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Abstract
Glycyrrhiza uralensis Fisch. is prescribed as one of the original plants of licorice in Chinese Pharmacopoeia. This herbal medicine possesses numerous
important pharmacological activities and has been used in clinic in China since ancient times. Glycyrrhizic acid (GA) is a triterpenoid compound isolated from
G. uralensis and also one of the marker components for its quality control. Based on our pervious transcriptome study, three genes, the caffeic acid 3-O-
methyltransferase gene (COMT), the β-carotene 3-hydroxylase gene (CRTZ), and the �avonoid 3’-monooxygenase gene (F3’H), were selected as our target
genes due to their high correlation with GA biosynthesis. In this study, we investigated the regulatory effects of these genes on GA biosynthesis through gene
editing and overexpression in G. uralensis hairy roots. We observed that all transgenic hairy roots were viable whether knocking out or overexpressing the three
target genes, indicating that these genes had no impact on survival of hairy roots. However, compared with the wild type and negative control hairy roots, GA
contents were signi�cantly lower in hairy roots overexpressing COMT, CRTZ, and F3’H, while higher in those knocking out the three genes. Our �ndings
demonstrate that the three genes, COMT, CRTZ, and F3’H, all negatively regulate the GA biosynthesis.

Key Messages
This study con�rmed the negative regulatory effects of COMT, CRTZ, and F3’H on glycyrrhizic acid biosynthesis in Glycyrrhiza uralensis.

Introduction
Glycyrrhiza uralensis Fisch. is prescribed by Chinese Pharmacopoeia as one of the original plants of licorice, which is a coordinator herb in traditional Chinese
medicine practice (National Pharmacopoeia Commission 2020). It is the most commonly-used Chinese herb and has been applied in the treatment of lung
diseases (Chen et al. 2018) and diabetes (Yang et al. 2020) since ancient China. In recent years, increasing modern pharmacological studies have yield
signi�cant insights into this ancient Chinese herb. G. uralensis has been con�rmed with many biological activities, such as anti-in�ammatory (Huang et al.
2019; Ko et al. 2021), anti-microbial (Yang et al. 2018; Zeng et al. 2021), antiviral (Yi et al. 2022), anticancer (Jain et al. 2022; Wen et al. 2021; Xiao et al. 2011),
and immunoregulatory activities (Aipire et al. 2017; Bhattacharjee et al. 2012). Abundant bioactive compounds, including triterpenoids and �avonoids, have
been isolated and identi�ed from G. uralensis. Among them, glycyrrhizic acid (GA), a pentacyclic triterpenoid, gradually become the most studied bioactive
compound in this herb due to its excellent pharmacological activities. It has been developed into various dosage forms to treat in�ammation-associated
diseases in clinic (Chu et al. 2020; Xie et al. 2015). Importantly, GA is stipulated by Chinese Pharmacopoeia as the quality standard compound in G. uralensis
(National Pharmacopoeia Commission 2020): medicinal materials of G. uralensis with a GA content ≥ 2.0% are regarded as quali�ed. Thus, uncovering the
biosynthetic pathway of GA and elucidating the underlying regulatory mechanisms are signi�cantly meaningful for improving the quality of this most
commonly-used herb. 

The biosynthesis of active ingredients is a very complicated metabolic network in G. uralensis. As shown in Fig. 1, the primary metabolites derived from
glycolysis �ow into different pathways to produce the two major bioactive components in G. uralensis: terpenoids and �avonoids. These pathways are
crisscrossing and interacted on each other. Dimethylallyl diphosphate (DMAPP) and isopentenyl diphosphate (IPP), the common precursors of terpenoids, are
synthesized through two independent and distinct pathways, the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway and the mevalonic acid (MVA)
pathway (Tian et al. 2022). DMAPP and IPP for producing GA, the triterpenoid compound, are supplied by the MVA pathway (Liao et al. 2016), while the
equivalent two isomeric �ve-carbon precursors for the synthesis of tetraterpenoids, such as β-carotene and zeaxanthin, are provided by the MEP
pathway (Banerjee and Sharkey 2014). In addition, some primary metabolites �ows into the shikimate pathway and results in the production of various
�avonoids, including monolignols, �avonols, �avanones, and chalcones compounds (Vogt 2010). The above-mentioned pathways are intertwined with each
other and in�uence the secondary metabolism in G. uralensis. Our previous transcriptome study demonstrated that the glycolysis, the MEP pathway, and the
phenylpropanoids metabolic pathway were all tightly correlated with GA accumulation (Gao et al. 2020). We also excavated several differentially expressed
genes (DEGs) from these pathways and identi�ed their functions in succession (Wang et al. 2021). In this study, three DEGs involved in the MEP pathway and
the phenylpropanoids metabolic pathway, including the β-carotene 3-hydroxylase gene (CRTZ), the caffeic acid 3-O-methyltransferase gene (COMT), and the
�avonoid 3’-monooxygenase gene (F3’H), were selected and their regulatory effects on GA accumulation were evaluated.

