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Combined Analysis of Pharmaceutical Active Ingredients and Transcriptomes of Glycyrrhiza uralensis Under PEG6000-Induced Drought Stress Revealed Glycyrrhizic Acid and Flavonoids Accumulation via JA-Mediated Signaling
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Glycyrrhiza uralensis contains many secondary metabolites with a wide range of pharmacological activities. Drought stress acts as a positive regulator to stimulate the production of medicinal active component in G. uralensis, however, the underlying mechanism remains unclear. The aim of this work is to investigate the accumulation and regulatory mechanism of pharmaceutical active ingredients in G. uralensis under drought stress. The materials of the aerial and underground parts of G. uralensis seedlings treated by 10% PEG6000 for 0, 2, 6, 12, and 24 h were used for RNA sequencing and determination of phytohormones and pharmaceutical active ingredients. PEG6000, ibuprofen (IBU), and jasmonic acid (JA) were utilized to treat G. uralensis seedlings for content detection and gene expression analysis. The results showed that, the contents of glycyrrhizic acid, glycyrrhetinic acid, and flavonoids (licochalcone A, glabridin, liquiritigenin, isoliquiritigenin, and liquiritin) were significantly accumulated in G. uralensis underground parts under drought stress. Kyoto Encyclopedia of Genes and Genomes analysis of the transcriptome data of drought-treated G. uralensis indicated that up-regulated differentially expressed genes (UDEGs) involved in glycyrrhizic acid synthesis in the underground parts and flavonoids synthesis in both aerial and underground parts were significantly enriched. Interestingly, the UDEGs participating in jasmonic acid (JA) signal transduction in both aerial and underground parts were discovered. In addition, JA content in both aerial and underground parts under drought stress showed the most significantly accumulated. And drought stress stimulated the contents of JA, glycyrrhizic acid, and flavonoids, coupled with the induced expressions of genes regulating the synthesis and transduction pathway. Moreover, In PEG6000- and JA-treated G. uralensis, significant accumulations of glycyrrhizic acid and flavonoids, and induced expressions of corresponding genes in these pathways, were observed, while, these increases were significantly blocked by JA signaling inhibitor IBU. JA content and expression levels of genes related to JA biosynthesis and signal transduction were also significantly increased by PEG treatment. Our study concludes that drought stress might promote the accumulation of pharmaceutical active ingredients via JA-mediated signaling pathway, and lay a foundation for improving the medicinal component of G. uralensis through genetic engineering technology.
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INTRODUCTION

Glycyrrhiza uralensis is an important medicinal plant for its roots as key ingredient in traditional Chinese medicine that contains many components with a wide range of pharmacological activities, such as anti-inflammatory (Bai et al., 2020), antidepressant (Dhingra and Sharma, 2006), antiviral (Fiore et al., 2008), hepatoprotective (Li et al., 2009), and anticancer (Aipire et al., 2017) properties. Glycyrrhizic acid and liquiritin have been known to play a role in the prevention and treatment of the new coronavirus pneumonia (Chai et al., 2020; Zhu et al., 2020a,b). Presently, cultivated licorice is the main source for commercial utilization, however, a higher planting cost is generated to make the pharmaceutical active ingredients reaching the standard, thus, attempts to decrease the cost by evaluating the contents or reducing the planting period have been performed comprehensively. Understanding the synthesis of the active ingredients of G. uralensis and underlying the regulatory mechanism will aid in improving quality and developing the use of the medicinal (underground parts of roots and rhizomes) and nonmedicinal (aerial parts of stems and leaves) materials for application in medicine, food, chemical industry, and other fields.

Glycyrrhizic acid and flavonoids are the major pharmacological active ingredients in G. uralensis, which are mainly found in underground parts (roots and rhizomes) and constitute up to 8% of the total dry weight of the plant (Afreen et al., 2005; Hayashi and Sudo, 2009). Glycyrrhizic acid is synthesized mainly via the cytosolic mevalonic acid (MVA) pathway, and many genes involved in this synthesis have been successfully cloned and characterized, including the 3-hydroxy-3-methylglutaryl-coenzyme A reductase gene (HMGR; Chappell et al., 1995; Li et al., 2017, 2020a,b; Mochida et al., 2017), squalene synthase gene (SQS; Li et al., 2017), squalene epoxidase gene (SQLE; Haralampidis et al., 2002), β-amyrin synthase gene (β-AS; Mochida et al., 2017), cytochrome P450 monooxygenase gene (CYP88D6 and CYP72A154; Seki et al., 2008, 2011), and uridine diphosphate (UDP)-glycosyltransferases gene (UGT; Nomura et al., 2019). Liquiritin, licochalcone A, liquiritigenin, isoliquiritigenin, and glabridin are the main types of flavonoids in G. uralensis, among which liquiritin is the major type with a high preponderant concentration. The biosynthesis of flavonoids in plants begins with the phenylpropane metabolic pathway (Weisshaar and Jenkins, 1998; Dixon et al., 2002); chalcone synthase (CHS) and chalcone isomerase type II (II-CHI) are the key rate-limiting enzymes in the liquiritin synthesis pathway (Shimada et al., 2003; Yin et al., 2019). The synthetic pathway of glabridin is generally predicted to be through isoflavone synthesis (Simmler et al., 2013); however, the exact mechanism is still unclear.

Moderate drought stress significantly promoted the accumulation of pharmaceutical active ingredients in G. uralensis (Li et al., 2011), the important physiological roles of glycyrrhizic acid and flavonoids against biotic and abiotic stresses in G. uralensis were also been reported (Afreen et al., 2005; Hayashi and Sudo, 2009), showing the close link between drought stress and pharmaceutical active ingredients. Phytohormones are considered to play important role in mediating plant defense response against abiotic stresses (Bari and Jones, 2009; Nakashima and Yamaguchi-Shinozaki, 2013). Among them, jasmonic acid (JA) and abscisic acid (ABA) regulated the synthesis of flavonoids and triterpenoids by activating MYC2 transcription factors during drought and salt stress (Sreenivasulu et al., 2012).

Currently, key genes, metabolic pathways, and regulatory mechanism associated with the biosynthesis and regulation of pharmaceutical active ingredients in G. uralensis in response to drought stress are largely unknown. In this study, on the basis of the G. uralensis seedlings treated by PEG6000-induced drought stress for different times, combined analyses of UHPLC-MS/MS and RNA-sequencing (RNA-seq)-based transcriptome were performed to analyze the levels of endogenous hormones, pharmaceutical active ingredients, and the expressions of related genes in relevant biosynthesis pathways. We conclude that PEG6000-induced drought stress might promote accumulation of pharmaceutical active ingredients via JA-mediated signaling pathway. Our study also provides an effective reference for molecular mechanism elucidation of plants in response to drought stress, and lays a solid foundation to supply important key genes controlling synthesis of pharmaceutical active ingredients for improvement of quality of G. uralensis medicinal component through genetic engineering technology.



MATERIALS AND METHODS


Plant Materials and PEG6000 Treatment

The seeds of G. uralensis were treated with 98% concentrated H2SO4 for 50 min to break the seed dormancy, washed with sterilized distilled water three times, and disinfected with 0.1% HgCl for 10 min. Treated seeds were cultured in a modified Hoagland solution in an automatic climate chamber under a steady condition (200 μmol mm−2 s−1 light intensity, 16 h light/8 h dark photoperiod, 50–55% relative humidity, and 28°C/25°C day/night culture temperature). The 60-day-old G. uralensis seedlings were transferred to Hoagland solution medium with 10% PEG6000 for stress treatment. The underground and aerial parts were collected, respectively, after 0, 2, 6, 12, and 24 h of continuous PEG6000 treatment. Throughout the sampling period, water was supplied regularly to keep the concentration of PEG6000. Ibuprofen (IBU) was used as the inhibitor of JA synthesis (Ankala et al., 2009). Glycyrrhiza uralensis were pretreated with 5 mM IBU for 1 h before PEG6000 treatment. For JA treatment, exogenous 50 μM JA was sprayed to the aerial parts of G. uralensis seedlings. The underground parts and aerial parts were collected after 2 and 6 h, under respective continuous treatments of PEG6000, mix of PEG6000 and IBU, and JA. Water supplementation was used as control (CK). All samples of collected aerial and underground parts were washed three times with sterile water, and were then quickly frozen in liquid nitrogen immediately after collection and stored at −80°C for further use. Three independent biological replicates were created for each treatment group, with 15 seedlings in each group.



RNA Sequencing and Data Assembly

RNA from different materials of G. uralensis was extracted using Plant RNA Purification kit (TIANGEN, Beijing, China), according to the manufacturer’s instructions, which were then utilized as the template to synthesize cDNA for quantitative real-time PCR (qRT-PCR) assay. High-quality RNA samples were used to construct the sequencing library and validate the RNA-seq data. RNA Purification, reverse transcription, library construction, and sequencing were performed by Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China) using Illumina HiSeq 4000 platform according to the manufacturer’s instructions (Illumina, San Diego, CA). The obtained raw paired-end reads were trimmed and cleaned using SeqPrep1 and Sickleṅ2 with default parameters. The cleaned data were used for de novo assembly with Trinity.3 The online softwares of TopHat24 and HISAT25 were used to compare the clean data with the local downloaded G. uralensis genome.



