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Abstract
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Glabridin holds significant value in the pharmaceutical and cosmetics industry. Due to the challenges associated

with chemical synthesis, Glycyrrhiza glabra (licorice) remains the only source of glabridin. However, its naturally low con-
tent is insufficient to meet the increasing market demand. In this study, several inducers of glabridin accumulation—alkali
stress, salt-alkali stress, hydroxylamine, 5-azacytidine, and methyl jasmonate (MeJA)—were identified. Using integrated
multi-omics analyses and in vitro enzyme assays, two interconnected biosynthetic routes were elucidated: an OMT/ODMT-
dependent pathway involving methylation-demethylation cycles and an OMT/ODMT-independent route. Five enzymes,
GglFR (isoflavone reductase), GgTHIS1/2 (7,2/4-trihydroxyisoflavanol synthases), GgPTS (pterocarpan synthase), GgPTR1/4
(pterocarpan reductases), and GgODMT (O-demethyltransferase), were functionally validated. Using an optimized Agrobac-
terium rhizogenes-mediated transformation system, we generated transgenic hairy root lines overexpressing these enzymes
were generated. GglFR-overexpressing lines achieved a 44-fold increase in glabridin content (0.507 mg/g DW), comparable
to levels in 4-year-old wild roots. This study not only elucidates the complex biosynthetic network of glabridin biosynthesis
but also establishes a scalable and sustainable hairy root platform for its industrial production via synthetic biology.
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Core

This study identified inducers of glabridin accumula-
tion and elucidated two interconnected biosynthetic
pathways through multi-omics analyses and enzyme
characterization. Functional validation of key enzymes
and development of transgenic hairy root system led to
a 44-fold increase in glabridin yield. The research offers
a scalable platform for the sustainable industrial pro-
duction of glabridin.
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Gene & accession numbers

The accession numbers are: GgIFR (

GgODMT (C_AA113736.1), GgPTR1 (C_AA113737.1),
GgPTR4(C_AA113738.1), GgPTS (C_AA113739.1),
GgTHIS1 (C_AA113740.1), GgTHIS2 (C_AA113741.1).

C_AA113735.1),

Introduction

Glycyrrhiza glabra (licorice), a perennial herb in the Legu-
minosae family, has long been used in traditional medicine
systems worldwide. It is rich in diverse bioactive compounds
that contribute to its wide-ranging pharmacological prop-
erties (Wahab et al. 2021). Among these, glabridin is a par-
ticularly valuable compound with significant economic
importance across multiple industries. In the cosmetics sec-
tor, its potent skin-whitening properties has earned it the
nickname “whitening gold” However, glabridin is extremely
scarce, only about 100 grams can be extracted from one ton
of G. glabra roots, leading to high market prices and limit-
ing its availability. In addition to its cosmetic applications,
glabridin also exhibits strong anti-inflammatory and antiox-
idant activities, presenting opportunities for development in
the food and pharmaceutical industries. These unique bio-
activities, combined with limited natural supply, underscore
glabridin’s substantial economic significance.

Driven by growing demand, recent studies have focused
on elucidating the complex biosynthetic pathway of
glabridin in Glycyrrhiza species. Multi-omics approaches
have facilitated the identification of key enzymes and
regulatory networks involved in isoflavonoid biosynthesis
(Li et al. 2024, 2025; Lu et al. 2025). Key enzymes such as
isoflavone 4'-O-methyltransferase (14’-OMT), isoflavone
2’-hydroxylase (I2’H), isoflavone reductase (IFR), vesti-
tone reductase (VR), and pterocarpan synthase (PTS)
have been individually characterized, particularly in the
context of medicarpin biosynthesis, helping to clarify
their roles in catalyzing key intermediate steps (Uchida
et al. 2017; Lu et al. 2023). These findings laid the ground-
work for pathway reconstruction in heterologous systems
such as yeast, enabling de novo production of glabridin
and related intermediates.