CRTZ, a non heme 2 iron monooxygenase, is a key rate-limiting enzyme involved in the synthesis of tetraterpenoid carotenoid (Li et al. 2015). It is a
multifunctional enzyme and convert β-carotene into β-cryptoxanthin and α-carotene into lutein (Liang et al. 2020). Current studies about CRTZ are mainly
focused on its essential roles in the photoprotection and draught resistance of crops (Davison et al. 2002; Du et al. 2010). COMT mainly involves in the
biosynthesis of monolignols. As a multiple-substrate enzyme, it is able to catalyze the methylation of caffealdehyde, caffeyl alcohol, caffeic acid, 5-
hydroxmethylyferulic acid ester, 5-hydroxyconiferyl alcohol, and 5-hydroxyconiferaldehyde in the phenylpropanoids metabolic pathway, and eventually
in�uences the composition of lignin (Weng et al. 2011). Several lines of evidence have con�rmed that COMT plays a crucial role in the resistance to high-salt
stress in higher plants (Liu et al. 2019; Zhang et al. 2019). F3’H belongs to cytochrome P450 monooxygenase family and takes part in the hydroxylation of
�avonoids (Tanaka and Brugliera 2013). In Camellia nitidissima Chi., overexpression of F3’H signi�cantly increases the contents of various polyphenol
compounds (Jiang et al. 2021). It also contributes to the adaptation of Pohlia nutans in the south pole through the regulation of oxidation tolerance and
abscisic acid sensitivity (Liu et al. 2021). To our knowledge, none of the three genes has been cloned from G. uralensis and their functions in secondary
metabolism in G. uralensis are still far from clear. Our previous transcriptome study showed that the expression levels of these three genes all signi�cantly
in�uence GA contents in licorice (Gao et al. 2020). Hence potential roles of CRTZ, COMT, and F3’H on GA accumulation is worthy of study.

In the present work, we cloned CRTZ, COMT, and F3’H from G. uralensis and investigated their regulatory effects on GA biosynthesis by knocking out or
overexpressing them in hairy roots. The �nding of this work will provide new insights on the functions of CRTZ, COMT, and F3’H in the dynamic biosynthetic
network of GA in G. uralensis.
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Materials And Methods
Plant materials

Plump and healthy G. uralensis seeds were selected and surface-sterilized with 1% mercury bichloride and 75% ethanol solutions, and then planted
on Murashige and Skoog (MS) medium for about 2 weeks. The seedlings were identi�ed based on the internal transcribed spacer (ITS) sequences as
described in our previous study (Yang et al. 2017). Next, the correct asepsis seedlings were used as materials for cloning target genes and also as explants for
subsequent infection experiment.   

Target genes cloning

Total RNA was extracted from the above asepsis seedlings using an All-In-One DNA/RNA Mini-Preps Kit (Sangon Biotech (Shanghai) Co., Ltd., China). cDNA
was converted using a First Strand cDNA Synthesis Kit RT0212-01 (Biomiga. Inc., China). Primer pairs used for amplifying CRTZ, COMT, or F3’H were designed
by Primer-BLAST and listed in Table S1. The PCR parameters for amplifying COMT were as follows: 94 °C 5 min, 35 cycles (94 °C 30 s, 52 °C 30 s, 72 °C 65 s),
and 72 °C 5 min. The PCR programs for amplifying CRTZ were 95 °C 5 min, 35 cycles (94 °C 30 s, 54.5 °C 30 s, 72 °C 60 s), and 72 °C 5 min, and for amplifying
F3’H were 94 °C 5 min, 35 cycles (94 °C 30 s, 52.5 °C 30 s, 72 °C 60 s), and 72 °C 5 min. The ampli�ed fragments were cloned into pMDTM 19-T Cloning Vector
(Takara Biomedical Technology (Beijing) Co., Ltd., China), and sequenced by Sangon Biotech (Shanghai) Co., Ltd., China.

Construction of plant binary expression vectors and CRISPR/Cas9 vectors

We constructed plant binary expression vectors overexpressing CRTZ, COMT, or F3’H as shown in Fig. S1a. Three exogenous genes were inserted into
pCAMBIA1305.1 at the restriction enzyme cutting sites Spe I and Bgl II, respectively. The speci�c primers used for amplifying target genes containing
homologous sequences of pCAMBIA1305.1 are listed in Table S2. The PCR parameters were as same as those mentioned in the above section. Target genes
were ligated with linearized pCAMBIA1305.1 using a BM effusion kit (Beijing Biomed Medical Technology Co., Ltd., Beijing, China) to yield recombinant
plasmids, pCA-COMT, pCA-CRTZ, and pCA-F3’H. We also constructed plant CRISPR/Cas9 vectors for knocking out CRTZ, COMT, or F3’H as shown in Fig. S1b.
The sgRNA sequences were designed and listed in Table S3. They were inserted into linearized pHSE401 at the two restriction enzyme cutting sites Bsa I by T4
ligase to construct the CRISPR/Cas9 plasmids, pHSE-COMT, pHSE-CRTZ, and pHSE-F3’H. The above recombinant plasmids were all electrotransfered
into Agrobacterium rhizogenes ATCC15834. Also, the empty pCAMBIA1305.1 and pHSE401 vectors without exogenous genes were introduced into A.
rhizogenes ATCC15834. Next, the positive colonies were selected on Tryptone-Yeast extract (TY) plates containing kanamycin (50 mg∙L-1). PCR and
sequencing were performed to identify the correct vectors and strains. 