Screening and Functional Enrichment Analysis of Differentially Expressed Genes

Differentially expressed genes (DEGs) between control and treatment groups were identified using the Transcripts Per Million (TPM) method. The RNA-Seq by Expectation–Maximization (RSEM)7 was used to quantify gene and isoform abundances. The R statistical software package EdgeR8 was utilized for analyzing differential expression. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were analyzed by KOBAS.9



Determination of Endogenous Phytohormones and Pharmaceutical Active Ingredients

All samples were washed three times with deionized water and were then quickly ground in liquid nitrogen. One gram fresh weight (FW) sample powder was added to a centrifuge tube with 5 ml 100% methanol and subsequently ultrasonicated (1,000 W) for 60 min at 25°C with subsequent centrifugation extract at 12,000 × g for 5 min at 4°C. The supernatants were collected and transferred into a new centrifuge tube for centrifugation of 12,000 × g for 5 min at 4°C. The extraction was performed twice, and all filtered extracts were collected into a 10-ml centrifuge tube to determine the pharmaceutical active ingredients. An appropriate amount of gibberellin A3 (GA3), licochalcone A, glabridin, ABA, brassinolide (BR), liquiritigenin, isoliquiritigenin, zeatin (ZT), JA, glycyrrhetinic acid, liquiritin, indole-3-acetic acid (IAA), and glycyrrhizic acid were accurately weighed and prepared into 1.0 mg/ml stock solutions that were then diluted with methanol to final concentration of 1, 5, 10, 25, 50, 75, and 100 ng/ml as standard solution to construct a standard curve using UHPLC-MS/MS (Supplementary Table S1). Separations were performed using a Waters ACQUITY UPLC BEH C18 column (50 mm × 5 mm, 1.7 μm, Waters, United States). The chromatographic conditions were as follows: temperature 30°C, flow rate 0.3 ml/min, and injection volume 1.0 μl. The final optimized mobile phase includes 0.1% formic acid water (A) and acetonitrile (B), with the gradient elution: 0–3.0 min, 20–98% B; 3.0–4.5 min, 98% B; 4.5–5.0 min, 98–20% B; 5.0–6.0 min, and 20% B. MS was performed in the multi-reaction monitoring (MRM) mode, with optimal conditions as follows: source temperature 200°C, capillary voltage 2,300 V, source offset 50 V, and desolvation temperature 450°C. The flow rate of desolvation gas and cone gas was 750 and 150 L/h, respectively. Waters MassLynx software (Version 4.1) was used for data acquisition and processing. MS parameters of each component are listed in Supplementary Table S2 and the total ion flow diagram of the detected substances is shown in Supplementary Figure S1.



Validation of RNA-Seq Data Using qRT-PCR

To validate the DEGs identified from the RNA-seq data, eight DEGs that control carotenoid biosynthesis, phenylpropanoid biosynthesis, and hormone signaling were selected for qRT-PCR analysis with specific primers (Supplementary Table S3). The LightCycler 480 Real-Time PCR System (Roche Diagnostics International, Rotkreuz, Switzerland) was used for qRT-PCR assays, with GuLectin (Gene ID: Gu100s00008376) as the internal control for normalization. The relative expression values were determined by 2−ΔΔCt method, and a heatmap was generated by the MultiExperiment Viewer (MeV) version 4.8.0 (Dana-Farber Cancer Institute, Boston, MA).



Statistical Analysis

SPSS statistics software 13.0 was used for result analysis, including descriptive statistics of data, correlation analysis of factors.




RESULTS


Determination of Pharmaceutical Active Ingredients of Glycyrrhiza uralensis Under PEG6000 Treatment

To understand the effect of different durations of drought stress on the pharmaceutical active ingredients in G. uralensis, we determined the contents of seven major ingredients including glycyrrhizic acid, glycyrrhetinic acid, liquiritin, isoliquiritigenin, liquiritigenin, licochalcone-A, and glabridin. Except for glycyrrhetinic acid, drought stress substantially stimulated the accumulations of the above pharmaceutical active ingredients in underground parts of G. uralensis, only two ingredients of liquiritin and glycyrrhizic acid in aerial parts showed slight increase (Figure 1). In G. uralensis underground parts, the contents of isoliquiritigenin and licochalcone-A indicated the highest levels in the 2-h stress group, the contents of liquiritin, liquiritigenin, and glabridin showed the highest levels in the 6-h stress group. The contents of liquiritin and glycyrrhizic acid displayed the most prominent levels. The level of liquiritin in the 6-h group was approximately 7.48-fold higher than that in the 0-h group. As a substrate of liquiritin biosynthesis (Yin et al., 2019), liquiritigenin content in the 6-h treatment group reached 74,240 ng/g FW, which was 4.11-fold higher than that in the 0-h treatment group. The level of glycyrrhizic acid increased significantly under drought stress, and showed a content of 28,093 ng/g FW that was 2.55-fold higher than that in the 0-h group (Figure 1A). In G. uralensis aerial parts, of the seven major ingredients, only glycyrrhizic acid, liquiritin, and isoliquiritigenin can be detected. The contents of glycyrrhizic acid and liquiritin indicated a slight increase in 2-h treatment group than that in in the 0-h treatment group (Figure 1B). These results demonstrate that drought stress significantly promotes the accumulation of pharmaceutical active ingredients in G. uralensis with a major effect in underground parts.
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FIGURE 1. Content of seven pharmaceutical active ingredients of Glycyrrhiza uralensis under different durations of drought stress. (A) Levels of seven pharmaceutical active ingredients in the underground parts of G. uralensis under different durations of drought stress. (B) Levels of seven pharmaceutical active ingredients in the aerial part of G. uralensis under different durations of drought stress. The active ingredients, including glycyrrhizic acid, glycyrrhetinic acid, liquiritin, isoliquiritigenin, liquiritigenin, licochalcone-A, and glabridin, were measured in both aerial and underground parts of G. uralensis. Glycyrrhetinic acid, glabridin, licochalcone A, and liquiritigenin cannot be detected in aerials parts. Water addition was used as control (CK). Values are averages of the stress treatment group and control group (n = 15). *p < 0.05, **p < 0.01.




Global Transcriptomic Changes of Glycyrrhiza uralensis During PEG6000-Induced Drought Stress

The genome-wide gene expression profile of G. uralensis subjected to PEG6000-induced drought stress treatment was analyzed by RNA sequencing (RNA-Seq), and the transcriptome changes at different treatment time points within 24-h of drought stress were analyzed. A total of 43.7–51.7 million reads in the underground parts and 42.9–47.7 million reads in the aerial parts were generated from the cDNA library for each treatment group (Supplementary Table S4). Hat2 software (version 2.1.0) at the website of http://ccb.jhu.edu/software/hisat2/index.shtml was used to compare the high-quality sequences of G. uralensis to, the reference genome, generating that 34.3–44.1 million reads in underground parts and 38.4–42 million reads in aerial parts were mapped to the genome of G. uralensis. Eight genes involved in terpene trunk biosynthesis, phenylpropane biosynthesis, and JA biosynthesis were verified by qRT-PCR, and the correlation analysis of qRT-PCR results and RNA-seq data showed high consistence (Supplementary Figure S2). Among the transcriptome data of each treatment group, more than 83.28% of clean reads could be uniquely mapped to the genome of G. uralensis. Among these expressed unigenes, 4,116 unigenes in the underground parts (Supplementary Figures S3A,B) and 5,087 unigenes in the aerial parts (Supplementary Figures S3C,D) were identified as differentially expressed genes (DEGs; p-adjust<0.05, |log2FC| > 2) between at least two different groups. STEM analysis indicated that 9 and 10 clusters in underground parts and aerial parts (Supplementary Figures S3E,F) were obtained, respectively. In which seven expression profiles were classified, and profiles I–IV including five clusters in underground parts and six clusters in aerial parts were identified as significantly up-regulated profiles.



Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis of Significantly Up-Regulated DEGs

Kyoto Encyclopedia of Genes and Genomes enrichment analysis was performed on the up-regulated DEGs (UDEGs) of the underground parts and aerial parts to reveal their possible functions. Interestingly, of the most significant 20 enriched pathways, the pathways involved in the synthesis of pharmaceutical active ingredients of glycyrrhizic acid and flavonoids were discovered in both underground parts and aerial parts, including terpenoid backbone biosynthesis (path ID: map00900), sesquiterpenoid and triterpenoid biosynthesis (path ID: map00909), phenylalanine metabolism (path ID: map00360), phenylpropanoid biosynthesis (path ID: map00940), flavonoid biosynthesis (path ID: map00941), flavone and flavonol biosynthesis (path ID: map00944), and isoflavonoid biosynthesis (path ID: map00943; Figure 2, Supplementary Table S5). Remarkably, the pathways related to plant hormone signal and transduction were indicated, especially, the JA and ABA signal transduction pathways showed the most abundant enriched UDEGS (Figure 2, Supplementary Table S6). These results indicated the potential function of the UDEGs related to the synthesis of pharmaceutical active ingredients (glycyrrhizic acid and flavonoids) and of JA in the underground and aerial parts of G. uralensis in response to drought stress.
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FIGURE 2. Transcript abundance analysis of up-regulated differentially expressed genes (UDEGs) of Glycyrrhiza uralensis under drought stress. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the UDEGs of profiles I−IV in the aerial and underground parts of G. uralensis. The red and blue boxes represented the pathways of the synthesis of glycyrrhizic acid and flavonoids and of plant hormone synthesis and signal transduction, respectively. (B) Statistic analysis of UDEGs of profiles I−IV enriched in the pathways of the synthesis of glycyrrhizic acid and flavonoids and of plant hormone synthesis and signal transduction. Profiles I−IV were indicated by different color boxes and different size dots delegated the number of enriched UDEGs.