While Saccharomyces cerevisiae has been demonstrated
to be useful for pathway engineering (Lu et al. 2023), Agro-
bacterium rhizogenes-mediated hairy roots have emerged
as a promising platform for producing plant-derived natu-
ral products (Gerszberg and Wiktorek-Smagur 2022). Hairy
roots offer unique advantages over traditional plant and cell
cultures, including rapid growth, genetic and biochemical
stability, and the ability to produce specialized metabolites
without hormonal supplements (Srivastava and Srivastava.
2007). Their ability to grow in hormone-free media and
adapt to bioreactor cultivation circumvents seasonal and
environmental constraints. Furthermore, hairy roots are
amenable to metabolic engineering tools such as CRISPR/
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Cas9 and transgenic overexpression, while promoter engi-
neering can fine-tune tissue-specific expression to enhance
pathway efficiency (Mirmazloum et al. 2024). For instance,
in Astragalus membranaceus hairy roots, overexpression of
the saponins pathway enzyme, AmUGT15, has successfully
boosted production of the anticancer compound astraga-
loside by redirecting metabolic flux (Hwang et al. 2024).
Similarly, CRISPR/Cas9-mediated knockout of compet-
ing pathway genes in licorice hairy roots has been shown
to significantly enhance glycyrrhizin production, under-
scoring the potential of metabolic redirection in hairy root
systems (Chiyo et al. 2024). Hairy roots also retain root-
specific metabolic traits, making them especially effec-
tive for producing alkaloids, flavonoids, phenolics, and
other specialized metabolites without external elicitation
which has been demonstrated in over 100 medicinal plants
(Morey and Peebles 2022; Wawrosch and Zotchev 2021).
Collectively, these features make hairy roots an ideal sys-
tem for both pathway elucidation and scalable production
of valuable natural products.

In this study, we identified MeJA (methyl jasmonate),
alkali stress, salt-alkali stress, hydroxylamine and 5-aza-
cytidine (5-azaC) as inducers that significantly increase
glabridin accumulation in G. glabra roots. Transcriptome
analysis revealed candidate biosynthetic enzymes includ-
ing IFR, 7,2;4’-Trihydroxyisoflavanol synthase (THIS),
PTS, pterocarpan reductase (PTR), and O-demethyl-
transferase (ODMT), which were subsequently validated
through in vitro assays. We also identified a prenyltrans-
ferase (PT) from Cullen corylifolium capable of catalyz-
ing the prenylation of demethylmedicarpin, an essential
step in glabridin biosynthesis. Additionally, we optimized
the hairy root transformation system for G. glabra and
generated transgenic lines overexpressing the validated
enzymes. The hairy root lines overexpressing GgIFR,
GgTHISI, GgPTS, GgPTRI, and GgODMT showed signifi-
cant accumulation of glabridin. This study not only con-
firms in vivo functionality of key enzymes in the glabridin
pathway but also establishes a viable platform for future
synthetic biology-based industrial production of glabridin.

Results

Spatial accumulation of glabridin in G. glabra

To investigate the tissue-specific accumulation of
glabridin, its content was measured in various tissues
of 4-year-old G. glabra plants (Fig. 1A). Glabridin was
predominantly detected in the main and lateral roots,
with concentrations ranging from 0.28 to 0.33 mg/g dry
weight (DW). In contrast, glabridin was undetectable in
aerial tissues such as leaves, stems, and lateral branches
(Fig. 1B), consistent with previous reports indicating
its localization primarily in the cork layer and necrotic
regions of mature roots (Hayashi et al. 1996)
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Given that licorice is naturally adapted to arid and
semi-arid environment characterized by intense untra-
violet radiation and saline-alkali soils, we explored
whether environmental stressors could influence glabri-
din accumulation. Thirteen treatments were applied
to 7-day-old G. glabra seedlings (Table S1), includ-
ing abiotic stressors (drought, saline-alkali, salt, alkali,
high temperature, oxidative stress, sucrose and UV-B

A
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irradiation), phytohormones (methyl jasmonate [MeJA]
and abscisic acid [ABA]), and chemical modulators
known to influence flavonoid biosynthesis (DNA meth-
yltransferase inhibitor 5-azacytidine [5-azaC], histone
acetyltransferase inhibitors, and hydroxylamine) (Ma
et al. 2024; Zeng et al. 2025). Following treatment, root
tissues were harvested and analyzed for glabridin content
using HPLC. Notably, alkali stress, saline-alkali stress,
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Fig. 1 The accumulation pattern of glabridin. Different tissues of 4-year-old G. glabra tested for glabridin (A), and the glabridin content
in the different tissues (B). Glabridin content in the roots of 7-day-old seedlings of G. glabra treated with/without 10 mM NaHCO; (C), 5 mM and 10
mM mix salts (D), 100 uM MeJA (E), 30 uM 5-azaC (F), and 250 uM NH,OH (G). Glabridin content were calculated based on dry weight. Data are