Establishment of G. uralensis hairy root lines

The G. uralensis asepsis seedlings were cut and used as explants for inducing hairy roots. They were infected by the above recombinant A. rhizogenes strains
as described in our previous study (Wang et al. 2021). We induced nine types of G. uralensis hairy roots using different recombinant A. rhizogenes strains. The
wild type (WT) was induced by normal A. rhizogenes ATCC15834. The negative control hairy root lines were induced by A. rhizogenes strains containing empty
pHSE401 or pCAMBIA1305.1, and named NC-PHSE or NC-PCA, respectively. The hairy root lines overexpressing COMT, CRTZ, or F3’H, which were
named COMT+, CRTZ+, or F3’H+, were induced by recombinant A. rhizogenes strains containing pCA-COMT, pCA-CRTZ, or pCA-F3’H, respectively. The hairy root
lines knocking out COMT, CRTZ, or F3’H, which were named COMT-, CRTZ-, or F3’H-, were induced by recombinant A. rhizogenes strains containingpHSE-COMT,
pHSE-CRTZ, or pHSE-F3’H, respectively. Hairy roots were cultured on 6,7-V medium plates, and gradient concentration of cefotaxime sodium was used to
eliminate the residual A. rhizogenes.

Identi�cation of G. uralensis hairy root lines

Genomic DNA of G. uralensis hairy root lines were extracted by All-In-One DNA/RNA Mini-Preps Kit (Sangon Biotech (Shanghai) Co., Ltd., China) and used as
PCR templates. rolC gene is a speci�c marker gene in hairy roots. We ampli�ed rolC genes in all the G. uralensis hairy root lines as described in our previous
study (Wang et al. 2021). For identi�cation of hairy root lines COMT+, CRTZ+, and F3’H+, we respectively ampli�ed the corresponding target genes using the
above-mentioned PCR primers (Table S1) and programs (in Section “Target genes cloning”). To analyze the gene editing sites in hairy root lines COMT-, CRTZ-,
and F3’H-, we designed speci�c primer pairs (Table S4) to respectively amplify the corresponding exons of COMT, CRTZ, and F3’H. The PCR cycling
parameters were as follows: 95 °C for 5 min, 32 cycles of 95 °C for 30 s, 55.5 °C for 50 s, 72 °C for 60 s, and 72 °C for 5 min. PCR products were cloned into
pMDTM 19-T Cloning Vector (Takara Biomedical Technology (Beijing) Co., Ltd., China) and selected on LB plates supplemented with ampicillin (50 mg·L-1).
Single colonies were randomly picked for sequencing analysis which was performed by Sangon Biotech (Shanghai) Co., Ltd., China.

Gene expression levels analysis

Real-time quantitative PCR (RT-qPCR) was carried out with β-actin gene as the internal to analyze the expression levels of COMT, CRTZ, or F3’H in hairy root
lines overexpressing the three target genes. Primers for RT-qPCR are listed in Table S5. Total RNA of COMT+, CRTZ+, and F3’H+ samples were extracted and
reversely transcribed into cDNA as mentioned above (in Section “Target genes cloning”). RT-qPCR was carried out using an Agilent StrataGene Mx3005P QPCR
(Agilent Technologies, USA) with a program as follows: 95 ℃ 3 min, 45 cycles (95 ℃ 7 sec, 57 ℃ 10 sec, 72 ℃ 15 sec). The expression level difference was
evaluated by the 2-∆∆Ct method in triplicate (Annaratone et al. 2013). 

GA content assay by UPLC
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The validated hairy roots were isolated from each line and transcultured in liquid 6,7-V medium (250 mL-conical �asks, 110 rpm, 25 °C, dark). After hairy root
lines adapted to the liquid culture system and thrived, the healthy branches (2.0 g) were cut in triplicate and suspension cultured in fresh medium at the same
conditions for three weeks. Next, the collected hairy roots were dried at 65 °C. The UPLC method for determination of the GA contents in G. uralensis hairy
roots established in our previous study was adopted (Wang et al. 2021). The standard compound GA with a purity of 99.45% was purchased from China
National Institutes for Food and Drug Control. The stock solution of GA was prepared by 50% methanol at a concentration of 0.0904 mg mL-1. The linear was
evaluated at seven points by gradient dilution of the GA stock solution to 0.09040, 0.07232, 0.05424, 0.04520, 0.01808, 0.00904, and 0.00452 mg mL-1. The
chromatographic conditions were as follows: chromatographic instrument: Waters Acquity UPLC system (Waters Corporation, Miford, Massachusetts, USA),
chromatographic column: Waters UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm), UV detection wavelength: 250 nm, column temperature: 40 °C, �ow rate:

0.3 mL·min-1, and injection volume: 1 μL. The mobile phase A was acetonitrile and B was 0.05% phosphoric acid. The UPLC gradient elution program was
shown in Table S6. 

Statistical and bioinformatics analysis

IBM SPSS Statistics 20 was applied to perform the statistical analysis. BLAST (http://www.ncbi.nlm.nih.gov) and DNAMAN 6.0.3.99 were used to analyze the
sequencing results. MEGA 11 was applied to construct the phylogenetic tree using Maximum Composite Likelihood method. 

