatty acids, amino acids, phenolic acids and organic acids, derivatives, flavonoids and anthocyanins.




3.3.1 Dynamic patterns of volatile compounds

Volatile oil is a very important and widely studied class of metabolites in perilla. They showed bioactivities such as antibacterial, antiviral, anti-inflammatory, anticarcinogenic, antioxidant, etc (Raut and Karuppayil, 2014). In most flowering plants, the production and emission of volatile metabolites are developmentally regulated and show similar developmental characteristics. Normally, volatile oil accumulates in the early developmental stage when fruits are not mature or before the flowers are ready for pollination. Then a release of volatile components to attract pollinators might cause a decrease of volatile compounds in the early stage of flowering (Dudareva et al., 2000; Dudareva et al., 2013). In the present study, most of volatile oil compounds showed highest level at stage 4 which was pre anthesis period (Figure 4B). Only heptacosane and γ-elemene showed the highest level at stage 6 which was a stage before fruiting period (Figure 4B). The dynamic patterns of volatile compounds indicated their crucial function in plant pollination and reproduction.



3.3.2 Sugars and derivatives

During photosynthesis, all kinds of carbon is fixed in the forms of sugars and sugar derivatives (Smeekens and Hellmann, 2014; Sakr et al., 2018) Sugars help plants store energy and play essential roles in signalling pathways of plant growth and development. In this study, the main sugars in PLs are D-fructose, D-glucose and sucrose. They accumulated constantly during the developmental process of PLs and were with highest levels in fruiting phase (Figure 4C). Most of the sugars and sugar derivatives showed similar dynamic patterns as them (Figure 4C). Only five sugar derivatives (xylitol, D-glucitol, myo-inositol, galactinol and galacturonic acid) changed differently, with higher content at early developmental stage and decreased throughout the development process (Figure 4C). Accumulation of sugar content during plant development was also observed in Cichorium spinosum (Petropoulos et al., 2018).



3.3.3 Phytosterols and fatty acids

The sterol composition of plants is complex and diverse. The main membrane sterols in higher plants are β-sitosterol, stigmasterol and campesterol (Ruan, 2014). Sterols are not only signal and regulatory molecules involved in plant growth and development, but also play key roles in cell proliferation and differentiation (Guo et al., 1995; Moreau et al., 2018). In this study, all phytosterols were showed the highest level at stage 2, and decreased gradually (γ-sitosterol, β-amyrone, α-amyrin, stigmasterol, campesterol) (Figure 4D). This trend may be due to the vigorous metabolism of cells in the nutritional stage.

Fatty acids and lipids provide structural integrity and energy for various metabolic processes (Lim et al., 2017). The predominant fatty acids detected in PLs were palmitic acid, oleic acid and α-linolenic acid which increased pre anthesis period and declined afterwards (Figure 4D). Oleic acid and α-linolenic acid are essential unsaturated fatty acids (UFAs) and recommended for consumption for their multiple health benefits, such as anti-obesity (Fan et al., 2020), cardioprotection (Russell et al., 2020), anti-diabetes (Canetti et al., 2014), anti-inflammation (Wang et al., 2020), anti-cancer (Schiessel et al., 2015), neuroprotection (Kumari et al., 2019) and so on. Intake of α-linolenic acid rich P. frutescens leaf powder in Japanese adults showed some cardiovascular protective effects (Hashimoto et al., 2020). Considering the health benefits of these unsaturated fatty acids, stage 4, the pre anthesis period would be suitable harvest time for ensuring high content of these UFAs in perilla leaves.



3.3.4 Amino acids

Amino acids are not only important components for plants to complete their life cycle activities (Paulusma et al., 2022), but also essential nutrients for humans and other animals. PLs are rich in amino acids. Amino acids in PLs showed two distinct dynamic patterns during PLs development. Some amino acids were with higher content at early stages and decreased throughout the developmental process, such as L-serine, L-lysine, L-phenylalanine, L-tyrosine, L-glycine (Figure 4E). Other amino acids were showed the highest level at stage 4, and decreased afterwards, such as L-aspartic acid, L-isoleucine, L-threonine, L-leucine, L-glutamine, L-proline, L-valine, L-alanine, etc (Figure 4E). Free amino acids could elicit complex gustatory sensation (Kawai et al., 2012), especially the taste of umami. They can bring fresh and brisk tastes to PLs and participate in the formation of aroma substances (Lee et al., 2019). With the maturity and senescence of leaves, there may be two reasons for the decrease of amino acids. First, amino acids might be involved in the synthesis of storage proteins. Second, the complete oxidation of amino acids produces the energy required to meet the special needs of certain organs, such as stressed leaves or roots. The molecular mechanism of regulation of amino acid catabolism in plants is complex and unclear so far (Hildebrandt et al., 2015). Considering the nutritional value and gustatory sensation of amino acids, it would be appropriate to harvest perilla leaves before the pre anthesis period.