presented as mean + SD
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hydroxylamine, 5-azaC, and Me]JA significantly enhanced
glabridin accumulation compared to controls (Fig. 1C—
G). Among these, alkali stress, saline-alkali stress, and
hydroxylamine exerted the most pronounced effects,
achieving glabridin levels comparable to those found in
4-year-old roots after 72 h of treatment. MeJA produced
moderate inductive effect, while 5-azaC had relatively
weaker effect. To investigate the molecular mechanisms
underlying glabridin biosynthesis, transcriptomic profil-
ing (RNA-seq) was conducted on roots treated with alkali
stress (the strongest inducer) and MeJA (broad-spectrum
flavonoid activator) treatments (Fig. S1).

Identification and in vitro verification of enzymes involved
in glabridin biosynthesis

Based on literature and our metabolomic datasets
(Li et al. 2024, 2025), we proposed two intercon-
nected glabridin biosynthetic pathways (Fig. 2). The
O-methyltransferase/O-demethyltransferase ~ (OMT/
ODMT)-dependent pathway involves a methylation-
demethylation cycle: daidzein is first methylated at
C-4 by 14-OMT to form medicarpin, followed by
PTR-mediated reduction, PT-catalyzed prenylation,
cyclase (CS)-driven cyclization, and ODMT-mediated
demethylation. This pathway provides modularity and
regulatory flexibility but introduces redundancy due to
methyl-group cycling. In contrast, the OMT/ODMT-
independent route bypasses methylation, using dem-
ethylmedicarpin as the precursor and relying on a
streamlined cascade of reductases (IFR, VR/THIS,
PTS, PTR), PT, and CS. This pathway is metabolically
more efficient, eliminating energetically costly methyl-
ation-demethylation steps.

There are two ways to search for candidate genes
involved in this pathway: homologous search and/or co-
expression analysis. Genes with high sequence homology
may have similar functions. For those steps with reported
enzymes, homologous search may be more efficient to
identify the best candidates. As for those novel steps,
co-expression analysis is usually used since genes that
co-express with glabridin may be involved in its biosyn-
thesis. There are two parts in the biosynthetic pathway of
glabridin: first, synthesis of medicarpin (15) or demethyl-
medicarpin (13); second, modification of 15 or 13. Since
the first part has been reported, homologous search was
used to identify the best candidate genes. Co-expression
analysis was used to identify candidate genes in the fol-
lowing steps.

Prior studies in soybean have demonstrated that IFR
catalyzes the conversion of 2’-hydroxydaidzein (10)
to 7,2)4-trihydroxyisoflavanone (11) (Uchida et al.
2017). A BLAST search against the G. glabra genome
using the GmIFR sequence identified a candidate gene,
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Gg050003876, with 80.56% sequence identity (Fig. S2A).
This gene was significantly upregulated under MeJA or
NaHCO; treatment (Fig. S2B). Next, the gene was het-
erologously expressed in E. coli, and the recombinant
protein was subsequently assayed for enzymatic activity
using 10 as substrate and nicotinamide adenine dinu-
cleotide phosphate hydrogen (NADPH) as cofactor. High
performance liquid chromatography (HPLC) analysis
revealed a distinct peak at a retention time (RT) of 17.3
min, which is absent in control (RT = 19.1 min; Fig. 3A),
while LC/MS analysisconfirmed the product identity -
(m/z [M+H]" of 273.07; fragmented into m/z 135.04, m/z
163.04, m/z 245.08 and m/z 255.06; Fig. S2C-D), consist-
ent with compound 11. Therefore, Gg050003876 encodes
a functional IFR, and thus is designated as GgIFR.