Results
Identi�cation of three target genes

As shown in Fig. S2a, three fragments, the length of which were about 1200, 1000, and 1000 bp, were obtained by PCR. Sequencing results con�rmed that the
exact full length of the three PCR products were 1140, 930, and 993 bp, respectively. The 1140 bp-PCR product had 86.71% identity with the Abrus precatorius
COMT (GenBank accession No. XM_027512828.1), the 930 bp-PCR product had 89.82 % identity with the Glycine max CRTZ (NM_001254504.1), and the 993
bp-PCR product had 81.82% identity with Cajanus cajan F3’H (XM_020357268.2), indicating the COMT, CRTZ, and F3’H sequences were obtained from G.
uralensis. We registered these sequences in GenBank and got the accession numbers as follows: COMT (MZ169549), CRTZ (MZ169550), and
F3’H (MZ169551). It is the very �rst time to identify COMT, CRTZ, and F3’H from G. uralensis. To evaluate the evolution of these genes, we then established
phylogenetic trees based on COMT, CRTZ, and F3’H homologous sequences registered in NCBI, respectively. As shown in Fig. 2, COMT and F3’H homologous
sequences both clustered into three major independent clades, Dicotyledoneae, Monocotyledoneae, and Pteridophyta, while CRTZ orthologs clustered into four,
Dicotyledoneae, Monocotyledoneae, Pteridophyta, and Bryophyta. These �ndings suggest that the evolution of the three enzymes is stable and corresponding
to the evolution of species. 

Construction of recombinant vectors 

As shown in Fig. S2b, three fragmentswere ampli�ed from the plant binary expression vectors, pCA-COMT, pCA-CRTZ, and pCA-F3’H, respectively. Sequencing
results further con�rmed that these PCR products were completely identi�ed with COMT (MZ169549), CRTZ (MZ169550), and F3’H (MZ169551)that we
cloned from G. uralensis. These �ndings demonstrated that the plant binary expression vectors for overexpressing COMT, CRTZ, or F3’H were correct. As
shown in Fig. S2c, several 400 bp PCR products were obtained from the plant CRISPR/Cas9 vectors, pHSE-COMT, pHSE-CRTZ, and pHSE-F3’H. Sequencing
results con�rmed that these fragments contained the corresponding sgRNA sequences of target genes, indicating that the CRISPR/Cas9 vectors for knocking
out COMT, CRTZ, or F3’H were constructed successfully.

Identi�cation of G. uralensis hairy root lines

We generated nine types of G. uralensis hairy root lines, including WT, NC-PCA, NC-PHSE, COMT+, CRTZ+, F3’H+, COMT-, CRTZ-, and F3’H-. Fig. 3 shows the
growth situation of these hairy roots after the onset of induction for 10, 20, and 30 days. They all grew in good condition. To identify these hairy root lines, we
�rstly cloned the rolC genes, the signature gene in hairy roots, from all samples and got 600 bp-fragments by PCR (Fig. S3a), which were identi�ed to have
100% identity with rolC (GenBank accession No. DQ160187.1). Also, the fragments ampli�ed from COMT+, CRTZ+, and F3’H+ showing in Fig. S3b were
con�rmed with correct sequences. Fig. S3c and S3d exhibit the third exons of COMT and CRTZampli�ed from COMT- and CRTZ- respectively, and Fig. S3e
shows the �rst exons of F3’H ampli�ed from F3’H-. These fragments, as described in next section, will be used to analyze the exact editing sites of target
genes in hairy root lines COMT-, CRTZ-, and F3’H- through further cloning and sequencing. In the end, one WT, �ve COMT+, �ve CRTZ+, seven F3’H+, three
COMT-, �ve CRTZ-, four F3’H-,one NC-PCA, and one NC-PHSE samples were obtained.

Characterization of gene knockout and overexpression in transgenic G. uralensis hairy root lines

Further cloning and sequencing analysis con�rmed that the COMT gene was edited in four hairy root lines (COMT--2,-5,-6, and -8) out of nine with a gene
editing e�ciency of 44.4%. The gene editing details are shown in Fig. 4a and the mutation sites present in COMT amino acid sequences are listed in Table 1.
We observed that the synonymous mutation appears in COMT--2, while the missense mutations present in the other three samples. The most e�cient gene
edition was a fragment deletion in COMT--5, which results in a termination codon “TAA” in this position. CRTZ gene was edited in eight lines (CRTZ--1,
-2,-3,-4,-5,-6,7, and-8) out of ten with an editing e�ciency of 80%. Among them, homozygous mutations were present in four samples, CRTZ--1,-3,-4 and-6 (Fig.
4b), while heterozygous mutations in the other four (Fig. S4a). Frameshifts were observed in all lines. The mutation sites in CRTZ amino acid sequences are
listed in Table 2. CRTZ--1 and CRTZ--6 exhibit the same two mutation sites, while CRTZ--3 and CRTZ--4 share a similar one mutation site in CRTZ sequences. All
mutation sites in these four samples were located within the functional domain of CRTZ. Further cloning and sequencing analysis showed that F3’H gene was
edited in seven lines (F3’H--2, -4, -5, -7, -8, -9, and -10) out of eleven with a gene editing e�ciency of 63.6%. Four hairy root lines, F3’H--2, -7, -8, and -10, were
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con�rmed with homozygous mutations (Fig. 4c), while the other three lines were heterozygous mutations (Fig. S4b). The mutation sites present in F3’H amino
acid sequences are listed in Table 3. F3’H--2 and F3’H--10 exhibit 16 similar mutation sites in F3’H sequences. All these mutations are located within the
functional domain of F3’H. We next examined the gene expression levels of the three target genes in newly constructed COMT+, CRTZ+, and F3’H+ hairy
root lines. As illustrated in Fig. 4d, the relative expression levels of COMT, CRTZ, and F3’H in COMT+, CRTZ+, and F3’H+ hairy root lineswere all sharply higher
than that in WT. In particular, samples COMT+-4, CRTZ+-4, and F3’H+-6 showed the highest expression level in their respective groups.

