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ARTICLE INFO ABSTRACT
Keywords: Licorice is a well-known Chinese medicinal plant that is widely used to treat multiple diseases and
Glycyrrhiza squamulose process food; however, wild licorice is now facing depletion. Therefore, there is an urgent need to

Isoflavonoid biosynthesis
Flavonoid biosynthesis
Metabolomics analysis
Transcriptomics analysis

identify and protect licorice germplasm diversity. In this study, metabolomic and transcriptomic
analyses were conducted to investigate the biodiversity and potential medicinal value of the rare
wild Glycyrrhiza squamulose. A total of 182 differentially accumulated metabolites and 395
differentially expressed genes were identified by comparing Glycyrrhiza uralensis and Glycyrrhiza
squamulose. The molecular weights of the chemical component of G. squamulose were comparable
with those of G. uralensis, suggesting that G. squamulose may have medicinal value. Differentially
accumulated metabolites (DAMs), mainly flavonoids such as kaempferol-3-O-galactoside,
kaempferol-3-O-(6"malonyl) glucoside, and hispidulin-7-O-glucoside, showed potential vitality in
G. squamulose. Comparative transcriptomics with G. uralensis showed that among the 395
differentially expressed genes (DEGs), 69 were enriched in the isoflavonoid biosynthesis pathway.
Multiomics analysis showed that the distinction in flavonoid biosynthesis between G. squamulose
and G. uralensis was strongly associated with the expression levels of IF7GT and CYP93C. In
addition to identifying similarities and differences between G. squamulose and G. uralensis, this
study provides a theoretical basis to protect and investigate rare species such as G. squamulose.

1. Introduction

Licorice (Gancao in Chinese) is the dried root and rhizome of the leguminous plants, Glycyrrhiza uralensis Fisch, Glycyrrhiza inflata
Bat, and Glycyrrhiza glabra L [1]. It is bestowed with the title of “the senior statesman of the traditional Chinese medicine (TCM)
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kingdom [2].” Glycyrrhiza Linn is distributed in temperate and subtropical zones and contains 30 species, eight of which are found in
China [3]. Licorice expels toxic substances, moistens the lungs to relieve coughing, invigorates the spleen and enhances the harmony of
herbal medicines in a single prescription to achieve better therapeutic effects [4,5]. These properties make it one of the most frequently
used herbs in TCM [1]. In addition to TCM, licorice is used worldwide [6]. For example, G. uralensis was included in the 14th edition of
the Russian Pharmacopoeia. Additionally, the European Medicines Agency released a community herbal monograph on G. glabra, G.
inflata, and G. uralensis in 2012, which stated that licorice could be used as a traditional herbal medicine to relieve digestive symptoms,
including burning sensations, dyspepsia, and coughing associated with colds (www.ema.europa.eu). In recent years, constituent
analysis of licorice has led to the isolation of several useful pharmacological compounds that show promising therapeutic potential,
owing to their anti-inflammatory, antiviral, antimicrobial, antioxidative, anticancer, immunomodulatory, hepatoprotective, and
cardioprotective effect [7]. Recent research employing metabolic and pharmacological approaches revealed that the aerial and un-
derground parts of G. uralensis could potentially be utilized as valuable medicinal resources [8]. However, owing to overexploitation
and high demand, wild licorice resources are on the verge of depletion, and numerous efforts have been made to protect these re-
sources and explore alternative avenues, including artificial cultivation, utilization of aerial parts, and the development of new licorice
varieties. Despite the maturity of artificially cultivated licorice, the shortage of germplasm resources remains a limitation [9].

G. squamulose is one of the rarest Glycyrrhiza Linn species and has been poorly studied because it is rarely collected from the wild.
Between 2013 and 2018, G. squamulose specimens were not collected from the Fourth Census of Chinese Medicinal Resources.
Compared to G. uralensis, the corolla of G. uralensis is purple, white, and yellow, and that of G. squamulose is white. The leaves also have
different colors and shapes (Fig. S1). Due to the scarcity of G. squamulose, only a few studies on its chemical composition have been
published. Additionally, the lack of omics analysis makes public awareness of G. squamulose insufficient, limiting its conservation and
usage [10-12]. Hence, protecting and cultivating G. squamulose is critical for preserving the diversity of licorice germplasms.

Few studies have focused on G. squamulose, a member of the same family as Glycyrrhiza Linn, which suggests that it may have a
chemical composition similar to that of G. uralensis. Flavonoids were among the major constituents, with licorice having the highest
content [13]. Although flavonoids are important pharmacological components of licorice, total flavonoid content varies among lic-
orice breeds [14]. According to studies, G. inflata had the greatest total flavonoid content, whereas G. uralensis had the lowest among
the three species defined as licorice in TCM [15]. Although not listed in the TCM resources, G. korshinskyi contains a greater percentage
of total flavonoids than G. uralensis and has demonstrated certain medical value. Based on chemical composition analysis and classical
classification, G. inflata and G. korshinskyi have the second-closest relative relationship with G. squamulose [16]. Therefore, studying
G. squamulose is appealing because of the lack of knowledge about its constituents, their proportion, and potential utility. Therefore, it
is imperative to understand the potential similarities and variations in flavonoid content and biosynthetic pathways across different
licorice species. This knowledge will facilitate a comprehensive evaluation of diverse licorice species.