It has been reported that VR from M. sativa catalyzes
the reduction of vestitone (9) to form 7,2’-dihydroxy-
4’-methoxyisoflavanol (14) (Guo and Paiva 1995). Recent
studies in soybean have identified six reductases con-
verting 11 to 7,2;4’-trihydroxyisoflavanol (12), with
the most catalytically efficient isoforms designated as
GmTHIS1 and GmTHIS2 (Sun et al. 2025). To iden-
tify orthologous enzymes in G. glabra, we characterized
the VR/THIS gene family to identify reductases con-
verting compound 11 to 7,2'4'-trihydroxyisoflavanol
(12). Of twenty-two candidates (Fig. S3A), three genes
(Gg010020471, Gg010020626, and Gg080009423) clus-
tered with GmTHIS1, GmTHIS2, and MsVR; however,
Gg080009423 could not be cloned from cDNA. Heter-
ologous expression of Gg010020471 and Gg010020626
in E. coli and subsequent enzymatic assays using 11
and NADPH demonstrated that Gg010020626 cata-
lyzed the conversion 11 to 12 with 12.55% efficiency,
while Gg010020471 was inactive. Among 9 additional
candidates (Gg030032011, Gg040013722, Gg040013741,
Gg040013732, Gg040014691, Gg040016889, Gg0400
17012, Gg050004518 and Gg050005833), only Gg
040013732 exhibited weak activity (4.59%) (12.55%)
(Fig. 3B, Fig. S4A-D). Gg010020626 and Gg040013732
were thus designated as GgTHIS1 and GgTHIS2,
respectively. To evaluate vestitone (9) reduction to
14, five enzymes (GgTHIS1, GgTHIS2, Gg010020471,
Gg040016889, and Gg040017012) were tested. The
activity ranking was: Gg010020471 > GgTHIS1 >
Gg040016889 > Gg040017012 > GgTHIS2 (Fig. S4E-H).
Sequence alignment revealed that GgTHISI1 shares >70%
identity with GmTHIS1/GmTHIS2 and MsVR proteins,
while GgTHIS2 shares ~30%, suggesting subfunctionali-
zation, possibly reflecting distinct roles in stress-respon-
sive (NaHCO;-induced) and constitutive pathways
(Table S3).

For the conversion of compound 12 to 13, a BLAST
search using the G. echinata GePTS (Uchida et al. 2017)



Jiang et al. Molecular Horticulture (2026) 6:21 Page 5 of 15
0]
Shikimie acid Pathway — HOOJ_%COA
H
-Coumaroyl-CoA (1
& 4 M HO. H H HO.
CHS/CHR CHI
i B
Isoliquiritigenin (3) Liquiritigenin (4)
Glycolysis Pathway —— HO"\/"SCoA
Malonyl-CoA (2) ‘ 2-HIS
B e
CHE > H H
OoDMT
Formononetin (7) Daidzein (6) 2,7,4'-Trihydroxyflavanone (5)

| e

Ggl2'H

!
[
\
\
[
!
Y
T
o
O
éz
x
[
I
|
Y
T
(0]
O
T
S

S, OH
RO e :
CH,

Vesmone 2'-Hydroxyformononetin (8)

VR

“O% s I
OH CHa

7,2'-dihydroxy-4'-

CH;

ODMT

ODMT

2'-Hydroxydaidzein (10) 7,2 4-Trihydroxyisoflavanone (11)
I
| THIS
Y

I
|
I
I
|
I
Y
T
)
=2
A
|
)
I =
0
|
|
T
(o]
o
=
T
T

methoxyisoflavanol (14) Medicav:in (15) Demethylnlwedlcarpm (13) 7.,2' 4'-Trihydroxyisoflavanol (12)
| PTR | PTR \\
\ \ .
HO. OH OMT HO ~ 0, oH \
4P e et %O 4Pt
\
CH, ODMT H \
Vestitol (16) Demethylvestitol (17) \
\
I I \
| 8-PT | 8-PT o
Y Y
OoMT
prr  HO OH -~ —— === e OoH PR HOYNYP
— e e ST SR SR S e - = = -
CH, ODMT H H
' 7,2',4-Trihydroxy-8- 3,9-Dihydroxy-4-
Licoagrocarpin (18) 4'-O-methylpreglabridin (19) prenylisoflavan (20) prenylpterocarpan (21)
| | | |
|CS Ics Ics Ics
¥ ¥ v
OoMT
% OH SEsats = %\é: PTR %
—— = e - - — - —
obDMT
CH, Chy H H
Hemileiocarpin (22) 4’-O-methylglabridin (23) Glabridin (25) Shinpterocarpin (24)
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and red arrows represent steps identified in this study

identified a 576-bp G. glabra gene (95.83% identity; Fig.