GA content assay by UPLC inG. uralensis hairy root samples

Fig. 5a shows the healthy and luxuriant hairy root samples cultured in liquid 6,7-V medium. Fig. 5b shows the collected hairy root samples, which were
prepared for UPLC analysis. It is worth noting that samples F3’H- and CRTZ+ look partial white and CRTZ- looks reddish, although most of the hairy root lines
are yellowish white. The UPLC chromatograms of reference substance GA, WT, NC-PCA, NC-PHSE, COMT+, CRTZ+, F3’H+, COMT-, CRTZ-, and F3’H- are shown in
Fig. 6a. The UPLC retention time of GA was 6.532 min, and the standard curve was as follows: Y = 2,683,455.37 X - 1,660.17 (R2 = 0.9999). The GA contents in
all of the hairy root samples are calculated and listed in Table 4. The difference of GA content among samples is shown in Fig. 6b and which among groups is
shown in Fig. 6c. We found that the GA contents in negative control (NC-PCA and NC-PHSE) were equivalent to that in WT and no signi�cance were detected
among these samples. Interestingly, we noticed that gene expression levels of the three target genes exhibit negative correlations to GA contents in hairy root
samples when comparing to WT and negative control. For example, the GA contents in all the seven F3’H+ samples were all signi�cantly lower than that in WT
and NC-PCA, and which in three F3’H- samples (F3’H--2, -8, and -10) were all remarkably higher than that in WT and NC-PHSE. In group F3’H-, the only exception
was F3’H--7, the GA content in which was higher than that in WT and NC-PHSE, but the difference was not signi�cant. The similar results were also observed in
COMT+, CRTZ+, COMT-, and CRTZ- samples. Next, we analyzed the GA content difference among groups (Table 4) and found that the GA contents in
groups F3’H+ (average value: 2.3654 mg·g-1), CRTZ+ (2.2050 mg·g-1), and COMT+ (2.3509 mg·g-1) were signi�cantly lower than that in both WT (3.3242 mg·g-

1) and NC-PCA (3.5188 mg·g-1). While, the GA contents in groups F3’H- (5.4744 mg·g-1), CRTZ- (5.3651 mg·g-1) and COMT- (4.2746 mg·g-1) were signi�cantly
higher than that in WT as well as NC-PHSE (3.3459 mg·g-1). These �ndings suggest that the expression of three target genes negatively correlates to GA
production.

Discussion And Conclusion
In recent years, suspension hairy root systems have been applied to produce valuable effective components (Chen et al. 2018; Sim et al. 1994; Srivastava and
Srivastava 2007) and investigate the secondary metabolism pathways in various medicinal plants (Huber et al. 2009; Ma et al. 2015; Shi et al. 2019).
Increasing lines of evidence have con�rmed that overexpression or knockout of functional genes is able to modulate the secondary metabolism and
consequently increase the active components contents in medicinal plants (Li et al. 2017; Zhou et al. 2021). Similar research has also been carried out in G.
uralensis, the most commonly-used Chinese herb. In the past several years, our previous studies identi�ed more than ten functional genes involved in the
biosynthetic pathways of triterpenoids and �avonoids in G. uralensis. We con�rmed that overexpressing or knocking out β-amyrin synthase (β-AS), UDP-
Galactose/Glucose-4-epimerase (UGE), auxin-responsive protein IAA (ARPI), chalcone isomerase (CHI), chalcone synthase (CHS) genes, and several other
genes did regulate the production of active components in G. uralensis hairy roots (Hou et al. 2021; Wang et al. 2021; Yin et al. 2020). Therefore, hairy root
system is a well-established model to investigate the secondary metabolism and the underlying mechanism in G. uralensis.

In the present study, we established transgenic G. uralensis hairy root lines to overexpress or knock out three functional genes, CRTZ, COMT, and F3’H,
through A. rhizogenes-mediated method. We obtained �ve COMT+, �ve CRTZ+, seven F3’H+, three COMT-, �ve CRTZ-, and four F3’H- samples in total. Also, we
induced WT and negative control hairy root samples, including NC-PHSE and NC-PCA. We found that all the hairy roots were ramulous
and exuberant indicating that the overexpression or knockout of the three genes had no effects on the generation or development of G. uralensis hairy roots.
Interestingly, we also noticed that most of the hairy roots were normally yellowish white, however, the colors of F3’H-, CRTZ+, and CRTZ- present differently.
F3’H- and CRTZ+ were relatively light, while CRTZ- was reddish. It has been reported that F3’H gene is involved in the synthesis of anthocyanin and which
results in the color change in soybean hairy roots (Fan et al. 2020). We speculate that the pale color of F3’H- is due to the same reason and will investigate the
underlying molecular mechanism in future study. CRTZ is the key enzyme involved in the synthesis of carotenoid. Generally, overexpression of CRTZ
contributes to the decomposition of β-carotene (Pollmann et al. 2017), while knockout of CRTZ leads to the accumulation of β-carotene (Tomlekova et al.
2021). It has been observed in Brassica rapa and Oncidium hybridum that the accumulation of β-carotene caused by the down-regulation of CRTZ makes the
�ower color turn from yellow to orange (Chiou et al. 2010; Zhang et al. 2019). These researches could be a possible explanation to our study that the color of
CRTZ+ looks partial white, whereas the color of CRTZ- looks reddish.