Flavonoid biosynthetic pathways consist of a large network that includes eight branches and four important intermediate me-
tabolites. The isoflavone biosynthesis pathway, which is primarily distributed in leguminous plants, is unique among the eight major
branches [17]. In this pathway, biosynthesis begins with flavanone production, which is catalyzed by isoflavone synthase (IFS) [18].
Hydroxyisoflavanone dehydratase (HID) converts the flavonones to isoflavones [19], genistein, and daidzein. Many other products,
such as maackiain and pterocarpan [20], may be produced via reactions involving pterocarpan synthase (PTS). Biosynthetic pathways
of flavonoids and their metabolites have been studied for several decades [21]. Various genetic, morphogenetic, and environmental
factors affect plant physiology [22].

However, the principal medicinal tissues of G. squamulose and the mechanisms underlying flavonoid accumulation and regulation
in these organs remain unclear. Plant metabolites may provide insight into the complex backgrounds of poorly researched species [23,
24]. Transcriptomics can also be utilized to analyze variations in gene expression levels and metabolic processes, which can serve as a
foundation for the regulation of secondary metabolism in plants [25]. By combining metabolomic and transcriptomic analyses, a
deeper understanding of the characteristics of both the metabolites and transcripts can be obtained. We selected G. uralensis, a
traditional licorice in the Pharmacopoeia of the People’s Republic of China, as a reference substance, and G. squamulose for metab-
olomic and transcriptomic analyses of their roots, stems, and leaves. These analyses identified differences in flavonoid accumulation
among the three parts of both species as well as differentially expressed genes (DEGs) involved in flavonoid biosynthesis. Additionally,
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was used to elucidate the regulatory relationships between the genes and
metabolic pathways involved in flavonoid synthesis.

Overall, the similarity and specificity of flavonoid content and the identified genes involved in the biosynthesis pathways of the
three organs of G. squamulose and G. uralensis were investigated in this study. These findings have significant implications for the
comprehensive evaluation and utilization of G. squamulose resources, and provide theoretical support for the conservation of this
precious plant species to maintain biodiversity.

2. Materials and methods
2.1. Plant materials and sample collection

For this study, G. squamulose and G. uralensis were cultivated in Shizuishan, Ningxia, China. The leaf, stem, and root tissues of the
two licorice species were separated into six groups, each comprising three biological replicates. For the metabolomic analysis, the
leaves, roots, and stems samples of G. uralensis were designated as W-M-L1-3, W-M-R1-3, and W-M-S1-3, and those of G. squamulose
were designated as Y-M-L1-3, Y-M-R1-3, and Y-M-S1-3, respectively. The same samples were used for transcriptome analyses. All
samples were preserved at the Medical Botanical Garden of China Pharmaceutical University (sample names: GU2021W-M-L1-3,
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GU2021W-M-R1-3, GUW-M-S1-3, GS2021Y-M-L1-3, GS2021Y-M-R1-3, and GS2021Y-M-S1-3). After collection, samples from
G. squamulose and G. uralensis were immediately freeze-dried using a vacuum freeze-dryer. The freeze-dried samples were ground
using zirconia beads in a mixer mill (MM 400, Retsch) for 1.5 min at 30 Hz. Lyophilized powder (100 mg) of each sample was dissolved
in 1.2 mL of 70 % methanol solution, vortexed 30 s every 30 min for 6 times in total, and samples were stored at 4 °C overnight in the
refrigerator. The extracts were filtered (SCAA-104, 0.22 m pore size) before UPLC-MS/MS analysis after centrifugation at 12000 rpm
for 10 min.

2.2. Metabolite measurements

The sample extracts were analyzed using a UPLC-ESI-MS/MS system. The metabolites were analyzed using UPLC with an Agilent
SB-C18 column (1.8 pm, 2.1 mm * 100 mm). The mobile phase consisted of solvent A (pure water with 0.1 % formic acid) and solvent B
(acetonitrile with 0.1 % formic acid). The gradient program for the mobile phases was: 95 % A and 5 % B initially, followed by a linear
gradient of 5 % A and 95 % B within 9 min, which was held for 1 min. Subsequently, the composition was adjusted to 95 % A and 5.0 %
B within 1.1 min and held for 2.9 min. The flow velocity was set at 0.35 mL per minute; the column oven was set to 40 °C; the injection
volume was 4 pL. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS, and the conditions
were as follows: LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (Q
TRAP), AB4500 Q TRAP UPLC/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion
modes and controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operation parameters were as follows: ion source, turbo
spray; source temperature 550 °C; ion spray voltage (IS) 5500 V (positive ion mode)/-4500 V (negative ion mode); ion source gas I
(GSD); gas II (GSII) and curtain gas (CUR) were set at 50, 60, and 25psi respectively; the collision-activated dissociation (CAD) was
high. Instrument tuning and mass calibration were performed with 10 and 100 pmol/L polypropylene glycol solutions in QQQ and LIT
modes, respectively. QQQ scans were acquired in the MRM experiments with a collision gas (nitrogen) in the medium. The DP and CE
for individual MRM transitions were further optimized.