S5A) located on chromosome 7 (positions 28,406,

28,406,638). The recombinant protein expressed

063—
in E.

coli successfully catalyzed 13 formation from a crude

12-enriched extract. HPLC revealed a peak at RT 14.1 min
matching synthetic 13, and LC-MS confirmed the identity
(m/z [M+H]* 257.08; fragments: m/z 123.04, m/z 147.04;
Fig. S5B—C). The enzyme was named GgPTS (Fig. 3C).
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Fig. 3 Identification of the enzymes invovled in the glabridin bioynthesis excluding OMT and ODMT. Functional characterization of GglIFR (A),
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To identify enzymes responsible for the down-
stream steps (13 — 25), we screened PTR, PT, and
CS by genome-wide screening of gene families cou-
pled with transcriptome-based candidate prioritiza-
tion. Twelve PTR genes were annotated, and seven of
which (Gg030033899, Gg030033561, Gg040015770,
Gg040015832,  Gg050003878,  Gg050003876,  GgO5
0004141) were MeJA- and NaHCO;-inducible (Fig.
S6A-B). Five candidates (Gg030033899, Gg030033561,
Gg040015770, Gg040015832,  Gg050003878)  were

successfully cloned from cDNA. Of eight annotated PT
genes, no one was induced by MeJA and NaHCO,; treat-
ments (Fig. S6C-D). For CS, recent studies have identified
cytochrome P450 subfamily CYP71 members as glyceollin
cyclases in soybean (Sun et al. 2025; Khatri et al. 2025; Xie
et al. 2025). In our work, eleven CYP71 subfamily genes
were identified. Six were induced by MeJA or NaHCO,
treatment (Gg030032002, Gg080008356, Gg050006811,
Gg030032004, Gg030031443, Gg080008862) and five were
cloned except for Gg050006811.
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Three potential enzymatic sequences were systemati-
cally evaluated. We first investigated the PT-PTR—CS
pathway. For PTs, seven of eight were successfully cloned
and tested in vitro with substrate 13, yet no new prod-
uct peaks were detected (Fig. S7A-B). We then examined
PTs from other species and identified PcM4DT from C.
corylifolium—reported to prenylate pterocarpan 15 at
C-4 to yield 18 (He et al 2018). This catalytic specific-
ity prompted us to test PcM4DT with structurally similar
13. Remarkably, PcM4DT catalyzed 13 to produce a new
peak (Fig. 3D). LC/MS analysis identified this product
(m/z [M+H]": 325.14; fragments: m/z 123.04, m/z 147.04,
m/z 191.11, m/z 269.08) (Fig. S7C), and NMR spectros-
copy confirmed C-4 prenylation, identifying the prod-
uct as 21 (Fig. S8). Subsequent GgPTRs assays with 21
revealed that both Gg040015770 and Gg030033561 con-
verted 21 to 20 with >80% efficiency (Fig. S7D-G). How-
ever, microsomes expressing candidate GgCSs or soybean
GmCSs (Glyma.11G062500 and Glyma.11G062600) failed
to convert synthetic 20 to 25 using NADPH as cofac-
tor (Fig. S9G-H). Next, we evaluated the PTR-PT—CS
pathway. GgPTR candidates assayed with 13 revealed
that Gg040015770 and Gg030033561 converted 13 to 17,
with conversion rates of 74.63% and 58.79%, respectively
(Fig. S9A-D). Gg040015832 and Gg030033899 showed
low expression in E. coli; their co-infiltration with 13 in
tobacco also yielded no products (Fig. S11A-B). Seven
GgPTs expressed in yeast microsomes failed to catalyze 17
with Dimethylallyl diphosphate (DMAPP) and Mg*" (Fig.
S9E-F). PcM4DT similarly showed no activity toward 17.
Critically, this pathway still required functional CS to con-
vert 20 to 25—a step that remained unresolved (Fig. S9G-
H). Finally, the PT-CS—PTR pathway was excluded as
CS candidates showed no activity toward 21 to 24, and no
PTR (including Gg040015770 or Gg030033561) catalyzed
24 to 25 (Fig. S10). Based on phylogenetic clustering with
LjPTRs, Gg040015770 (LjPTR1 clade) and Gg030033561
(LjPTR4 clade) were designated as GgPTR1 and GgPTR4,
respectively. These results delineate persistent functional
constraints in late-stage pterocarpan modification toward
25 in G. glabra. Further characterization revealed that
GgPTR1 and GgPTR4 catalyzed 15 to 16 reduction. In
planta assays additionally demonstrated that Gg040015832
(N. benthamiana co-infiltration with 15) produced a chro-
matographic peak consistent with 16, indicating functional
redundancy in pterocarpan reduction.