Analysis of UDEGs Involved in Flavonoid Biosynthesis Pathways in Glycyrrhiza uralensis Under Drought Stress

Considering the results that the flavonoids synthesis including phenylalanine metabolism, phenylpropanoid biosynthesis, flavonoid biosynthesis, and isoflavonoid biosynthesis were the most significant enriched pathways, in order to investigate the potential functions of these UDEGS, the expression features of all the relevant UDEGS were further analyzed in both aerial and underground parts of G. uralensis in response to drought stress (Supplementary Table S7). In the underground parts of G. uralensis, the UDEGs of PAL, C4H, 4CL, ACC, and CHS that involved in phenylpropanoid and flavonoid biosynthesis showed prompt up-regulation expression after 2 h treatment of PEG6000 and maintained constant steady levels thereafter (Figure 3), with a over 24-fold increase expression of CHS (Gu0336s18105) in 2-h treatment group than that in 0-h control group. II-CHI (Glu5711s45445) displayed significant induced expression in 12-h and 24-h treatment groups with a 5-fold increase than that in 0-h control group.
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FIGURE 3. Expression analysis of up-regulated differentially expressed genes (UDEGs) involved in flavonoids biosynthesis pathway in Glycyrrhiza uralensis under drought stress. Blue words represent the identified UDEGs involved in flavonoids biosynthesis of G. uralensis under PEG6000-induced drought stress. Different colored blocks indicated different expression levels with red and blue to represent high and low levels, respectively. PAL, Phenylalanineammonialyase; C4H, Trans-cinnamate 4-monooxygenase; 4CL, 4-Coumarate-CoA ligase; ACC, Acetyl-CoA carboxylase; CHS, Chalcone synthase; II-CHI, II type Chalcone-flavonone isomerase; GT, Glycosyltransferase; IFS, Isoflavonoid biosynthesis; HI4OMT, Isoflavone 4’-O-methyltransferase; HIDH, 2-Hydroxyisoflavanone dehydratase; I2’H, Isoflavone 2′-hydroxylase; VR, Vestitone reductase; PTR, Pterocarpan reductase.


CHS is considered to be the key enzyme in naningein and liquiritin synthesis. Five CHSs (Gu0336s18105, Gu0424s26890, Gu0218s11627, Gu0051s03428, and Gu0397s20478) showed specific expression in underground parts. The isoflavonoid biosynthesis (pathway ID: map00943) UDEGs containing IFS, HI4OMT, HIDH, I’2H, VR, and PTR demonstrated similar expression feature that showed significant enrichment expression in 12-h and 24-h treatment groups. In which ACC, HIDH, I’2H, and PTR indicated specific induced expression in underground parts but not in aerial parts. In the aerial parts of G. uralensis, six PALs, two 4CL and CHS, one C4H, IFS, HI4OMT, and VR, were discovered as UDEGs involved in the biosynthesis of phenylpropanoid and flavonoids, and indicated consistent expression pattern with significant accumulation in 24-h treatment group (Figure 3). Seven CHSs were identified as UDEGS in G. uralensis, in which five in underground parts and two in aerial parts indicated tissue- and time-specific expression characteristics, respectively. The UDEGs locating in phenylpropanoid and flavonoids pathways showed more gene number and more fast expression response in underground parts than in aerial parts. These results demonstrated that flavonoids biosynthesis UDEGs had different expression feature in underground and aerial parts with main accumulation in underground parts, and might perform diverse potential functions in response to drought stress.



Analysis of UDEGs Involved in Glycyrrhizic Acid Biosynthesis Pathway in Glycyrrhiza uralensis Under Drought Stress

Glycyrrhizic acid is one of the most important pharmaceutical active ingredients in G. uralensis, and its content is an important quality index of licorice. Based on the KEGG enrichment analysis, a total of 25 UDEGs were annotated as encoding enzymes regulating glycyrrhizic acid biosynthesis, with major distribution in underground parts (Figure 4). Mevalonate is the precursor of glycyrrhizic acid biosynthesis by MVA pathway (Li et al., 2020a,b). A total of 21 UDEGs locating in MVA pathway and downstream pathway were identified, including HMGS, HMGR, MK, PMK, MVD, FDPS, SQS, SQLE, β-AS, CYP88D6, CYP72A154s, and UGT73p12s that showed similar expression pattern with significant prompt accumulation in 2-h treatment group (Figure 4). In which, HMGR (Gu0037s02618), SQS (Gu017s00241), and β-AS (Gu1733s27628) displayed 7.5-, 30-, and 70-fold increase expressions in 2-h treatment group compared with that in 0-h control group, respectively (Figure 4; Supplementary Table S8). Expressions of most of these significant enriched UDEGs in aerial parts were low or undetectable (Figure 4; Supplementary Table S9). Meanwhile, as the considered pathway for glycyrrhizic acid synthesis (Hemmerlin et al., 2003; Bartram et al., 2006), MEP pathway and corresponding UDEGs (DXS, DXR, HDS, and HDR) were also discovered, with significant induced expression in 12-h and 24-h treatment groups (Figure 4). These results suggest that MVA pathway and corresponding encoding enzymes might perform key function for glycyrrhizic acid synthesis in underground parts of G. uralensis.
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FIGURE 4. Expression analysis of up-regulated differentially expressed genes (UDEGs) involved in glycyrrhizic acid biosynthesis in Glycyrrhiza uralensis under drought stress. (A) Identified UDEGs locating in MEP and MVA pathways for glycyrrhizic acid biosynthesis Blue words denote the UDEGs involved in flavonoids biosynthesis of G. uralensis under PEG6000-induced drought stress. (B) Expression analysis of UDEGs involved in glycyrrhizic acid biosynthesis in G. uralensis under drought stress. Different colored blocks showed different expression levels with red and blue to represent high and low levels, respectively. DXS, 1-Deoxy-D-xylulose-5-phosphate synthase; DXR, 1-Deoxy-D-xylulose 5-phosphate reductoisomerase; HDS, 4-Hydroxy-3-methylbut-2-en-1-yl diphosphate synthase; HDR, 4-Hydroxy-3-methylbut-2-enyl diphosphate reductase; IPI, Isopentenyl-diphosphate delta-isomerase; HMGS, Hydroxymethylglutaryl-CoA synthase; HMGR, 3-Hydroxy-3-methylglutaryl-coenzyme A reductase; MK, Mevalonate kinase; PMK, Phosphomevalonate kinase; MVD, Diphosphomevalonate decarboxylase; FDPS, Farnesyl-diphosphate synthase; SQS, Squalene synthase; SQLE, Squalene epoxidase; β-AS, Beta-amyrin synthase; CYP88D6, Beta-amyrin 11-oxidase; CYP72A154, 11-Oxo-beta-amyrin 30-oxidase; UGT73P12, Soyasapogenol B glucuronide galactosyltransferase; ispS, Terpene synthase; GT, Glycosyltransferase.




Analysis of Endogenous Phytohormone Level and Synthesis and Signal Transduction of JA and ABA Pathway Under Drought Stress

Considering the significant enriched pathways of JA and ABA biosynthesis and signal transduction (Figure 2), to further investigate the effect of drought stress on the expression of genes locating in these pathways, we analyzed the expressions of the UDEGs involved in JA and ABA biosynthesis and signal transduction (Figures 5A,B; Supplementary Table S10). In underground parts, the JA biosynthesis UDEGs including LOX2, allene oxide synthase (AOS), allene oxide cyclase (AOC), 12-oxo-phytodienoic acid reductase 3 (OPR3), OPCL, MFP2, and ACAA indicated consistent expression pattern with significant prompt accumulation in 2-h treatment group (Figure 5A). In which, AOS (Gu3562s44258), AOC (Gu0815s35014), and OPR3 (Gu0178s13230) showed 15-, 3.2-, and 3.6-fold accumulated expressions in 2-h treatment group compared with that in 0-h control group, respectively (Figure 5A). For the JA signal transduction UDEGs, JAR1, COI1, JAZ, and MYC2 were discovered, and indicated similar expression feature with the JA biosynthesis UDEGs. In which, six JAZ genes were identified and one (Gu0047s03994) showed significant increase expression with 47.5-fold enrichment in 2-h treatment group than in 0-h control group. In aerial parts, UDEGs of JA biosynthesis and signal transduction showed fewer number and different expression pattern with significant induced accumulation in 2-h and 24-h treatment groups. For the genes involved in ABA biosynthesis and signal transduction, only two UDEGs were observed in underground parts, most of them were discovered in aerial parts including PSY, β-OHase, ZEP, NCED, PYR/PYL, PP2C, SnRK2, and ABF, and showed significant higher expressions in 2-h and 24-h treatment groups than in 0-h control group (Figure 5B). Two SnRK2 genes (Gu0009s14961 and Gu2238s33932) displayed 15- and 5-fold increase expressions in 2-h treatment group than in 0 treatment group, respectively (Figure 5B; Supplementary Table S6).
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FIGURE 5. Effects of drought stress on JA and ABA biosynthesis and signal transduction in Glycyrrhiza uralensis (A) Expression analysis of identified up-regulated differentially expressed genes (UDEGs) locating in JA biosynthesis and signal transduction under drought stress. (B) Expression analysis of identified UDEGs involved in ABA biosynthesis and signal transduction under drought stress. (C) Detection of endogenous phytohormone levels in aerial and underground parts of G. uralensis under drought stress. The main plant hormones including JA, ABA, IAA, ZT, BR, and GA were measured. GA and BR could not be detected in aerial parts of G. uralensis, and GA could not be detected in underground parts of G. uralensis. Different colored blocks (in A and B) indicate different expression abundance with red and blue to denote high and low levels, respectively. Blue words represent the UDEGs involved in JA and ABA biosynthesis and signal transduction of G. uralensis under drought stress. Red boxes denote the most significantly increased phytohormones in G. uralensis under drought stress. Different letters followed by mean ± standard error indicate significant differences at p < 0.05 level. 13(S)-HpOTrE, 13(S)-hydroperoxyoctadecatrienoic acid; 12,13-EOTrE, 12,13-Octadecatrienoic acid; 12-OPDA, 12-Oxophytodienoic acid; OPC8, 8-(3-Oxo-2-(pent-2-enyl)cyclopentyl) octanoic acid; LOX2, Lipoxygenase 2; AOS, Allene oxide synthase; AOC, Allene oxide cyclase; OPR, 12-Oxophytodienoate reductase; OPCL, 4-Coumarate-CoA ligase; MEP2, Peroxisomal fatty acid beta-oxidation 2; ACAA, 3-Ketoacyl-CoA thiolase; JAR1, Jasmonic acid-amido synthetase 1; COI1, Coronatine insensitive-1; JAZ, Jasmonate ZIM-domain; MYC2, Transcription factor MYC2; PSY, Phytoene synthase; β-OHase, Beta-carotene hydroxylase; ZEP, Zeaxanthin epoxidase; NCED, 9-Cis-epoxycarotenoid dioxygenase; PYR/PYL, Abscisic acid receptor PYL; PP2C, Phosphatase 2C; SnRK2, Serine/threonine-protein kinase 2; ABF, ABA-responsive element binding factor.