A specific set of MRM transitions were observed for each period based on the metabolites eluted during that time. Analyst 1.6.3 was
used for the UPLC/MS/MS data. The function of the MRM metabolite ion current intensity maps versus retention time was compared
with that of self-built metabolite databases. Calibration and integration of the chromatographic peaks were accomplished using
MultiaQuant. The area of each chromatographic peak represents the relative content of the metabolite. Finally, the integral data for all
chromatographic peak areas was derived and stored.

2.3. Data processing and analysis of metabolites

Unsupervised principal component analysis (PCA) was used to identify significantly regulated metabolites (VIP >1 and absolute |
Log2Fold Change| > 1) between groups using statistics function prcomp within R. VIP values extracted from OPLS-DA data, which also
included score and permutation plots, were generated using R package MetaboAnalystR. The data were log-transformed (Log2) and
mean-centered before OPLS-DA. A permutation test (200 permutations) was used to avoid overfitting. The identified metabolites were
annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) compound database [26], and the annotated metabolites were
mapped to the KEGG pathway database [26].

2.4. Total RNA detection, library preparation, transcriptome clustering and sequencing

RNA degradation and contamination were monitored using 1 % agarose gel electrophoresis. RNA purity was assessed using a
nanophotometer® spectrophotometer (IMPLEN, CA, USA). The RNA concentration was measured using the Qubit® RNA Assay Kit and
the Qubit®2.0 Flurometer (Life Technologies, CA, USA). RNA integrity was assessed using an RNA Nano 6000 Assay Kit on a Bio-
analyzer 2100 system (Agilent Technologies, CA, USA). A total of 1 pg RNA per sample was used as input material for the RNA sample
preparations. Sequencing libraries were created using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) following
the manufacturer’s recommendations, and index codes were used to assign sequences to each sample. The library fragments were
purified using the AMPure XP system (Beckman Coulter, Beverly, USA) to select cDNA fragments ranging preferentially from 250 to
300 bp in length. The size-selected, adaptor-ligated cDNA was treated with 3 pl of USER enzyme (NEB, USA) at 37 °C for 15 min,
followed by 5 min at 95 °C before PCR. Phusion High-Fidelity DNA polymerase, Universal PCR primers, and Index (X) primer were
used for PCR. Finally, the PCR products were purified (AMPure XP system), and library quality was assessed using the Agilent Bio-
analyzer 2100 system. The index-coded samples were clustered using a cBot Cluster Generation System and the TruSeq PE Cluster Kit
v3-cBot-HS (Illumina) according to the manufacturer’s instructions. After cluster creation, the library preparations were sequenced on
an Illumina HiSeq platform, and 125 bp/150 bp paired-end reads were generated.

2.5. Data processing, transcriptome assembly and functional annotation

For data quality control, Fastp [27] v. 0.19.3 was used to filter the original data, mainly to remove reads with adapters. The paired
reads were removed when the N content in any sequencing reads exceeded 10 % of the base number of the reads and any sequencing
reads with the number of low-quality (Q < 20) bases contained in reads exceeded 50 % of the reads’ bases. All subsequent analyses
were performed using clean reads. The clean reads were produced for the index and compared to the reference genome (G. uralensis)
using HISAT [28,29] v2.1.0. StringTie [30] v1.3.4d was used to predict the new genes. DIAMOND [31] blastx was used to compare the
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new genes with the sequences in the KEGG, GO, NR, Swiss-Prot, trEMBL, and KOG databases to obtain the annotation results. We used
featureCounts [32] v1.6.2 to compute gene alignment, and then calculated the FPKM of each gene based on its gene length.

2.6. Differential expression analysis and functional enrichment

DESeq2 [33,34] v1.22.1 was used to analyze differential expression between the two groups, and the p-value was corrected using
the Benjamini and Hochberg method. The corrected p-value and |Log2Fold Change| were used as thresholds for significantly different
expressions. An enrichment analysis was performed using a hypergeometric test. For KEGG [26], a hypergeometric distribution test
was performed with the pathway as the unit. Gene Ontology (GO) [35] analysis was performed based on GO terms. DEGs were
identified and commented on using the KOG database.

2.7. Combined metabolomic and transcriptomic analysis method
The transcriptome and metabolome were first analyzed using PCA. DEGs and DAMs in the same comparison group were mapped to
the KEGG pathway map simultaneously, and the pathways enriched by the two omics were identified. The quantitative values of genes
and metabolites in all samples were used for correlation analysis. The correlation method uses the cor function in R to calculate the
Pearson correlation coefficient of genes and metabolites, select differentially related genes and metabolites, and construct diagrams.
Differential metabolites and genes in the pathways were analyzed using CCA. Finally, O2PLS [36] analysis was used to determine
the differential variables between the different groups.
3. Results