Functional characterization of demethylation enzymes

in glabridin biosynthesis

Metabolomic profiling of G. glabra has identified the
presence of methylated intermediates, including 15,
licoagrocarpin (18), and 4’-O-methylglabridin (23), sug-
gesting the potential involvement of O-demethylases in
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glabridin biosynthesis (Li et al. 2024, 2025). Given the
established function of 2-oxoglutarate-dependent dioxy-
genases (2-ODDs) in catalyzing O-demethylation in spe-
cialized metabolism, as reported in Papaver somniferum
and Ocimum basilicum (Hagel and Facchini 2010; Berim
et al. 2015), we conducted a genome-wide search for
2-ODD family members in G. glabra, and identified 147
Gg2-ODD candidate genes. Through phylogenetic clus-
tering with functionally characterized demethylases
(ObF70ODM1 and PsT60ODM), we identified 14 Gg2-
ODDs residing within the same evolutionary clade (Fig.
S12A). Transcriptome analysis under MeJA and NaHCO,
treatments revealed five 2-ODD genes with expres-
sion patterns correlating with glabridin accumulation:
Gg020027239 (upregulated by MeJA), Gg040016436,
Gg040016899, and Gg050004870 (co-induced by MeJA
and NaHCO;), and Gg040016437 (induced by NaHCO)
(Fig. S12B). These five candidates were prioritized for
functional characterization.

Subcellular localization predictions via Cell-PLoc
(http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/)  sug-
gested that all five Gg2-ODD proteins are cytoplasmic.
Based on these predictions, each candidate was heter-
ologously expressed in E. coli and subjected to in vitro
enzymatic assays in the presence of a-ketoglutarate and
Fe’*. Among the tested enzymes, Gg040016436 cata-
lyzed the O-demethylation of six structurally diverse sub-
strates: formononetin (7), vestitone (9), 15, vestitol (16),
4’-O-methylpreglabridin (19), and 23. HPLC and LC-MS
analyses confirmed the conversion of 4'-OCH; to 4'-OH
in each case (Fig. 4, Fig. S12C-H), indicating broad sub-
strate specificity. Based on these results, Gg040016436
was designated as GgODMT. Due to the lack of authen-
tic standards, the catalytic activity of GgODMT toward
additional potential intermediates: 2’-hydroxyformon-
onetin (8), 7,2’-dihydroxy-4’-methoxyisoflavanol (14),
18, and hemileiocarpin (22), could not be conclusively
assessed. Optimization of enzymatic conditions using
23 as a substrate revealed that GgODMT functions most
effectively at pH 6.0, 20°C, with a 90 min incubation (Fig.
S13). Kinetic analyses showed the highest substrate affin-
ity for 23 (Km = 75.358 uM) that was followed by 19 >
7 > 9 > 16 > 15 (Table S2). These findings established
GgODMT as a promiscuous O-demethyltransferase
capable of catalyzing multiple demethylation steps within
the glabridin biosynthetic network.

Optimization of G. glabra hairy root induction

To functionally validate glabridin biosynthetic genes
in vivo, a reliable Agrobacterium rhizogenes-mediated
hairy root system was established in G. glabra. Although
previous studies have reported successful transforma-
tion in G. glabra (Tenea et al. 2008; Srivastava et al. 2019;
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Fig. 4 ODMT participates in the biosynthesis of glabridin. A-F Functional characterization of GgODMT catalyzing various substrates in vitro. Shown

are HPLC chromatograms of the enzymatic reactions

Shirazi et al. 2018), significant variation in transformation
efficiency across different genetic backgrounds under-
scores the need for systematic optimization.