Since the UDEGs involved in plant hormone signal transduction pathway were observed, including JA, ABA, IAA, ZT, BR, and GA (Figure 2, Supplementary Table S6), to study the effect of these UDEGs on endogenous phytohormone level, we determined the content of JA, ABA, IAA, ZT, and BR in G. uralensis under PEG6000-induced drought stress (Figure 5C). In underground parts, JA content was significantly promoted after 2 h treatment of drought stress and thereafter maintained a high level with over 22-fold increase in 2-h treatment group compared with that in 0-h control group. While, ABA level showed a gradual decrease tendency along with drought treatment. In aerial parts, JA also indicated over 2.5-fold accumulation after 2 h treatment and then decreased as normal level with control. ABA content was slightly increased in 2-h treatment group but not in other groups. The content of other hormones including IAA, BR, and ZT showed relative low levels or could not be detected. These results demonstrated that JA was the most significantly increased phytohormone in both underground and aerial parts of G. uralensis, suggesting the possible important role of JA and corresponding genes for G. uralensis plants especially the underground parts in response to drought stress.



Analysis of Levels of Pharmaceutical Active Components in Glycyrrhiza uralensis Under Treatment of PEG6000 and JA

Reports indicated that pretreatment of ibuprofen (IBU) to plants inhibited LOX activity, and thus decreased JA content and JA-dependent downstream products (Staswick et al., 1991; Zhang et al., 2009; Mandal et al., 2015). Considering the results of the most significant increase of JA content in underground parts under PEG6000 treatment, thus, to investigate the function of JA in regulating pharmaceutical active components, JA, PEG6000, and mix of PEG6000 and IBU were used to treat G. uralensis underground parts to determine these ingredients. The results showed that, liquiritin, liquiritigenin, isoliquiritigenin, glycyrrhizic acid, licochalcone A, and glabridin displayed prompt accumulation after 2 and 6 h treatment of PEG6000 and JA. The addition of mix of PEG6000 and IBU significantly decreased the content of these pharmaceutical active components (Figure 6A). The expressions of the identified UDEGs encoding the enzymes involved in the synthesis of pharmaceutical active components indicated similar features that were induced under treatment of PEG6000 and JA and were inhibited under treatment of IBU through qRT-PCR assays (Figure 6B). In the treated G. uralensis aerial parts, similar results were also observed with a significant low content of these pharmaceutical active components than in underground parts (Supplementary Figure S4). These results indicated that both PEG6000-induced drought stress and JA are the key factors to stimulate the production of pharmaceutical active components, especially in the underground parts of G. uralensis.
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FIGURE 6. Effects of PEG, JA, and JA synthesis inhibitor IBU on the production of pharmaceutical active components in underground parts of Glycyrrhiza uralensis. (A) Determination of JA and pharmaceutical active ingredients under treatment of PEG6000 and IBU. Different letters followed by mean ± standard error indicate significant differences at p < 0.05 level. (B) Expression heatmaps of genes involved in pharmaceutical active ingredient biosynthesis. Water supplement was used as control (CK). Different colored blocks denote different expression levels with red and blue to represent high and low levels, respectively.




Effect of PEG6000-Induced Drought Stress on JA Content in Glycyrrhiza uralensis

To study the connection between drought stress and JA synthesis and signal transduction, PEG6000, and mix of PEG6000 and IBU were used to treat G. uralensis, to determine the levels of JA content and expressions of its biosynthesis and signal transduction genes. The results showed that JA content in underground parts was significantly increased under 2 h treatment of PEG6000, and decreased as normal level with non-treated control (Figure 7A). At the same time, the genes encoding JA biosynthesis of LOX2, AOS, AOC, ACAA, and MFP2 and signal transduction of JAZ and MYC2, indicated same expression features of increased expression by PEG6000 and decreased expression by IBU (Figure 7B). In the PEG6000-treated G. uralensis aerial parts, JA content and gene expression levels also indicated similar results but with a relative low levels than in underground parts (Supplementary Figure S4). These results demonstrate that PEG6000 has a direct positive effect to stimulate JA production and signal transduction.
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FIGURE 7. Effect of PEG6000 on JA synthesis and signal transduction in underground parts of Glycyrrhiza uralensis. (A) Determination of JA content under treatments of PEG6000 and mix of PEG6000 and IBU. Different letters followed by mean ± standard error indicate significant differences at p < 0.05 level. (B) Expression heatmaps of genes involved in JA biosynthesis and signal transduction under treatments of PEG6000 and mix of PEG6000 and IBU. Water addition was used as control (CK). Different colored blocks denote different expression levels with red and blue to represent high and low levels, respectively.





DISCUSSION

Secondary metabolites such as glycyrrhizic acid and flavonoids are considered to play important function in response to abiotic stress (Afreen et al., 2005; Hayashi and Sudo, 2009). The yield of valuable compounds can be improved by drought-mediated induction of aromatic products, such as isoprenoids, phenols, and alkaloids in medicinal and spice plants (Selmar and Kleinwachter, 2013; Kleinwachter and Selmar, 2015). Moderate drought stress has positive role to stimulate the production of pharmaceutical active ingredients in G. uralensis (Li et al., 2011), and our previous studies indicated that salt stress promoted the accumulation of glycyrrhizic acid and flavonoids (Tong et al., 2019). In this study, we found that PEG6000-induced drought stress significantly promotes the accumulation of pharmaceutical active ingredients, including glycyrrhizic acid, liquiritin, isoliquiritigenin, liquiritigenin, licochalcone-A, and glabridin, in G. uralensis with a major effect in the underground parts (Figure 1). The results also indicated that glycyrrhizic acid content displayed a continuous increase after PEG treatment, whereas the contents of the other substances of liquiritin, isoliquiritigenin, liquiritigenin, licochalcone-A, and glabridin indicated significant accumulation after 2 h treatment of PEG, with the overall tendency of raise first and then decrease (Figure 1). Secondary metabolites such as flavonoids compounds and terpenoids indicated a rapid induction and then reduction in plants response to abiotic stress acting as antioxidant activity (Cao et al., 1997; Rezaie et al., 2020; Wang et al., 2020; Zhu et al., 2020a,b), providing the important role in eliminating ROS to maintain the cellular oxidoreduction homeostasis (Wang et al., 2020).

Glycyrrhizic acid is one of the most abundant pharmaceutical active ingredients in the underground parts of G. uralensis, and was synthesized from mevalonate, catalyzed by a series of enzymes encoded by corresponding synthesis genes and downstream genes (Haralampidis et al., 2002; Seki et al., 2008, 2011; Li et al., 2017; Mochida et al., 2017; Nomura et al., 2019). In this work, through RNA-seq analysis, genes of β-AS, CYP88D6, CYP72A154, and UGT73P12 were significantly up-regulated in G. uralensis induced after PEG6000 treatment (Figures 2, 4). β-AS is a key enzyme in the glycyrrhizic acid biosynthesis by catalyzing the conversion of 2,3-oxidosqualene into β-amyrin and is responsible for the triterpene skeleton formation (Hayashi et al., 2001; Wang et al., 2011). Glycosyltransferase UGT73P12 transfers the glucuronic part of UDP-glucuronic acid to glycyrrhetinic acid 3-O-monoglucuronide to produce glycyrrhizic acid (Nomura et al., 2019).

Flavonoids in licorice are the main physiological pharmaceutical active ingredients that play important role in resisting abiotic stress and promoting plant growth (Yang et al., 2007; Li et al., 2009). In the pathway governing flavonoids biosynthesis, many genes have been investigated to show significant up-regulation, including PAL, ACC, C4L, 4CL, CHS, II-CHI, IFS, HI4OMT, HIDH, I2′H, VR, and PTR. High expression of 4CL, ACC, CHS, II-CHI, and IFS may contribute to the accumulation of flavonoids and isoflavones (Shimada et al., 2003; Fatland et al., 2005; Tan et al., 2012; Yin et al., 2019). In the present work, a total of 21 UDEGs locating in flavonoids synthesis pathway in G. uralensis were identified under drought stress (Figure 3; Supplementary Table S7). In which, seven GuCHS indicated significant increased expressions and tissue-specific feature with five in underground parts and two in aerials parts, respectively (Figures 2, 3). CHS and II-CHI were considered to be the key rate-limiting enzymes in the liquiritin synthesis pathway in G. uralensis (Shimada et al., 2003; Yin et al., 2019). Studies also showed that different CHS genes usually have different expression patterns (Harker et al., 1990; Han et al., 2006; Qiao et al., 2015), suggesting the potential diverse functions of the CHSs. Glabridin is an unique active ingredient in licorice, and is considered to be synthesized in the isoflavone synthesis pathway using IFS as key enzyme (Jung et al., 2000; Simmler et al., 2013). We found that glabridin content and IFS expression level were significantly promoted in both aerial and underground parts of G. uralensis under drought stress (Figures 1–3), implying the possible role of IFS in glabridin biosynthesis.