3.1. Metabolomics analyses indicate isoflavonoids vary significantly between G. squamulose and G. uralensis

Metabolomic analysis was used to identify the similarities and differences between G. squamulose and G. uralensis. Based on the
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Fig. 1. The quantitative analysis of differentially accumulated metabolites (DAMs) between different parts of G. squamulose and G. uralensis. (A)
Numbers of DAMs in the same plant part of different species. W-M represents the metabolomics of G. uralensis, while Y-M represents the metab-
olomics of G. squamulose. L, S, and R stand for leaf, stem, and root, respectively. (B) Annotation of the top10 DAMs. Up represents upregulated, and
down represents downregulated. (C) Classification of DAMs. Remarkably, the purple bar in the histogram represents flavonoids, and the green bar
represents terpenoids. (D) Classification of flavonoids. (E) Classification of terpenoids.
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UPLS-MS/MS data, the metabolites were qualitatively analyzed using a secondary spectrum matching method. A total of 453 me-
tabolites were identified, as shown in Fig. S2 as total ion current (TIC) in negative and positive modes. PCA and OPLS-DA were used to
obtain a preliminary view of the overall metabolic differences between groups and the deviation of samples within their groups. In the
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Fig. 2. The visual analysis of DAMs between different parts of G. squamulose and G. uralensis. (A) Heatmap shows the differential expression patterns
of partial DAMs, the values of selected DAMs’ |Log2Fold Change| are top 10 in each part. Cell colors are the chromatographic peak area (sym-
bolizing relative content) obtained after the relative content standardization treatment (darker red cells indicate higher content, darker blue cells
indicate lower content). Three heatmaps present the differential expression patterns of all DAMs between G. squamulose and G. uralensis in roots,
stems, and leaves, respectively. W-M represents the metabolomics of G. uralensis, whereas Y-M represents the metabolomics of G. squamulose. (B)
The annotation results of the cDAMs were classified according to the pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG). (C) Venn
plot shows shared and unique DAMs between each group. (D) The Volcano plots of DAMs correspond to the group shown in the Venn plot. Down,
insignificant, and up represent downregulated, insignificant, and upregulated DAMs, respectively.
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Table 1
Identified flavonoids with Log2FC between G. squamulose and G. uralensis and their p-values in
three organs.

NO. Metabolites Formula Log2FC P-value  Organism
1 Kaempferol-3-O-galactoside C21H20011 . S
2 Kaempferol-3-O-(6"-malonyl) glucoside C24H22014 * S
3 Hispidulin C16H1206 *% S
4 Glisoflavone C21H20056 * S
S Kaempferol-3-0-(6"-Malonyl) glucoside-7-O-Glucoside C30H32010 -6.83 * S
6 Epicatechin Ci5H1406 6.78 * S
9/ Cirsilineol CisHi607 -6.65 x S
8 Licoflavonol C20H1506 6.46 * S
9 7,8-Dihydroxy-5,6,4'"-trimethoxyflavone CisHi607 -6.35 . S
10 Apigenin-8-C-(2"-glucosyl) arabinoside Ca6H2s014 5.86 i S
11 Pinocembrin CisHi204 -5.44 *ok S
12 Quercetin-7-O-(6"-malonyl) glucosyl-5-O-glucoside C30H32020 -5.39 ** S
13 Puerarin C21H2009 5.24 * S
14 3,7-Di-O-methylquercetin Ci7H1407 -5.19 * S
15 Glabridin CaoH2004 -5.02 xe S
16 Afrormosin C17H140s AR L
17 Pinocembrin CisHi204 *¥ L
18 5,6,7-Tetrahydroxy-8-methoxyflavone Ci6H1206 R L
19 3-O-Methylquercetin CicH1207 -10.7 b L
20 Maackiain Ci6H120s -8.03 Lt L
21 Isorhamnetin Ci6H1207 -6.73 i L
22 Diosmetin Ci6H12056 -6.58 - L
23 6,7,8-Tetrahydroxy-5-methoxyflavone CisH1206 -6.57 xEX L
24 Hispidulin Ci6H1205 -6.55 * L
25 Rhamnocitrin Ci6H1206 -6.54 % L
26 Pratensein Ci6H1206 -6.52 L L
27 Epicatechin CisHi1406 5.46 b L
28 Pterocarpine C17H140s 5.41 *x L
29 5-Hydroxy-6,7-dimethoxyflavone Ci7H140s 512088 * L
30 3',7-dihydroxy-4'-methoxyflavone CisH120s -4.59 b L
31 Hispidulin-7-O-Glucoside C2H20n R
32 Isorhamnetin-3-O-(6"-malonyl) glucoside C2sH24015 R
33 6"-O-Malonylglycitin CasH24013 R
34 Kaempferol-7-O-glucoside C21H2001 R
35 Diosmetin-7-O-(6"-malonyl) glucoside CasH24014 R
36 Quercetin-4'-O-glucoside (Spiracoside) C21H20012 R
37 Hesperetin-5-O-glucoside C2HasOn R
38 Aromadendrin CisH1206 R
39 Genistein-7-O-Glucoside C21H20010 R
40 Gancaonin N C21H2006 -10.95 xE R
41 Glisoflavone C21H2006 -10.73 il R
42 Kaempferol-3-0-(6"-Malonyl) glucoside-7-O-Glucoside C30H32019 -10.5 * R
43 Naringenin-4'-O-glucoside C21H22010 -9.91 i R
44 6,4'-Dimethoxyisoflavone-7-O-glucoside C23H24010 78 e R
45 Isoliquiritin C21H209 =771 xk R

P-value: *p<0.05, **p<0.01, ***p<0.001. Log2FC: Log2Fold Change; the average
of three parallel data points from the same plant species was calculated. The
accumulation of G. squamulose was compared with that of G. uralensis. In the
‘metabolites’ column, metabolites that show significant differences in multiple species
at the same time are marked by color, and the same metabolites are given the same color.
In the ‘Plant species’ column, S, L, and R represent the stem, leaf, and root, respectively.