By UPLC analysis, we found that compared with WT and negative control, the GA contents in hairy root groups overexpressing the three target genes were all
signi�cantly lower while that in groups knocking out these genes were higher, indicating negative regulatory effects of CRTZ, COMT, and F3’H on GA
biosynthesis. As described above, CRTZ is an essential rate-limiting enzyme involved in the synthesis of tetraterpenoid carotenoid (Li et al. 2015). Generally,
IPP and DMAPP for tetraterpenoid production are provided by the MEP pathway, while which for triterpenoid production are supplied by the MVA pathway.
Although the two pathways are independent and take place in different cellular localization, the MEP pathway occurs in plastids while the MVA pathway in
cytoplasm (Tian et al. 2022), the two isomeric �ve-carbon precursors produced by the two pathways can translocate between plastids and
cytoplasm (Hemmerlin et al. 2012). Thus, the triterpenoid saponins can be synthesized by the MEP pathway in Panax japonicus (Xu et al. 2020). In this study,
knocking out CRTZ increases while expressing CRTZ decreases the GA contents in G. uralensis hairy roots also suggests a close relationship between the MVA
and MEP pathways. We speculate that knocking out CRTZ blocks the conversion from β-carotene to β-cryptoxanthin and results in the accumulation of β-
carotene, which causes a feedback inhibition of the MEP pathway. Hence the carbon source �owing into the MVA pathway increases and leads to the
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production of GA. In addition, the excess accumulation of β-carotene promotes IPP and DMAPP to translocate from plastids to cytoplasm, which also supplies
more substrates for the synthesis of GA. Thus, CRTZ negatively regulates the biosynthesis of GA.

COMT is a key enzyme involved in the biosynthesis of monolignols (Saluja et al. 2021). Knocking out COMT causes a sharp decrease of S-lignin level and
changes the ratio between the S- and G-lignin, which then in�uences the transcriptional levels of stress response genes in higher plants (Gallego-Giraldo et al.
2018; Guo et al. 2001). Since triterpenoids, such as GA, is essential in plant stress response (Shirazi et al. 2019), we suppose that the transcriptional level
changes of stress response genes caused by the knockout or overexpression of COMT may supply a reason for the change of GA contents observed in the G.
uralensis hairy roots. Moreover, COMT has also been reported to play an important role in the synthesis of melatonin in plants (Zhang et al. 2021). For
example, overexpressing COMT promotes the synthesis of melatonin and subsequently increases the content of diterpenoid compound gibberellin in
Arabidopsis thaliana (Yang et al. 2019). Therefore, we speculate that the overexpression of COMT also upregulates the diterpenoids synthesis genes in G.
uralensis, which increases the carbon source �owing to the MEP pathway and decreases that to the MVA pathway. Thus, overexpressing COMT reduces
whereas knocking out COMT promotes GA accumulation.

F3’H is a key enzyme involved in the biosynthesis of �avonols (Tanaka and Brugliera 2013). Previous studies have con�rmed that several cytochrome P450
monooxygenases, such as CYP716A53v2 and CYP716A47, play an essential role in triterpenoids biosynthesis (Han et al. 2012; Han et al. 2011). However, no
studies have been reported about the regulatory effects of F3’H on triterpenoids production so far. In this study, we con�rmed a negative regulatory effect of
F3’H on GA accumulation. As shown in Fig. 1, triterpenoids and �avonoids are the main secondary metabolites in G. uralensis. The synthesis of them need to
competitively use the primary metabolites. We hypothesize that knocking out F3’H causes an inhibitory effect on the biosynthesis of �avonols in G. uralensis,
hence leads to a decrease of phosphoenolpyruvate �owing into the phenylpropanoids metabolic pathway, which promotes the production of acetyl-CoA, the
substrate of the MVA pathway. Therefore, the knockout of F3’H increases the GA accumulation in G. uralensis.

To sum up, our results demonstrate that CRTZ, COMT, and F3’H all negatively regulate the GA biosynthesis. In the future, we will continue investigate the
regulatory effects and the underlying mechanisms of other functional genes in GA biosynthesis and establish the gene regulatory network responsible for
secondary metabolism in G. uralensis.
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Tables
Table 1 Mutation sites in COMT sequences in COMT− hairy root samples

Samples  Registered sequence MZ169549 in GenBank Sequencing results Mutation sites Synonymous / Missense mutations

COMT-2 ~NNAYGMT~ ~NNAYGMT~ None Synonymous (S)

COMT-5 ~LPFN~ ~LP. 160 Missense (M)

COMT-6 ~AYGMTAF~ ~AYGTTAF~ 174 M 

COMT-8 ~VGSVVDVG~ ~VGSVADVG~ 219 M

Note: The editing sites are marked in red; ~ represents the abbreviated amino acid sequences without mutations

Table 2 Mutation sites in CRTZ sequences in CRTZ− hairy root samples

Samples  Registry sequence MZ169550 in GenBank Sequencing results Mutation sites Synonymous / Missense mutations