Phytohormones are key regulators to play important role for plants in response to abiotic stress by generating many secondary metabolites (Bari and Jones, 2009; Nakashima and Yamaguchi-Shinozaki, 2013). JA and ABA regulated the synthesis of flavonoids and triterpenoids by activating MYC2 transcription factors during drought and salt stress (Sreenivasulu et al., 2012). Our study showed the consistent result that the content of JA in aerial and underground parts and ABA in aerial parts were significantly increased after PEG6000-induced drought stress (Figure 5C). It is established that ABA biosynthesis could occur via carotenoid biosynthesis pathway (Iuchi et al., 2001; Seo and Koshiba, 2002). We found that the UDEGs of ABA biosynthesis and signal transduction were significantly identified in aerial parts (Figures 2, 5). Some reports support that SnRK2 in the ABA signaling pathway plays an important role in regulating flavonoid synthesis in plants under abiotic stress (Boudsocq et al., 2004; Kobayashi et al., 2004; Jiao and Gu, 2019). There is also solid evidence that SnRK2 and ABF performed important function in controlling the downstream gene expressions under abiotic stress (Fujii et al., 2011; Kulik et al., 2011; Fujita et al., 2013; Yoshida et al., 2015; Fatima et al., 2020). SnRK2 and ABF were identified as the most significant enriched UDEGs and showed high expression levels under drought stress (Figures 2, 5), suggesting their potential important function in ABA signal transduction and regulation of secondary compound generation.

JA biosynthesis could produce through α-linolenic acid metabolic pathway (Wasternack and Hause, 2013). α-linolenic acid metabolism pathway was significantly enriched in both aerial and underground parts in G. uralensis (Figure 2). And many genes locating in this pathway were identified as UDEGs regulating JA biosynthesis and signal transduction (Figure 5), including LOX2, AOS, AOC, OPR, JAZ, and MYC2, etc., providing a close direct link between drought stress and JA signaling. AOS, AOC, and OPR3 have been reported to be the key enzymes involved in JA biosynthesis in plants (Wasternack and Hause, 2013). JAZ and MYC2 are important regulators to modulate JA signal transduction (Chini et al., 2007; Liu et al., 2019). Under abiotic stress, MYC2, acting as a master regulator of diverse aspects of JA responses (Boter et al., 2004; Lorenzo et al., 2004; Dombrecht et al., 2007; Du et al., 2017), regulated the specific production of defense-related metabolites, including terpenoids and flavonoids, to protect plants against stress (Tropf et al., 1995; Jung et al., 2000; Ogawa et al., 2017; Yang et al., 2017; Premathilake et al., 2020). In the present study, genes involved in glycyrrhizic acid and flavonoids synthesis were inhibited by JA biosynthesis inhibitor IBU (Figure 6), and addition of both PEG6000 and JA significantly promoted the accumulation of glycyrrhizic acid and flavonoids content (Figure 6A), as well as the increase of expression levels of corresponding genes (Figure 6B). PEG6000-induced drought stress also generated a positive role for JA production and corresponding gene expressions (Figure 7), suggesting a direct close connection between drought stress and JA synthesis and signaling and thus to promote the accumulation of pharmaceutical active ingredients. As far as the difference of JA and ABA being concerned, the results showed that, contents of JA in aerial and underground parts, and the expressions of key genes involved in JA synthesis and signaling were significantly increased by PEG6000-induced drought stress (Figures 5, 6), with the JA content being over 22-fold increase in underground parts and over 2.5-fold accumulation in aerial parts in 2-h treatment group compared with that in 0-h control group (Figure 5). Meantime, both ABA content and UDEGs of ABA biosynthesis and signal transduction were significantly raised in aerial parts (Figures 2, 5), but not in underground parts, with ABA content being a slight increase of approximate 1.12 fold in aerial parts (Figure 5). Therefore, JA and its mediated signaling could be selected as important target candidates for further utilization.

In conclusion, through a combined comprehensive analysis of pharmaceutical active ingredients and comparative transcriptomes, our results indicated that PEG6000-induced drought stress could significantly promote the accumulation of pharmacological active ingredients in both aerial and underground parts of G. uralensis, via the JA-mediated signaling pathway. Our study also offers the candidate key genes and metabolic pathways of glycyrrhizic acid and flavonoids in G. uralensis under drought stress, and provides effective references for genetic improvement and comprehensive utilization of G. uralensis, with regulation mechanism elucidation and genetic function analysis of these key genes to be warranted.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://www.ncbi.nlm.nih.gov/, PRJNA810509.



AUTHOR CONTRIBUTIONS

HY: software, investigation, and data curation. FW: investigation, validation, and formal analysis. QB: methodology, software, and investigation. HL: visualization. LL: collection and identification of G. uralensis resources. GX: conceptualization. JZ: conceptualization and supervision. HS: conceptualization, resources, writing—original draft preparation, supervision, project administration, and funding acquisition. HL: conceptualization, writing—review and editing, supervision, project administration, and funding acquisition. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Science and technology project of Bingtuan (grant numbers 2018AB012 and 2020AA005), Scientific research project of Shihezi University (grant numbers ZZZC201931B, RCZK2021B31, and YZZX202102).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.920172/full#supplementary-material



FOOTNOTES

1https://github.com/jstjohn/SeqPrep

2https://github.com/najoshi/sickle

3http://trinityrnaseq.sourceforge.net/

4http://ccb.jhu.edu/software/tophat/index.shtml

5http://ccb.jhu.edu/software/hisat2/index.shtml

7http://deweylab.biostat.wisc.edu/rsem/

8http://www.bioconductor.org/packages/2.12/bioc/html/edgeR.html

9http://kobas.cbi.pku.edu.cn/home.do



REFERENCES

 Afreen, F., Zobayed, S. M. A., and Kozai, T. (2005). Spectral quality and UV-B stress stimulate glycyrrhizin concentration of Glycyrrhiza uralensis in hydroponic and pot system. Plant Physiol. Biochem. 43, 1074–1081. doi: 10.1016/j.plaphy.2005.11.005 

 Aipire, A., Li, J. Y., Yuan, P. F., He, J., Hu, Y. L., Liu, L., et al. (2017). Glycyrrhiza uralensis water extract enhances dendritic cell maturation and antitumor efficacy of HPV dendritic cell- based vaccine. Sci. Rep. 7:43796. doi: 10.1038/srep43796 

 Ankala, A., Luthe, D. S., Williams, W. P., and Wilkinson, J. R. (2009). Integration of ethylene and jasmonic acid signaling pathways in the expression of maize defense protein Mir1-CP. Mol. Plant Microbe Interact. 22, 1555–1564. doi: 10.1094/MPMI-22-12-1555 

 Bai, H. Y., Bao, F., Fan, X. R., Han, S., Zheng, W. H., Sun, L. L., et al. (2020). Metabolomics study of different parts of licorice from different geographical origins and their anti-inflammatory activities. J. Sep. Sci. 43, 1593–1602. doi: 10.1002/jssc.201901013 

 Bari, R., and Jones, J. (2009). Role of plant hormones in plant defence responses. Plant Mol. Biol. 69, 473–488. doi: 10.1007/s11103-008-9435-0

 Bartram, S., Jux, A., Glelxner, G., and Boland, W. (2006). Dynamic pathway allocation in early terpenoid biosynthesis of stress-induced lima bean leaves. Phytochemistry 67, 1661–1672. doi: 10.1016/j.phytochem.2006.02.004 

 Boter, M., Ruiz-Rivero, O., Abdeen, A., and Prat, S. (2004). Conserved MYC transcription factors play a key role in jasmonate signaling both in tomato and Arabidopsis. Genes Dev. 18, 1577–1591. doi: 10.1101/gad.297704 

 Boudsocq, M., Barbier-Brygoo, H., and Lauriere, C. (2004). Identification of nine sucrose nonfermenting 1-related protein kinases 2 activated by hyperosmotic and saline stresses in Arabidopsis thaliana. J. Biol. Chem. 279, 41758–41766. doi: 10.1074/jbc.M405259200 

 Cao, G. H., Sofic, E., and Prior, R. L. (1997). Antioxidant and prooxidant behavior of flavonoids: structure-activity relationships. Free Radic. Biol. Med. 22, 749–760. doi: 10.1016/S0891-5849(96)00351-6 

 Chai, X., Hu, L., Zhang, Y., Han, W., Lu, Z., Ke, A., et al. (2020). Specific ACE2 expression in Cholangiocytes may cause liver damage After 2019-nCoV infection. bioRxiv. 2020.02.03.931766. doi: 10.1101/2020.02.03.931766

 Chappell, J., Wolf, F., Proulx, J., Cuellar, R., and Saunders, C. (1995). Is the reaction catalyzed by 3-hydroxy-3-methylglutaryl coenzyme-a reductase a rate-limiting step for isoprenoid biosynthesis in plants. Plant Physiol. 109, 1337–1343. doi: 10.1104/pp.109.4.1337 

 Chini, A., Fonseca, S., Fernandez, G., Adie, B., Chico, J. M., Lorenzo, O., et al. (2007). The JAZ family of repressors is the missing link in jasmonate signalling. Nature 448, 666–671. doi: 10.1038/nature06006 

 Dhingra, D., and Sharma, A. (2006). Antidepressant-like activity of Glycyrrhiza glabra L. in mouse models of immobility tests. Prog. Neuropsychopharmacol. 30, 449–454. doi: 10.1016/j.pnpbp.2005.11.019 