Hairy root induction efficiency is influenced by mul-
tiple factors, including Agrobacterium strain, explant
type, pre-culture conditions, and acetosyringone (AS)
supplementation. Among explant types tested, including
cotyledons, hypocotyls, and cotyledon-hypocotyl junc-
tions (Fig. S14A), cotyledon-hypocotyl junctions exhib-
ited the highest hairy root induction efficiency (44.01%),
outperforming cotyledons (15.62%) and hypocotyls
(3.70%) (Fig. S14B-C). Distinct morphological patterns

were also observed among the induced roots from dif-
ferent explants. Comparison of four A. rhizogenes strains
(A4, K599, MSU440, and C58C1) revealed that K599
and MSU440 yielded moderateinduction rates (~20%),
superior to A4 and C58Cl1, though still suboptimal
overall (Fig. S14D). Pre-culture of explants significantly
enhanced transformation outcomes, likely by reducing
stress and improving cellular receptivity to Agrobacte-
rium. Pre-culturing explants for 12—-24 h prior to infec-
tion enhanced hairy root induction rates by 2- to 3-fold,
with the highest efficiency (71.11%) achieved at 12 h
(Fig. S14E). Acetosyringone (AS), a phenolic compound
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that activates vir gene expression in Agrobacterium, is a
critical co-factor for successful transformation (Vanhala
et al. 1995). Two AS supplementation strategies were
evaluated: (1) supplementing AS in bacterial resuspen-
sion buffers (BRB) and (2) inclusion during co-cultiva-
tion. Supplementing BRB with AS significantly improved
induction rates (40.00 to 48.03%), nearly doubling rates
compared to LB control (16.88%) (Fig. S14F). Further
optimization identified 150 uM as the optimal concentra-
tion, achieving 82.22% induction (Fig. S14G). In contrast,
AS supplementation in co-cultivation medium (1/2 MS)
offered limited benefits (58.33% at 50 uM) and proving
cost-ineffective (Fig. S14H). Post-transformation bacte-
rial suppression is essential for root development and
contamination control. Cefotaxime (Cef), a commonly
used antibiotic for Agrobacterium inhibition, was tested
at concentrations ranging from 50-200 mg/L. While all
concentrations effectively suppressed bacterial growth,
100 mg/L Cef yielded the highest hairy root induction
rate (77.67%) (Fig. S14I). Collectively, these optimiza-
tions, particularly selection of the cotyledon-hypocotyl
junction explant, 12-hour pre-culture, K599 strain, 150
UM AS in BRB, and 100 mg/L Cef, substantially improved
transformation efficiency, providing a robust and scal-
able platform for downstream metabolic engineering and
functional genomics in G. glabra.

Enhanced production of glabridin by overexpressing
biosynthetic genes in hairy roots

To elucidate the biological roles of key biosynthetic
genes, GgIFR, GgTHIS, GgPTS, GgPTR, and GgODMT
and evaluate the utility of hairy roots as a produc-
tion platform, we engineered G. glabra hairy root lines
overexpressing N-terminally GFP-tagged versions of
these genes. Based on their superior catalytic efficiency,
GgTHIS1 and GgPTR1 were selected alongside GgIFR,
GgPTS, and GEgODMT for metabolic enhancement. At
two months post-transformation, transgenic lines were
screened using a LUYOR-3415 portable fluorescent
detector (Fig. S15A-E). qRT-PCR analysis confirmed
robust overexpression of respective target genes in each
transgenic line compared to empty vector (EV) control
(Fig. 5A-F).

Glabridin levels were quantified using methanol-
assisted ultrasonic extraction followed by HPLC analysis.
EV control lines, derived from wild-type S-12, produced
an average of 0.011 mg/g DW glabridin. In contrast,
GgIFR-overexpressing (GgIFR-OE) lines exhibited a
44-fold increase in glabridin accumulation (0.507 mg/g
DW), reaching levels comparable to those of 4-year-old
G. glabra main roots (0.466 mg/g DW). Among other
transgenic lines, glabridin yields followed the hierarchy:
GgPTRI-OE (0.287 mg/g DW) > GgTHISI-OE (0.135

Page 9 of 15

mg/g DW) > GgODMT-OE (0.0903 mg/g DW) > GgPTS-
OE (0.071 mg/g DW) (Fig. 5F, Fig. S15G). These results
demonstrate that targeted overexpression of biosynthetic
enzymes in hairy roots can significantly boost glabridin
production, with GgIFR as a major rate-limiting factor.
The findings establish hairy roots as a scalable and effi-
cient platform for the metabolic engineering and sustain-
able production of high-value phytochemicals.