CRTZ-1

CRTZ-5-2

CRTZ-6

CRTZ-8-1

~INAAPAITLLS~ ~INAVPAIALLS~ 200

204

M

CRTZ-2-1 ~INAAPA~ ~INAVPA~ 200 M

CRTZ-2-2 ~HESHH~

~INAAPA~

~HEPHH~

~NAVPA~

179

200

M

CRTZ-3

CRTZ-4

CRTZ-5-1

CRTZ-7-1

CRTZ-7-2

CRTZ-8-2

~PAITLLS~ ~PAIALLS~ 204 M

Note: The editing sites are marked in red; ~ represents the abbreviated amino acid sequences without mutations

Table 3 Mutation sites in F3’H sequences in F3’H hairy root samples 
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Samples  Registered sequence MZ169551 in GenBank Sequencing results Mutation sites Synony
/ Misse
mutatio

F3’H-2

F3’H-4-1

F3’H-5-1

F3’H-10

MMGRRVFDDGSGSCDPRADE

FKAMVVELMVLGGVFNISDFIPQLA

LDLQGVQAKVKKVEKKFHAFLTNIIEEHKSS

ISKGGEHKDLLTALLSHVGVPDENG~

MIGRRVFDDGNGGCDPRADEFK

AMVVELMALGGVFNISDFIPPLAWLDLQGVQ

AKIKKLYKKFDAFLTSIIEEHKNSNYKSGEHKDLLTA

LLSHVEVPDDNG~

2/11/13/30/43/56/59/60/64/

69/76/78/79/81/96/100

M

F3’H-4-2 77~ISKGGEH~ 77~ISKGGEH~ None S

F3’H-5-2

F3’H-7

F3’H-9-1

52~QAKVKK 52~QAKIKK 56 M

F3’H-8 MMGRRVFDDGSGSCDPRADEFKA

MVVELMVLGGVFNISDFIPQLAWLDLQ

GVQAKIKKVEKKFHAFLTNIIEEHKSSISKG

GEHKDLLTALLSHVGVPDENG~

MIGRRVFDDGNGGCDPRADEFKAMVVE

LMALGGVFNISDFIPPLAWLDLQGVQAKIT

KLYKKFDVFLTSIIEEHKNSNYKSGEHKDLLT

ALLSHVEVPDDNG~

2/11/13/30/43/56/57/59/60/

64/65/69/76/78/79/81/96/100

M

F3’H-9-2 MMGRRVFDDGSGSCDPRADEFKAMVVELMV

LGGVFNISDFIPQLAWLDLQGVQA

KIKKVEKKFHAFLTNIIEEHKSSISKG

GEHKDLLTALLSHVGVPDENG~

MIGRRVFDDGNGGCDPRADEF

KAMVVELMALGGVFNISDFIPPLAW

LDLQGVQAKITKLYKKFDAFLTSIIEEH

KNSNYKSGEHKDLLTALLSHVEVPDDNG~

2/11/13/30/43/56/57/59/60/

64/69/76/78/79/81/96/100

M

Note: The editing sites are marked in red; ~ represents the abbreviated amino acid sequences without mutations

Table 4 GA contents in all the G. uralensis hairy root samples 
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Groups Lines Repetition Peak area

(mAU*s)

Content

(mg·g-1)

Average GA content

(mg·g-1)

Ratio (WT vs other groups)

Wild Type WT 1 15622 3.2201 3.3242 1.0000

2 16691 3.4193

3 16230 3.3334

Negative Control NC-PCA 1 14922 3.0897 3.5188 1.0585

2 21123 4.2451

3 15629 3.2214

NC-PHSE 1 15979 3.2867 3.3459 1.0065

2 15581 3.2125

3 17331 3.5386

F3'H

Overexpression

F3’H+-1 1 9816 2.1383 2.3654 1.4053

  2 13362 2.7990

  3 12142 2.5717

F3’H+-3 1 12866 2.7066

  2 10307 2.2298

  3 10156 2.2017

F3’H+-4 1 13390 2.8043

  2 12061 2.5566

  3 7804 1.7634

F3’H+-5 1 11337 2.4217

  2 12902 2.7133

  3 10563 2.2775

F3’H+-6 1 10863 2.3334

  2 12745 2.6841

  3 12416 2.6228

F3’H+-7 1 11091 2.3759

  2 11883 2.5235

  3 7338 1.6766

F3’H+-10 1 9349 2.3211

  2 9255 2.7905

  3 10088 3.1268

F3'H

Knockout

F3'H--2 1 35235 2.0513 5.4744 0.6072 

  2 34542 2.0338

  3 28047 2.1890

F3'H--7 1 22062 6.8746

  2 20175 6.7454

  3 18266 5.5352

F3'H--8 1 29807 4.4201

  2 32511 4.0685

  3 32037 3.7128

F3'H--10 1 33682 6.5852
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  2 28785 5.6728