 Dixon, R. A., Achnine, L., Kota, P., Liu, C. J., Reddy, M. S. S., and Wang, L. J. (2002). The phenylpropanoid pathway and plant defence – a genomics perspective. Mol. Plant Pathol. 3, 371–390. doi: 10.1046/j.1364-3703.2002.00131.x 

 Dombrecht, B., Xue, G. P., Sprague, S. J., Kirkegaard, J. A., Ross, J. J., Reid, J. B., et al. (2007). MYC2 differentially modulates diverse jasmonate-dependent functions in Arabidopsis. Plant Cell 19, 2225–2245. doi: 10.1105/tpc.106.048017 

 Du, M. M., Zhao, J. H., Tzeng, D. T. W., Liu, Y. Y., Deng, L., Yang, T. X., et al. (2017). MYC2 orchestrates a hierarchical transcriptional cascade that regulates jasmonate-mediated plant immunity in tomato. Plant Cell 29, 1883–1906. doi: 10.1105/tpc.16.00953 

 Fatima, A., Khan, M. J., Awan, H. M., Akhtar, M. N., Bibi, N., Sughra, K., et al. (2020). Genome-wide identification and expression analysis of SnRK2 gene family in mungbean (Vigna radiata) in response to drought stress. Crop Pasture Sci. 71, 469–476. doi: 10.1071/CP19392

 Fatland, B. L., Nikolau, B. J., and Wurtele, E. S. (2005). Reverse genetic characterization of cytosolic acetyl-CoA generation by ATP-citrate lyase in Arabidopsis. Plant Cell 17, 182–203. doi: 10.2307/4130763 

 Fiore, C., Eisenhut, M., Krausse, R., Ragazzi, E., Pellati, D., Armanini, D., et al. (2008). Antiviral effects of Glycyrrhiza species. Phytother. Res. 22, 141–148. doi: 10.1002/ptr.2295 

 Fujii, H., Verslues, P. E., and Zhu, J. K. (2011). Arabidopsis decuple mutant reveals the importance of SnRK2 kinases in osmotic stress responses in vivo. Proc. Natl. Acad. Sci. U. S. A. 108, 1717–1722. doi: 10.1073/pnas.1018367108 

 Fujita, Y., Yoshida, T., and Yamaguchi-Shinozaki, K. (2013). Pivotal role of the AREB/ABF-SnRK2 pathway in ABRE-mediated transcription in response to osmotic stress in plants. Physiol. Plant. 147, 15–27. doi: 10.1111/j.1399-3054.2012.01635.x 

 Han, Y. Y., Ming, F., Wang, W., Wang, J. W., Ye, M. M., and Shen, D. L. (2006). Molecular evolution and functional specialization of chalcone synthase superfamily from Phalaenopsis orchid. Genetica 128, 429–438. doi: 10.1007/s10709-006-7668-x 

 Haralampidis, K., Trojanowska, M., and Osbourn, A. E. (2002). Biosynthesis of triterpenoid saponins in plants. Adv. Biochem. Eng. Biotechnol. 75, 31–49. doi: 10.1007/3-540-44604-4_2

 Harker, C. L., Ellis, T. H., and Coen, E. S. (1990). Identification and genetic regulation of the chalcone synthase multigene family in pea. Plant Cell 2, 185–194. doi: 10.1105/tpc.2.3.185 

 Hayashi, H., Huang, P., Kirakosyan, A., Inoue, K., Hiraoka, N., Ikeshiro, Y., et al. (2001). Cloning and characterization of a cDNA encoding beta-amyrin synthase involved in glycyrrhizin and soyasaponin biosyntheses in licorice. Biol. Pharm. Bull. 24, 912–916. doi: 10.1248/bpb.24.912 

 Hayashi, H., and Sudo, H. (2009). Economic importance of licorice. Plant Biotechnol. 26, 101–104. doi: 10.5511/plantbiotechnology.26.101

 Hemmerlin, A., Hoeffler, J. F., Meyer, O., Tritsch, D., Kagan, I. A., Grosdemange-Billiard, C., et al. (2003). Cross-talk between the cytosolic mevalonate and the plastidial methylerythritol phosphate pathways in tobacco bright yellow-2 cells. J. Biol. Chem. 278, 26666–26676. doi: 10.1074/jbc.M302526200 

 Iuchi, S., Kobayashi, M., Taji, T., Naramoto, M., Seki, M., Kato, T., et al. (2001). Regulation of drought tolerance by gene manipulation of 9-cis-epoxycarotenoid dioxygenase, a key enzyme in abscisic acid biosynthesis in Arabidopsis. Plant J. 27, 325–333. doi: 10.1046/j.1365-313x.2001.01096.x 

 Jiao, C. F., and Gu, Z. X. (2019). Cyclic GMP mediates abscisic acid-stimulated isoflavone synthesis in soybean sprouts. Food Chem. 275, 439–445. doi: 10.1016/j.foodchem.2018.09.07 

 Jung, W., Yu, O., Lau, S. M. C., O’Keefe, D. P., Odell, J., Fader, G., et al. (2000). Identification and expression of isoflavone synthase, the key enzyme for biosynthesis of isoflavones in legumes. Nat. Biotechnol. 18, 208–212. doi: 10.1038/72671 

 Kleinwachter, M., and Selmar, D. (2015). New insights explain that drought stress enhances the quality of spice and medicinal plants: potential applications. Agron. Sustain. Dev. 35, 121–131. doi: 10.1007/s13593-014-0260-3

 Kobayashi, Y., Yamamoto, S., Minami, H., Kagaya, Y., and Hattori, T. (2004). Differential activation of the rice sucrose nonfermenting1-related protein kinase2 family by hyperosmotic stress and abscisic acid. Plant Cell 16, 1163–1177. doi: 10.2307/3872079 

 Kulik, A., Wawer, I., Krzywinska, E., Bucholc, M., and Dobrowolska, G. (2011). SnRK2 protein kinases-key regulators of plant response to abiotic stresses. OMICS 15, 859–872. doi: 10.1089/omi.2011.0091 

 Li, S. S., Chang, Y., Li, B., Shao, S. L., and Zhen-Zhu, Z. (2020a). Functional analysis of 4-coumarate: CoA ligase from Dryopteris fragrans in transgenic tobacco enhances lignin and flavonoids. Genet. Mol. Biol. 43:e20180355. doi: 10.1590/1678-4685-gmb-2018-0355 

 Li, Y. N., Chen, C. X., Xie, Z. Z., Xu, J., Wu, B., and Wang, W. Q. (2020b). Integrated analysis of mRNA and microRNA elucidates the regulation of glycyrrhizic acid biosynthesis in Glycyrrhiza uralensis Fisch. Int. J. Mol. Sci. 21:3101. doi: 10.5511/plantbiotechnology.26.101 

 Li, W. D., Hou, J. L., Wang, W. Q., Tang, X. M., Liu, C. L., and Xing, D. (2011). Effect of water deficit on biomass production and accumulation of secondary metabolites in roots of Glycyrrhiza uralensis. Russ. J. Plant Physl. 58, 538–542. doi: 10.1134/S1021443711030101 

 Li, J. L., Liu, S. J., Wang, J., Li, J., Li, J. X., and Gao, W. Y. (2017). Gene expression of glycyrrhizin acid and accumulation of endogenous signaling molecule in Glycyrrhiza uralensis Fisch adventitious roots after Saccharomyces cerevisiae and Meyerozyma guilliermondii applications. Biotechnol. Appl. Biochem. 64, 700–711. doi: 10.1002/bab.1534 

 Li, L. H., Stanton, J. D., Tolson, A. H., Luo, Y., and Wang, H. B. (2009). Bioactive terpenoids and flavonoids from Ginkgo Biloba extract induce the expression of hepatic drug-metabolizing enzymes through Pregnane X receptor, constitutive androstane receptor, and aryl hydrocarbon receptor-mediated pathways. Pharm. Res. 26, 872–882. doi: 10.1007/s11095-008-9788-8 

 Liu, Y. Y., Du, M. M., Deng, L., Shen, J. F., Fang, M. M., Chen, Q., et al. (2019). MYC2 regulates the termination of jasmonate signaling via an autoregulatory negative feedback loop. Plant Cell 31, 106–127. doi: 10.1105/tpc.18.00405 

 Lorenzo, O., Chico, J. M., Sanchez-Serrano, J. J., and Solano, R. (2004). Jasmonate-insensitive1 encodes a MYC transcription factor essential to discriminate between different jasmonate-regulated defense responses in Arabidopsis. Plant Cell 16, 1938–1950. doi: 10.1105/tpc.022319 

 Mandal, S., Upadhyay, S., Wajid, S., Ram, M., Jain, D. C., Singh, V. P., et al. (2015). Arbuscular mycorrhiza increase artemisinin accumulation in Artemisia annua by higher expression of key biosynthesis genes via enhanced jasmonic acid levels. Mycorrhiza 25, 345–357. doi: 10.1021/jf9000378 

 Mochida, K., Sakurai, T., Seki, H., Yoshida, T., Takahagi, K., Sawai, S., et al. (2017). Draft genome assembly and annotation of Glycyrrhiza uralensis, a medicinal legume. Plant J. 89, 181–194. doi: 10.1111/tpj.13385 

 Nakashima, K., and Yamaguchi-Shinozaki, K. (2013). ABA signaling in stress-response and seed development. Plant Cell Rep. 32, 959–970. doi: 10.1007/s00299-013-1418-1

 Nomura, Y., Seki, H., Suzuki, T., Ohyama, K., Mizutani, M., Kaku, T., et al. (2019). Functional specialization of UDP-glycosyltransferase 73P12 in licorice to produce a sweet triterpenoid saponin, glycyrrhizin. Plant J. 99, 1127–1143. doi: 10.1111/tpj.14409 