Color-coded according to the fold change using a color bar 8 w0,

6
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PCA score plot, the sample points swarmed together with those from the same groups, but were separated across other groups,
revealing significant differences in metabolites between various organs of the two species of licorice (Fig. S3). S-plots and fold-change
plots based on the OPLS-DA results revealed significantly different metabolites in the common parts of the two licorice species,
including 2',4"-dihydroxy-4-methoxydihydrochalcone, pterocarpine, quercetin-3-O-(2"-O-galactosyl) glucoside, and 6"-O-malonyl-
glycitin (Fig. S4).

Samples from the same parts of different species were compared to identify the relationships between DAMs. The number of DAMs
in the same organs of different species is shown in a bar chart (Fig. 1A), which indicates the fewest differences in metabolites in the
roots of the two plants, whereas the greatest differences were observed in the leaves. Previous studies have identified the therapeutic
potential of various licorice species based on their terpenes, saponins, and flavonoids. Licorice glycosides and glycyrrhizin are
particularly noteworthy since they are recognized as crucial bioactive compounds [37]. After analysis, 181 of the 453 DAMs had a
substance identification level of 1 (the sample substance’s secondary mass spectrometry, RT, and database substance matching scores
were more than 0.7 points), among which flavonoids accounted for the majority (61.3 %), followed by alkaloids, lignins, coumarins,
and terpenoids (Fig. 1C), which is consistent with previous studies. Considering that flavonoids and terpenoids are mainly responsible
for anti-inflammatory effects, we continued to classify them into secondary classes. The results showed that flavonols and isoflavonoids
were the metabolite categories with significant differences (Fig. 1D), while triterpene saponins, glycyrrhizic acid, and glycyrrhetinic
acid, which have anti-inflammatory activity, did not appear as DAMs; therefore, terpenoids were not discussed as the main component
(Fig. 1E). To investigate the accumulated metabolites in specific plant parts, a heat map of all the obtained metabolites was plotted for
all group samples (Fig. 2A), which indicated that the concentration of flavonoids varied significantly across different plant parts. In
addition, K-means clustering was performed (Fig. S5). In subclasses 4 and 5, which showed higher metabolite content in the root
tissues, flavonoids were the most abundant, verifying the importance of flavonoids in this study. We then focused more on flavonoids,
and the top 15 differentially accumulated flavonoids in the three organs between G. squamulose and G. uralensis were filtered with the
cut-offs set at adjusted p-values <0.05, and the top 15 |Log2Fold Change| (Table 1). Among the 45 labeled metabolites, five were not
only present in one organ, but the same metabolites in the table were also labeled with the same color. Twenty of the forty-five an-
notated metabolites differed significantly between G. squamulose and G. uralensis. Subsequently, we focused on variations in metab-
olites within individual plants. Samples from different organs of each species were investigated, and a Venn plot was constructed to
show the relationship between the DAMs (Fig. 2C). A total of 126 and 170 cDAMs were found in G. squamulose and G. uralensis,
respectively, while DAMs between plant parts were comparatively distributed in these two species. Volcano plots showed the sig-
nificance of the upregulated and downregulated compounds between the two groups in G. squamulose, notably, the root and leaf
groups had the most DAMs (Fig. 2D). Moreover, DAMs were significantly upregulated in root tissues.

3.2. KEGG pathway analysis

DAMs were annotated and displayed in the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. KEGG annotation was
used to identify the relevant pathways, and the corresponding DAMs are shown in Fig. 2B. In terms of metabolism, the metabolic
pathway and the biosynthesis of secondary metabolites were the two classifications with the highest proportions among the three
comparison groups. In the KEGG enrichment analysis, isoflavonoid, flavone, and flavonol biosynthesis were the most significant
pathways in the leaves, whereas flavone, flavonol, and isoflavonoid biosynthesis were the most significant pathways in the stems.
Isoflavonoid and flavonoid biosynthesis were the most significant pathways in roots. Because flavonoids are one of the main anti-
inflammatory compounds in licorice, the roots and stems were predicted to be the medicinal parts of G. squamulose, which is
consistent with the above results (Fig. 1B).

3.3. Transcriptomics analysis of G. squamulose

Transcriptomic analysis was performed to explore the similarities and differences between G. squamulose and G. uralensis at the
genetic level. Using RNA-seq and filtration, a total of 118.9 Gb of clean data were obtained, with the average clean data exceeding 5 Gb
and Q30 bases scoring >93 % for every sample. The clean reads were aligned to the reference genome using HISAT2, and the total
number of mapped reads was >70 %, indicating satisfactory compliance and cleanliness. The alignment visualized as the GC content
was relatively consistent (approximately 41-45 %) across all samples. Based on the alignment data, StringTie and de novo alignments
were performed on the splice transcripts.