3.3.4 Phenolic acids and organic acids

Phenolic acids have various pharmacological activities, such as anti-inflammatory, anti-anxiety, and anti-depressive activities (Tinikul et al., 2018; Deguchi and Ito, 2020). Some of them are connected to the polymer of the cell wall through covalent bonds, which is crucial to the process of plant immune mechanism (Stuper-Szablewska and Perkowski, 2019). The predominant phenolic acids detected in PLs were rosmarinic acid and caffeic acid, which showed highest level at stage 4 (Figure 4F).

Organic acids are the intermediate products of cell metabolic tricarboxylic acid (TCA) cycle (Xiao and Wu, 2014). Many environmental stresses stimulate the biosynthesis and release of organic acids. For example, plants secrete organic acids in root exudates to mobilize phosphorus in deficient soil (Panchal et al., 2021). The main organic acids in PLs are lactic acid, malic acid, tartaric acid and citric acid. They also increased at early stages, showed highest level at around pre anthesis period and decreased afterwards (Figure 4F). Organic acids contribute to the sourness and fruity taste of plants, while inhibit the bitterness taste (Wang et al., 2021). Therefore, considering the high content of these compounds in PLs at the stage 4, alternative uses for food or pharmaceutical can be proposed.



3.3.5 Flavonoids and natural pigments

Flavonoids play an important role in plant development and defense, have the ability to scavenge reactive oxygen species (ROS) and protect plants against damage from biotic and abiotic stresses (Iwashina, 2003; Pourcel et al., 2007). During perilla leaves development, the detected flavonoids presented an unanimous changing pattern. All the flavonoids accumulated pre anthesis period and showed the highest level at stage 4 (Figure 4G). Previous studies reported that flavonoids have many biological functions such as anti-inflammatory, anti-oxidative, anti-diabetic, and anti-hypertensive activities (Kawser Hossain et al., 2016; Jiang et al., 2020).

The color of fruits and flowers is crucial in plant ecology, can attract pollinators and seed-dispersal organisms (Grotewold, 2006). The molecular signals that induce pigment biosynthesis during pollination are unclear, but light plays a central role (Farzad et al., 2002). Natural pigments from PLs have exhibited a wide range of bioactive properties including antioxidant effects, anti-inflammatory effects, etc (Chang et al., 2005; Wang and Stoner, 2008; Lila et al., 2016). Natural pigments detected in PLs including shisonin and its derivatives. They showed the highest level at stage 5 (vigorous flowering period) (Figure 4G). According to this result, if the targeted metabolites are these pigments, it is better to harvest PLs during flowering period.





4 Conclusion

In this study, our results showed the advantages of applying an integrated LC-MS and GC-MS metabolomic platforms the evaluation of optimal harvesting period for plants. We employed metabolomic analysis to clarified the evolutionary trajectories and dynamic changes of volatile oil compounds, sugars, flavonoids, amino acids, organic acids, etc. The results of this study provide a theoretical basis for the development of PLs and offer data support for the optimal harvesting period of PLs. Considering the content of most of the nutrients and bioactive components, pre anthesis period is a suitable harvest time for PLs.
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ions(m/z)
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, confirmed with reference substances.

Fragment ions in MS/
MS (m/z)
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CaHis012
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622.1178
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-0.04

0.98

0.68
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O-glucoside
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Luteolin-7-O-
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Apigenin-7-O-
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Protocatechuic
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Malonyl-shisonin

Rosmarinic acid
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Luteolin*
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Apigenin*

Reserpine
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C1,H3,NOsSi3
Cy3H33NOsSi3
Cy3H3005Si5
C13H,0581
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Metabolomic profiling of
developing perilla leaves reveals
the best harvest time
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