 Ogawa, S., Miyamoto, K., Nemoto, K., Sawasaki, T., Yamane, H., Nojiri, H., et al. (2017). OsMYC2, an essential factor for JA-inductive sakuranetin production in rice, interacts with MYC2-like proteins that enhance its transactivation ability. Sci. Rep. 7:40175. doi: 10.1038/srep40175 

 Premathilake, A. T., Ni, J. B., Shen, J. Q., Bai, S. L., and Teng, Y. W. (2020). Transcriptome analysis provides new insights into the transcriptional regulation of methyl jasmonate-induced flavonoid biosynthesis in pear calli. BMC Plant Biol. 20:388. doi: 10.1186/s12870-020-02606-x 

 Qiao, F., Geng, G. Z., Yang, Z., Xie, H. C., Jin, L., Shang, J., et al. (2015). Molecular cloning and expression profiling of a chalcone synthase gene from Lamiophlomis rotata. J. Genet. 94, 193–205. doi: 10.1007/s12041-015-0502-4 

 Rezaie, R., Mandoulakani, B. A., and Fattahi, M. (2020). Cold stress changes antioxidant defense system, phenylpropanoid contents and expression of genes involved in their biosynthesis in Ocimum basilicum L. Sci. Rep. 10:5290. doi: 10.1038/s41598-020-62090-z 

 Seki, H., Ohyama, K., Sawai, S., Mizutani, M., Ohnishi, T., Sudo, H., et al. (2008). Licorice beta-amyrin 11-oxidase, a cytochrome P450 with a key role in the biosynthesis of the triterpene sweetener glycyrrhizin. Proc. Natl. Acad. Sci. U. S. A. 105, 14204–14209. doi: 10.1073/pnas.0803876105 

 Seki, H., Sawai, S., Ohyama, K., Mizutani, M., Ohnishi, T., Sudo, H., et al. (2011). Triterpene functional genomics in licorice for identification of CYP72A154 involved in the biosynthesis of glycyrrhizin. Plant Cell 23, 4112–4123. doi: 10.1105/tpc.110.082685 

 Selmar, D., and Kleinwachter, M. (2013). Influencing the product quality by deliberately applying drought stress during the cultivation of medicinal plants. Ind. Crop. Prod. 42, 558–566. doi: 10.1016/j.indcrop.2012.06.020

 Seo, M., and Koshiba, T. (2002). Complex regulation of ABA biosynthesis in plants. Trends Plant Sci. 7, 41–48. doi: 10.1016/S1360-1385(01)02187-2

 Shimada, N., Aoki, T., Sato, S., Nakamura, Y., Tabata, S., and Ayabe, S. (2003). A cluster of genes encodes the two types of chalcone isomerase involved in the biosynthesis of general flavonoids and legume-specific 5-deoxy(iso)flavonoids in Lotus japonicus. Plant Physiol. 131, 941–951. doi: 10.1104/pp.004820 

 Simmler, C., Pauli, G. F., and Chen, S. N. (2013). Phytochemistry and biological properties of glabridin. Fitoterapia 90, 160–184. doi: 10.1016/j.fitote.2013.07.003 

 Sreenivasulu, N., Harshavardhan, V. T., Govind, G., Seiler, C., and Kohli, A. (2012). Contrapuntal role of ABA: does it mediate stress tolerance or plant growth retardation under long-term drought stress? Gene 506, 265–273. doi: 10.1016/j.gene.2012.06.076 

 Staswick, P. E., Huang, J. F., and Rhee, Y. (1991). Nitrogen and methyl jasmonate induction of soybean vegetative storage protein genes. Plant Physiol. 96, 130–136. doi: 10.1104/pp.96.1.130 

 Tan, Z. J., Liu, R. R., Hu, Y. L., and Lin, Z. P. (2012). Production of isoflavone genistein in transgenic IFS tobacco roots and its role in stimulating the development of arbuscular mycorrhiza. Acta Physiol. Plant. 34, 1863–1871. doi: 10.1007/s11738-012-0984-0

 Tong, X. C., Cao, A. P., Wang, F., Chen, X. F., Xie, Q. L., Shen, H. T., et al. (2019). Calcium-dependent protein kinase genes in Glycyrrhiza Uralensis appear to be involved in promoting the biosynthesis of glycyrrhizic acid and flavonoids under salt stress. Molecules 24, 1837–1855. doi: 10.3390/molecules24091837

 Tropf, S., Karcher, B., Schroder, G., and Schroder, J. (1995). Reaction-mechanisms of homodimeric plant polyketide synthases (stilbene and chalcone synthase) – a single active-site for the condensing reaction is sufficient for synthesis of stilbenes, chalcones, and 6’-deoxychalcones. J. Biol. Chem. 270, 7922–7928. doi: 10.1074/jbc.270.14.7922 

 Wang, Z., Guhling, O., Yao, R., Li, F., Yeats, T. H., Rose, J. K., et al. (2011). Two oxidosqualene cyclases responsible for biosynthesis of tomato fruit cuticular triterpenoids. Plant Physiol. 155, 540–552. doi: 10.1104/pp.110.162883 

 Wang, D. L., Lu, X. K., Chen, X. G., Wang, S., Wang, J. J., Guo, L. X., et al. (2020). Temporal salt stress-induced transcriptome alterations and regulatory mechanisms revealed by PacBio long-reads RNA sequencing in Gossypium hirsutum. BMC Genomics 21, 838–815. doi: 10.1186/s12864-020-07260-z 

 Wasternack, C., and Hause, B. (2013). Jasmonates: biosynthesis, perception, signal transduction and action in plant stress response, growth and development. An update to the 2007 review in annals of botany. Ann. Bot. 111, 1021–1058. doi: 10.1093/aob/mct067 

 Weisshaar, B., and Jenkins, G. I. (1998). Phenylpropanoid biosynthesis and its regulation. Curr. Opin. Plant Biol. 1, 251–257. doi: 10.1016/S1369-5266(98)80113-1

 Yang, Y., He, F., Yu, L. J., Chen, X. H., Lei, J., and Ji, J. X. (2007). Influence of drought on oxidative stress and flavonoid production in cell suspension culture of Glycyrrhiza inflata Batal. Z. Naturforsch. C. J. Biosci. 62, 410–416. doi: 10.1515/znc-2007-5-615 

 Yang, N., Zhou, W. P., Su, J., Wang, X. F., Li, L., Wang, L. R., et al. (2017). Overexpression of SmMYC2 increases the production of phenolic acids in Salvia miltiorrhiza. Front. Plant Sci. 8:1804. doi: 10.3389/fpls.2017.01804 

 Yin, Y. C., Hou, J. M., Tian, S. K., Yang, L., Zhang, Z. X., Li, W. D., et al. (2019). Overexpressing chalcone synthase (CHS) gene enhanced flavonoids accumulation in Glycyrrhiza uralensis hairy roots. Bot. Lett. 167, 219–231. doi: 10.1080/23818107.2019.1702896

 Yoshida, T., Fujita, Y., Maruyama, K., Mogami, J., Todaka, D., Shinozaki, K., et al. (2015). Four Arabidopsis AREB/ABF transcription factors function predominantly in gene expression downstream of SnRK2 kinases in abscisic acid signalling in response to osmotic stress. Plant Cell Environ. 38, 35–49. doi: 10.1111/pce.12351 

 Zhang, B., Yin, X. R., Li, X., Yang, S. L., Ferguson, I. B., and Chen, K. S. (2009). Lipoxygenase gene expression in ripening kiwifruit in relation to ethylene and aroma production. J. Agric. Food Chem. 57, 2875–2881. doi: 10.1021/jf9000378 

 Zhu, Y., Chen, Y. H., Zhang, X., Xie, G. Y., and Qin, M. J. (2020b). Copper stress-induced changes in biomass accumulation, antioxidant activity and flavonoid contents in Belamcanda chinensis calli. Plant Cell Tissue Organ Cult. 142, 299–311. doi: 10.1007/s11240-020-01863-w

 Zhu, J., Deng, Y. Q., Wang, X., Li, X. F., Zhang, N. N., Liu, Z., et al. (2020a). An artificial intelligence system reveals liquiritin inhibits SARS-CoV-2 by mimicking type I interferon. bioRxiv. 2020.05.02.074021. doi: 10.1101/2020.05.02.074021


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.

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 © 2022 Yao, Wang, Bi, Liu, Liu, Xiao, Zhu, Shen and Li. 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.