The transcripts underwent BLAST analysis for genomic annotation using GffCompare in order to detect novel transcripts or genes. A
total of 8651 novel transcripts were screened, and 1797 new genes were annotated using at least two databases: KEGG, Gene Ontology
(GO), NCBI non-redundant proteins (NR), Swiss-Prot, TTEMBL, and EuKaryotic Orthologous Groups (KOG). Among them, 49 of the
1797 novel genes were annotated in flavonoid-associated KEGG pathways. We used iTAK to predict transcription factors in plants and
identified 44 new genes related to transcription factors (TFs). Combined with other information from the transcripts, these genes were
selected for transcriptomic analysis.

3.4. Differentially expressed genes (DEGs) between the two licorice species in different organs
Fragments per kilobase per million (FPKM) were used as the metric to measure expression levels and quantities in various samples.

DESeq2/edgeR, the Benjamini-Hochberg test and featureCounts/StringTie, were used to acquire DEGs between samples by applying a
filter threshold of |Log2Fold Change| > 1 and FDR <0.05. Compared with FPKM, the lowest number of DEGs was expressed between
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W-T-R and Y-T-R. A total of 12,466, 11,715, and 10,444 DEGs were identified in leaf (7246 downregulated and 5220 upregulated),
stem (6898 downregulated and 4817 upregulated), and root samples (5798 downregulated and 4646 upregulated), respectively. The
root samples of the two species contained the fewest number of DEGs, whereas the leaf samples contained the highest number, which
corresponded to the distribution pattern of the DAMs to some extent. All DEGs were studied, and a heatmap was generated to present
the different expression levels of candidate genes in the identified groups (Fig. 3A). The hierarchical cluster analysis was consistent
with this grouping. In addition, we performed K-means cluster analysis on the DEGs; however, the results were unclear (Fig. S6).

For the KEGG enrichment analysis, we screened the top 20 most significantly enriched pathways using the rich factor and g-value.
KEGG bubble pictures showed that candidate genes involved in metabolic pathways and the biosynthesis of secondary metabolites
were the most common (Fig. 3B). Biosynthesis of secondary metabolites, plant-pathogen interactions, and plant hormone signal
transduction were the most prominent pathways identified in the three comparison groups. The pathways related to flavonoids and
isoflavonoids in the leaves and stems were distinct, whereas their absence in the roots indicates similarities between the two species.
The DEGs were annotated using several databases, including GO, KEGG, and KOG (Fig. S7), to clarify their functions. The GO clas-
sification histogram showed that the metabolic and cellular processes contained most of the genes involved in biological processes
among the groups (Fig. 3C). The top 15 GO terms with the lowest g-values were screened to show the results of the enrichment and
pathway enrichment analyses. The analysis of biological processes revealed that the leaf and stem samples had the greatest percentages
of secondary metabolite biosynthetic processes. However, the root samples differed as their secondary metabolite biosynthetic pro-
cesses were excluded from the top 15, indicating that metabolites in the two species vary largely, even from the same parts (leaves and
stems), whereas roots bear some similarities. The KEGG annotation histogram shows the relevant pathways and corresponding DEGs.
For metabolism, metabolic pathways and the biosynthesis of secondary metabolites were the two most prominent pathways in the
three comparison groups, supporting the conclusions of the GO annotation. KOG was used to analyze the clustering of eukaryotic
homologous proteins suitable for the annotation of eukaryotic genomes. The classification of KOG annotations showed that general
function prediction had the most significant number of DEGs among all the three groups, followed by post-translational modification,
protein turnover, chaperones, and signal transduction mechanisms, indicating that the production and modification of enzymes and
signal transport may differ between G. uralensis and G. squamulose. GO terms were used to analyze genes that were not significantly
differentially expressed to the extent that they were biologically significant. These genes are involved in plant-pathogen interactions,
starch and sucrose metabolism, developmental processes, and cellular component organization, or biogenesis.

3.5. Comparison of gene expression patterns of flavonoid and isoflavone biosynthesis pathways between the root group and stem group

Based on metabolomic and transcriptomic analyses, flavonoids were the most significant DAMs. According to a previous study,
flavonoids are among the major chemical components of licorice [38]. Hence, we mainly focused on the DEGs associated with
flavonoid biosynthesis. We compared the groups containing roots and stems because licorice flavonoids were mainly extracted from
these parts [7].

To explore the significantly different metabolic pathways involved in flavonoid biosynthesis in the two species, we mapped the
DEGs and DAMs of the same comparison groups using a KEGG pathway map. KEGG enrichment analysis of the metabolites and
transcriptomics revealed that KEGG pathways were co-enriched among the three groups. Isoflavonoid and flavonoid biosynthesis
pathways were relatively apparent in the root and stem groups. Because of elevated levels of phenylpropanoid biosynthesis, it was
considered an earlier step in the synthesis pathway (Fig. SA and B).