  3 17497 3.5695

CRTZ

Overexpression

CRTZ+-1 1 7689 1.7420 2.2050 1.5076

  2 11439 2.4407

  3 10363 2.2402

CRTZ+-2 1 11490 2.4502

  2 10467 2.2596

  3 9033 1.9924

CRTZ+-3 1 8364 1.8678

  2 8699 1.9302

  3 8394 1.8734

CRTZ+-4 1 12744 2.6839

  2 13702 2.8624

  3 13387 2.8037

CRTZ+-5 1 5286 1.2943

  2 9964 2.1659

  3 11588 2.4685

CRTZ

Knockout

CRTZ--1 1 47746 9.2057 5.3651 0.6196

  2 33414 6.5353

  3 22832 4.5636

CRTZ--3 1 18038 3.6703

  2 17668 3.6014

  3 22571 4.5149

CRTZ--4 1 20373 4.1054

  2 21915 4.3927

  3 18838 3.8194

CRTZ--6 1 44316 8.5666

  2 46585 8.9894

  3 27496 5.4326

CRTZ--7 1 15217 3.1447

  2 15282 3.1568

  3 35798 6.9795

COMT

Overexpression

COMT+-1 1 9958 2.1648 2.3509 1.4140

  2 8792 1.9475

  3 10341 2.2361

COMT+-4 1 9819 2.1389

  2 11851 2.5175

  3 9984 2.1696

COMT+-7 1 12220 2.5862

  2 13024 2.7361

  3 14912 3.0878

COMT+-10 1 13328 2.7927
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  2 9653 2.1079

  3 8580 1.9080

COMT+-11 1 9961 2.1653

  2 11810 2.5099

  3 10118 2.1946

COMT

Knockout

COMT--5 1 24364 4.8490 4.2746 0.7777

  2 23633 4.7128

  3 23436 4.6761

COMT--6 1 25829 5.1220

  2 21247 4.2682

  3 15636 3.2227

COMT--8 1 23274 3.0180

  2 17623 3.7092

  3 13988 4.8933

Figures

Figure 1

Metabolic pathways in G. uralensis

Glycolysis, the primary metabolic pathway, is marked in orange, the terpenoids metabolic pathway is marked in yellow, and the phenlpropanoids metabolic
pathway for �avonoids synthesis is marked in blue. The primary metabolites, such as pyruvate, acetyl-CoA, and phosphoenolpyruvate, �ow into different
pathways to produce various secondary metabolites. CRTZ, COMT, and F3’H are key enzymes involved in the MEP pathway, monolignols biosynthetic
pathway, and �avonols biosynthetic pathway, respectively. Their regulatory effects on the biosynthesis of GA are far from clear. The dotted arrows indicate
multi-step reaction, and the straight arrows indicate single-step reaction. MEP, 2-C-methl-D-erythritol-4-phospate; MVA, Mevalonate; DMAPP, Dimethylallyl
diphosphate; IPP, Isopentenyl pyrophosphate; IDI, Isopentenyl diphosphate isomerase; CRTZ, Beta-carotene 3-hydroxylase; F3’H, Flavonoid 3’-monooxygenase;
COMT, Caffeic acid 3-O-methyltransferase
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Figure 2

The phylogenetic trees of COMT (a), CRTZ (b), and F3’H (c)

Species from Monocotyledoneae, Dicotyledoneae, Pteridophyta, and Bryophyta are marked in blue, yellow, red, and green, respectively. The target COMT, CRTZ,
and F3’H orthologs identi�ed from G. uralensis are marked in red boxes. The outgroups are marked in gray 

Figure 3

The induction and culture of G. uralensis hairy roots

The photos of 10-, 20-, and 30-day old hairy root lines after the onset of induction in solid medium. WT represents wild type hairy roots, NC-PCA represents the
negative control hairy roots containing vector pCAMBIA1305.1, NC-PHSE represents the negative control hairy roots containing vector pHSE401, F3’H-, COMT-,
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and CRTZ- represent hairy root lines knocking out F3’H, COMT, and CRTZ, respectively, and F3’H+, COMT+, and CRTZ+ represent hairy root lines overexpressing
F3’H, COMT, and CRTZ, respectively

Figure 4

Characterization of gene knockout and overexpression in transgenic G. uralensis hairy root lines

a, b, and c show the homozygous mutations in hairy root lines CRTZ-, COMT-, and F3’H-, respectively. The mutation sites are marked by the red triangles
located below peaks. d shows the relative expression levels of the three target genes in hairy root lines F3’H+, COMT+, and CRTZ+. * represents P < 0.05 (vs.
WT)

Figure 5

UPLC sample preparation
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a shows the 3-week old hairy root lines cultured in liquid medium. b shows the hairy root lines collected for UPLC sample preparation. WT represents wild type
hairy roots, NC-PCA represents the negative control hairy roots containing vector pCAMBIA1305.1, NC-PHSE represents the negative control hairy roots
containing vector pHSE401, F3’H-, COMT-, and CRTZ- represent hairy root lines knocking out F3’H, COMT, and CRTZ, respectively, and F3’H+, COMT+, and
CRTZ+ represent hairy root lines overexpressing F3’H, COMT, and CRTZ, respectively

Figure 6

The GA contents in G. uralensis hairy root samples

a shows UPLC chromatograms, line 1 is for GA reference substance, lines 2~10 are for sample WT, NC-PCA, NC-PHSE, F3’H+, COMT+, CRTZ+, F3’H-, COMT-, and
CRTZ-, respectively. b shows the GA content in each hairy root sample. c shows the GA content among tested groups. * represents P < 0.05 (vs. WT). #

represents P < 0.05 (vs. negative control NC-PCA or NC-PHSE) 
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