OPS/images/fpls-13-920172-g005.jpg
L — Undergrund pars Aetal parts R sl i [~
" Glm&w:;""il! 0 2"8%22¢ 0 28220 “:" Z-; e 0 8% o daa ;
THSHHROTE b o [ 4 [Phytoene] ' e 5
R H i s e H
M ety g | 0 | ] 2
[Guorrasrazay 8 f-carotene ——
Tre b |- pEEE et L S 5
o gl = s frome 7 e 5
— e BN ]
\—Hw I e B o H
w2 (oo i 1= | e B K
OPC8. ETTEET 2
o [Pl H [Violaxantin] et ot ot | - |3l 2
OPCL Rogutatin of target il — G l = @ 2 ]
o | E :
e ot
B e i
o 5
I s ity on
M procpe
—ig
308 Underground parts 250 Aerial parts
moh
u2h
s 200 £ 200 w6h
£ ‘; u12h
2 2
2100 El m24h
< c 150
% 40 2 50
€ E 40
8 g w0
S 20 3

20;

7T





OPS/images/fpls-13-920172-g006.jpg
£
H
g

Connraion (ol

Cananrsion (nfg PV

oalg F49)

B

ncentation (1ol )

ol ol recveulll

g

o000
00

20000

200
1000
1200

25000 Liquiritiganiny

Liquiritin
4s000 9
2000 1 1
as000
26000
21000
7000

o

50

20 i

Treatment time (h)

Glyeyrhizic agid

. &0
Relative expression o o€ o€ b o® &8
R S

| — 2h oh

Gene Gene ID. Glycyrrhizic acid biosynthesis pathway

Gu0135507303
HMGR  |Gu0682524324

SQST__|Gu0089s08825

SQS2_|Gu0017502413

BAS |Gu1733527628

CYP88D6

(CY P72A154Gu0726527881
|Gu08905 19071

UGT73P12|Gu0629520915

20000 1
i

§
ol & . [ s
JIARAAE

Flavonoid biosynthesis pathway
Gu0163s11137
Gu0163s11136
Gu0327s26461
Gu7164s47115
Gu0106s11717
Gu0059s06316
Gu0336s18105
Gu0424s26890

CHS Gu0051s03428
Gu0397s20478
Gu0218s11627

CHI1 Gu5711s45445

PAL

Isoflavones biosynthesis pathway

IFS__Gu0721527409
HI4OMT_Gu0721s27413
oy Cu0234s15080
Gu0234s15084

VR Gu0850s20446

PTR __ Gu0578521013





OPS/images/fpls-13-920172-g003.jpg
Underground parts Aefial parts
Tine () Time ()
PAL CaH ene _cenen o 7v6"1z24 o 26 %22
— ic acid|—> [trans— T [ouroasarre

[trans-Cinnamic acid]—>[trans-Coumaric acid] s
[owoteastrize
ACC et PAL  [ouoteastitar

w06 11717

[Acetyl-Coa| —> [ Malyonyl-CoA | [ coumaryl-CoA] Sl
u0tes 11138

[Phenylalanine]

fouraesssoe]
CaH  pursassasou
CHS 14465350

fouasstezroo
e
o1 fursiszi
. = e luastoszosr
[Naningein chalcone|  [Licochalcone-A][ Isoliquiritigenin | oodborarth

e e [
a - D-glucopynose | [liquiritigenin
d
'

Phenylpropanoid biosynthesis

I

Fuosssstar
fouoarestrear]

G

| woos1s0042
| CHs  [susers20ar
T

2
]
g
£
k]
g
g
H
&

uo424526690]

0051503431

I
1
I
IFS | F§ | fousoszsas:
HIDH ,l, HI4OMT | I-CHI_pusttisasaas]

HIDH ¥
Genistein - IFs_Joworanaried
Hydroxydaidzein| g [ Daidzein |

s 1K

12H [Hi4OMT [pworasarer
12H HIDH_[ouosesorss]
2-Hydroxyenistein o [puaassisond

yenistol Ruazassisoed
2-Hydroxybiochanin A 2 -Hydroxyformononetin|| #—7fssomers

fowosraszror

i — WR PTR Ritsrasaion
7.2-Dihydroxy4-

methoxy-isoflavanol

-lllll O H . .‘- _

ool 1

elative expression
2 410 1 @






OPS/images/fpls-13-920172-g004.jpg
B
Glyceraldenyde-3p Underground parts Aerial parts
T ) T (1),
Gene_ Geneld 0 26 2 2 2 8 1224
MEP pathway MVA pathway e ezl | —
[Pl o[ B [ ]
05 Jaumsewzad I 1
XSy EoemacelyH:uA 707 _Jpwosssosesd B ]
T-Deoxy-Drxyhose-5-phosphate
| mcs e T
| o e~
tyerony ametnyrguarykCon]| | won [ -
[T e— gl
: } wiew T poo| B
T
! Mevalonate osasszsrod B
v W0 fouozoszsd
2.Cltny-Dery o2 -eyaadphosphate] | e
] ]
Mevalonate-5P L]
Hos s [per]
e Fumeroo]
T-Hydroxy-2-methyl-2-butenyl-4-diphosphate PRz |
Mevalonate-5PP St
T
| vor i e |
| Cyiokin = ¥ : T e —
sscdcntil | Dmomaniee | <"1+ [ioperioniee ]
Soversiin [
T | s T p—
verzare o
i
I gl

pAS ___ salE
[amytin }—— [ 2.3 Oxidosquatene | «— [Saualene|

CYPe8Ds

JEE

ST [ Giyeynnetini acid 3-

[11-0x0-p-amyrin] — [ Giyeyrmhetini acd | —- | O-monoglucuronide

CYPT2A154

ueTrIR12

Glycyrrhizic acid

Relative expression

o

MEP pathway

WIVA pathway

Downstream genes of glycyrhizic acid

biosynthesis pathway





OPS/images/fpls-13-920172-g007.jpg
A B
=200 JA biosynthesis JA signal transduction

E okl Pecll  pecesull] a-Linolenic acid JA
2 150 a | w2 °“““’"”'“__" e ¢ @%@ &
2 13(S)-HpOTIE Vo i z -
5 | ros e I OBL oo
S 100 | bttt
o 12,13-EOTrE Guzzs 52
= RS e -- @ MYC20umrsssios I N—
8 sol a Gunrosrazo |
2 b b b 12-0PDA
S b e Regulation of target
5] | oeR Gane expression
oret

< v

0 2 I 5 OPCB-CoA

. + ACAA Susosszs122 I N g gpressep
Treatment time (h) § P2 cvosne m——
JA-CoA

{

JA





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Combined Analysis of Pharmaceutical Active Ingredients and Transcriptomes of Glycyrrhiza uralensis Under PEG6000-Induced Drought Stress Revealed Glycyrrhizic Acid and Flavonoids Accumulation via JA-Mediated Signaling



		Introduction



		Materials and Methods



		Plant Materials and PEG6000 Treatment



		RNA Sequencing and Data Assembly



		Screening and Functional Enrichment Analysis of Differentially Expressed Genes



		Determination of Endogenous Phytohormones and Pharmaceutical Active Ingredients



		Validation of RNA-Seq Data Using qRT-PCR



		Statistical Analysis









		Results



		Determination of Pharmaceutical Active Ingredients of Glycyrrhiza uralensis Under PEG6000 Treatment



		Global Transcriptomic Changes of Glycyrrhiza uralensis During PEG6000-Induced Drought Stress



		Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis of Significantly Up-Regulated DEGs



		Analysis of UDEGs Involved in Flavonoid Biosynthesis Pathways in Glycyrrhiza uralensis Under Drought Stress



		Analysis of UDEGs Involved in Glycyrrhizic Acid Biosynthesis Pathway in Glycyrrhiza uralensis Under Drought Stress



		Analysis of Endogenous Phytohormone Level and Synthesis and Signal Transduction of JA and ABA Pathway Under Drought Stress



		Analysis of Levels of Pharmaceutical Active Components in Glycyrrhiza uralensis Under Treatment of PEG6000 and JA



		Effect of PEG6000-Induced Drought Stress on JA Content in Glycyrrhiza uralensis









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		Footnotes



		References



















OPS/images/fpls-13-920172-g001.jpg
Licgchalcone-A genin Liquiritigenin

4 40 -
3 €0 40
2 40
i Y 20
! 1 20
0 o o
Oh 2h 6h12h24h Oh 2h 6h 12h24h  Oh 2h 6n12h24h Oh 2h 6h12h24h
Glabridin 0 Glycyrrhizic acid 3, Glycyrrhetinic acid
e L= o2 : - CK
-
2 04 B PEG
£ 10{ & < o i
i o 0.1
g Oh 2h6h12h24h Oh 2h 6h12h24h
5, Isoliquiritigenin  0.87 Glycyrrhizic acid
4 0.6
3 b . -~ CK
2 = PEG
1 02 Ng
L o o B
P -

0.2:
Oh 2h 6h 12h24h Oh 2h 6h12h24h 0h 2h 6h 12h24h





OPS/images/fpls-13-920172-g002.jpg
A

e o T
e

Underground parts

Faveno Sosresd ]
Torsroi backsens bosyniness
Fregyprcansia ioinen
p%eny-.w.mb.‘..mg 5

Cysteine and methonine metaboism
Giyelr, ot an hrooning motaboism
Stienss, Gayhepignod and sngerlsomyiness
Starch and sucrose metabo;
‘Syninesis and dsqradaton of elone bodiss

d iscleucine degtadation
entose prosphate painay

1]

Vaie, e

Underground parts

Profies ]
Iscflavoncid bosynthesis [
Fiavons and flavonol bosynthesis o
Sesquiterpencid and terpenoid biosynthesis o
Terpencid backbone bosyrthesis o
Flavonoid bosynthesis of s

Phenyipropancid biosyrihesis o

Phenyiaanine metabolism
alpha-Linolenc acd metabolism .

Rich factor

logio(Pualue)
o e

adog10Fuaive)
i

5 30
Number of genes

[ e

1
B i=

ogi0(Pae)
)

Protenprocessing n endplasmis retculum
e e patabota.

.

illl.

Profiles
Flavonoid biosynihess:
Phenylalanine metabolism
alpha-Linolenic acid metabolism
Terpenaid backbone biosyrihesis
Plant hormone signal transduction
Phenylpropanoid biosyrthesis.

yiosine metaoolism
Gircadian iyim - pant
Giycaysis / Guconeogeress

= JogTofPralue)
Viamin B metsootsm e """

o W &
Ninber of gones

Aerial parts

. ot

Rich factor






OPS/images/cover.jpg
& frontiers  Frontiers in Plant Science

Combined Analysis of
Pharmaceutical Active Ingredients
and Transcriptomes of Glycyrrhiza
uralensis Under PEG6000-Induced
Drought Stress Revealed Glycyrrhizic
Acid and Flavonoids Accumulation
via JA-Mediated Signaling









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers Frontiers in Plant Science