To better understand the interactions between genes and metabolites, the transcript and metabolite levels associated with flavonoid
biosynthesis were comprehensively analyzed. We selected three isoflavonoids with significant differences, which were considered
important endpoints for our proposed biosynthetic pathway: malonylglycitin, malonyldaidzin, and malonylgenistin. Combined with
KEGG pathways, 22 metabolites were identified, and 27 participating DEGs (Table S1), whose Log2|Fold Change| was >3 (Fig. 4) were
selected.

In the proposed isoflavonoid synthesis pathway, 11 key enzymes were involved, which had specific upregulated or downregulated
relationships with DEGs, resulting in compound up- or down-regulation. The majority of enzyme-encoding genes were regulated in
both the roots and stems of G. squamulose and G. uralensis. However, the vast majority of metabolites were not significantly different.
Remarkably, malonylglycitin and malonylgenistin were significantly downregulated in stems, whereas malonylglycitin and malo-
nyldaidzin were downregulated in roots. We conjectured that this phenomenon is related to the downregulation of genes
(Glyur000788s00032588 and Glyur000488s00030345) encoding IF7GT, which catalyzes the first step of glycosylation. However,
malonylgenistin was upregulated in the root group, which was related to the mixed regulation of genes encoding IF7MAT. In addition,
the gene (Glyur000721s00027409) encoding CYP93C was not significantly differentially expressed in the roots but was significantly
downregulated in the stems. This may explain why the roots and stems contain different amounts of malonylglycitin, malonyldaidzin,
and malonylgenistin. The results revealed differences in the metabolomic and transcriptomic levels between G. squamulose and
G. uralensis and that some important isoflavonoids were upregulated in the roots and stems of G. squamulose.

3.6. Transcription factors (TFs) encoded by DEGs

Studies have reported that Transcriptional control plays a central role in the modulation of flavonoid biosynthesis [17]. As the
number of DEGs encoding MYB was the highest, we focused on the MBW complex (Fig. 5C). The MBW complex, composed of MYB,
bHLH, and WDA40, is the main transcriptional regulator of flavonoid biosynthesis. MBW transcription factors operate mostly as re-
pressors and are mainly considered.
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Fig. 3. Heat maps and KEGG enrichment bubble diagrams of all differentially expressed genes (DEGs). (A) Differentially expressed gene clustering
heat maps. Heatmaps show the differential expression patterns of partial DEGs, the values of selected DEGs’ |Log2Fold Change| are included in the
top 10 in each part. Cell colors are the fragments per kilobase per million (FPKM) values obtained after the relative content standardization
treatment (darker red cells indicate high content, darker blue cells indicate low content). Three heatmaps present the differential expression patterns
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of all DAMs between G. squamulose and G. uralensis in roots, stems, and leaves, respectively. (B) KEGG enrichment bubble diagrams. The color
represents KEGG classification. The x-coordinate represents the enrichment factors of the pathway in different omics, and the y-coordinate rep-
resents the names of KEGG pathway. The gradient of red to yellow to blue represents the change of enrichment significance from high to medium to

low, which is represented by the g-value. And the size of the points indicates the number of enriched DEGs. Y-T represents the transcriptome of G.
squamulose. (C) GO term enrichment results for genes from the root.

To determine the influence of TFs on flavonoid biosynthesis, we annotated the DEGs in the roots and stems of G. squamulose and
G. uralensis. There were 38,762 DEGs, of which 2303 (5.94 %) were TFs (Fig. 5D). In addition, 92 DEGs encoded MYB, of which 48 were
upregulated and 44 were downregulated. Notably, one remarkably downregulated DEG (Glyur001184s00030523) was annotated as an
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MYB transcription factor in the stem group, indicating that flavonoid expression in the stems of G. squamulose was higher. However,
most DEGs were not annotated using the KEGG pathway, and the specific enzymes that they regulated were not identified.

4. Discussion

Owing to its significance, the need for licorice as a TCM and food resource is increasing worldwide, and the main source of supply is
from wild plants of traditional licorice resources, such as G. uralensis. However, the yield of wild G. uralensis has been decreasing,
emphasizing an urgent need to protect the germplasm of wild licorice resources. Therefore, we integrated metabolomics and tran-
scriptomics of wild G. squamulose to study and protect rare licorice species. The identification of differentially accumulated flavonoid
content and flavonoid biosynthetic genes in G. squamulose and G. uralensis is necessary to investigate the production of medicinal
bioactive constituents of G. squamulose and may provide additional information to guide the protection of this species.

Previous studies have focused on the bioactivity, clinical effects [39], and mechanisms of action of the flavonoids in licorice [40,
41]. Furthermore, research on licorice has mainly focused on the compounds from G. glabra and G. uralensis [42,43]. However, studies
of the bioactive medicinal constituents of G. squamulose using metabolomic and transcriptomic analyses are lacking. To the best of our
knowledge, this is the first time such a database has been constructed. Flavonoids such as liquiritin are markers for the quality
evaluation of G. uralensis. Enhancing the accumulation of the principal bioactive constituents has become a target for improving the
medicinal value of G. squamulose. According to the People’s Republic of China Pharmacopoeia, glycyrrhizic acid and liquiritin are
essential components [10]. We used metabolomics to identify the difference between G. squamulose and G. uralensis, and compared the
relative content of metabolites (estimated based on the chromatographic peak area) in G. squamulose and G. uralensis (Fig. S8). The
glycyrrhizic acid content of G. squamulose was lower than that of G. uralensis. Liquiritin was upregulated in the stems and down-
regulated in the leaves and roots of G. squamulose. Therefore, the complex metabolic pathways and gene regulatory networks were
investigated to identify the DAMs and the respective candidate genes in G. squamulose and G. uralensis. In this study, metabolites and
sequenced transcripts from the roots, stems, and leaves of G. uralensis and G. squamulose were measured. Isoflavonoid regulation
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Fig. 5. KEGG enrichment analysis and the analysis of transcription factors (TFs). (A) KEGG enrichment bubble diagram between W-M-R and Y-M-R.
(B) KEGG enrichment bubble diagram between W-M-S and Y-M-S. The x-coordinate represents the enrichment factors of the pathway in different
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patterns in G. uralensis and G. squamulose were compared using a combination of metabolite content and gene expression to identify the
regulation of genes involved in the metabolism of isoflavonoids, such as malonyglycitin, malonyldaidzin, and malonylgenistin. In this
study, combined metabolic and transcriptomic data were analyzed. The major anti-inflammatory flavonoid compounds in G. uralensis
were determined. Plant flavonoids with medicinal properties include flavones, isoflavones, chalcones, flavanones, and flavonols [7].
Partial isoflavones were significantly upregulated in G. squamulose, and several genes related to isoflavonoid biosynthesis were found
to be more strongly expressed in G. squamulose than in G. uralensis. We conjectured that the total accumulation of isoflavonoids in
G. squamulose is greater than that in G. uralensis. Combined metabolomics and transcriptomics analyses revealed two metabolic
pathways that were significantly different between G. squamulose and G. uralensis. These were the flavonoid and isoflavone synthesis
pathways, which were selected using KEGG enrichment analysis. The DEGs of these two metabolic pathways were associated with
DAM s via enzymes involved in these synthetic pathways. The results showed that 27 DEGs were significantly differentially expressed
and highly correlated with enzymes involved in metabolic pathways. The 27 DEGs encoded 11 enzymes (PAL, 4CL, CYP73A, CHR, CHI,
HIDH, CHS, IF7GT, IF7MAT, CYP93C, and CYP71D9), among which CYP93C and IF7GT were significantly differentially expressed.
IF7GT was significantly downregulated in both roots and stems, and the combined action of IF7MAT resulted in different levels of
malonylglycitin, malonyldaidzin, and malonylgenistin in both G. squamulose and G. uralensis. A preliminary stage in the biosynthesis
pathway, CYP93C, was not significantly differentially expressed in the root group, but was significantly expressed in the stem group,
which, to some extent, explained the differences in metabolites between the root and stem. A study of the relationship between DEGs
and TFs revealed that 92 DEGs encoded MBW complexes, which are the main transcriptional regulators of flavonoid biosynthesis [44,
45]. Among these, one remarkably downregulated gene (Glyur001184s00030523) was possibly associated with the higher expression
of flavonoids in the stems of G. squamulose. However, the majority of genes were not annotated to any metabolic pathway. In summary,
we reported the first metabolome and full-length transcriptome of the herbal medicinal plant G. squamulose. However, it must be
emphasized that a substantial fraction of the cumulative variation in metabolites remains unexplained by transcriptomic analyses,
implying that additional research, such as genome sequencing, is required.

Finally, through the analysis of metabolomic and transcriptomic data, we demonstrated the medicinal value of G. squamulose,
contributing to filling a gap in omics research on G. squamulose, and demonstrating the need to protect wild licorice to ensure its species
diversity. However, the outdoor habitats of G. squamulose are extremely limited. Suitable regions to grow Glycyrrhiza are mostly
located in northern China, including the Gansu Province, Inner Mongolia Province, and Northeastern China. The limitations of
G. squamulose in these areas may be related to climatic similarities. The climate in the referred areas is usually temperate continental or
temperate monsoon. Climatic conditions affect flavonoid biosynthesis, indicating that temperature, precipitation, and UV light may
regulate its biosynthesis. The specific mechanisms of flavonoid metabolic pathways contribute to climate and location choices. Pre-
vious studies have shown that flavonoids act as phytoalexins or antioxidants with reactive oxygen species-scavenging ability and
protect plants from damage caused by biotic and abiotic [46,47] stresses, including UV irradiation and cold stress [48]. Querceti-
n-7-0-(6"-malonyl) glucosyl-5-O-glucoside, a type of glycosylated quercetin that acts as an antioxidant flavonoid and was upregulated
in G. squamulose (Table 1), can be a candidate. To protect the precious G. squamulose, we suggest that tissue culture be introduced to
cultivate seedlings so that they can be grown in appropriate test regions or laboratories that imitate suitable climatic conditions. Such
studies on G. squamulose are important to preserve its biodiversity and licorice germplasm. They can also serve as a guide for the
preservation of other rarely encountered plant species and for the enhancement and assessment of the therapeutic values of other
plants.
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