Discussion

The overarching goal of this study was to decipher the
biosynthetic architecture of glabridin in G. glabra and
establish a scalable platform for its sustainable produc-
tion through metabolic engineering. This effort was
driven by the hypothesis that glabridin accumulation
in licorice is governed by distinct, modular biosyn-
thetic routes involving multiple enzymatic steps, and
that targeting key biosynthetic nodes could substan-
tially enhance its metabolite yield. Despite its immense
commercial value, particularly in the cosmetic and
pharmaceutical sectors, glabridin’s low limited natural
abundance and lack of a defined biosynthetic frame-
work have impeded both mechanistic understanding and
industrial scalability.

Our results demonstrate that glabridin accumulates
predominantly in the roots of G. glabra, consistent with
its ecological role in stress adaptation. Alkali stress and
MeJA treatment significantly enhanced glabridin biosyn-
thesis, reflecting the natural adaptation of licorice to arid,
saline-alkali environments. The induction of glabridin
by 5-azaC and hydroxylamine further suggests potential
involvement of epigenetic and redox regulatory mecha-
nisms, opening new avenues for stress-mediated meta-
bolic engineering in medicinal plants.

We then employed a multi-pronged strategy integre-
gating metabolomics, transcriptomics, in vitro enzyme
assays, and synthetic biology. This approach led to the
discovery of multiple stress and chemical inducers of
glabridin accumulation, the elucidation of two intercon-
nected biosynthetic routes, and the functional characteri-
zation of five core enzymes: GgIFR, GgTHIS1/2, GgPTS,
GgPTR1/4, and GgODMT. These enzymes were further
validated through heterologous expression, substrate con-
version assays, and in vivo overexpression in engineered
hairy root cultures.

A central conceptual advance of this study, is in the
identification of two distinct glabridin biosynthetic
routes: an OMT/ODMT-dependent pathway which
involves methylation-demethylation cycles, and an
OMT/ODMT-independent pathway that bypasses these
modifications. Although glabridin lacks a 4'-O-methyl
group, the presence of methylated intermediates in
the OMT/ODMT-dependent route suggests that this
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Fig. 5 Functional characterization of biosynthetic genes in vivo using G. glabra hairy roots. A-E gRT-PCR analysis of GgIFR-OE lines, GgTHIS1-OF,
GgPTS-OE, GgPTRI1-OE, and GgODMT-QOE lines, respectively. F Relative glabridin contents in transgenic hairy roots. Data were normalized with test
lines being calculated relative to the EV mean. The dashed reference line indicates the relative glabridin content in 4-year-old G. glabra main roots.
Data are presented as mean + SD; different lowercase letters denote statistically significant differences (P < 0.05)

seemingly inefficient cycle may serve regulatory or evolu-
tionary roles. Indeed, similar intermediates and enzymes
have been reported in other plant species, supporting the
notion that this pathway is evolutionarily conserved. In
contrast, the OMT/ODMT-independent route proceeds
without the addition and subsequent removal of the
O-methyl group. This study reveals that certain enzymes
function exclusively within one pathway, whereas others
participate in both (Fig. 3, Fig. S4, Fig. S11). Specifically,
the broad substrate promiscuity of GgODMT in O-dem-
ethylation highlights its pivotal role in diversifying glabri-
din derivatives, potentially resolving the long-standing
question of 4’-O-demethylation in glabridin biosynthesis.
Notably, although GgODMT shares functional similari-
ties with PsST60DM and ObF7ODM1 as 2-ODD family
demethylases, phylogenetic analysis reveals considerable
evolutionary distance from them (Fig. S12A). With only
~50% sequence identity to these orthologs and lack-
ing the distinctive N-terminal domain of ObF70ODM]I,

GgODMT may employ divergent catalytic mechanisms
which requires validation through future structural stud-
ies and site-directed mutagenesis (Berim et al. 2015) (Fig.
S16). The unavailability of numerous putative intermedi-
ates leaves open the possibility that GgODMT’s substrate
range extends beyond compounds tested, positioning it
as a versatile biocatalytic tool for synthetic biology appli-
cations requiring diverse demethylation capabilities.
This functional versatility contrasts with the strict regi-
oselectivity observed in other 2-ODDs, highlighting how
evolutionary divergence within enzyme families enables
metabolic innovation in specialized plant pathways.
Different from the successful prenylation of 13 to 21
by PcM4DT, the unresolved catalysis of prenylation
and cyclization steps remains a critical gap in glabridin
biosynthesis. Despite testing seven PT and five CS can-
didates from G. glabra, no native enzyme activity was
detected—like due to incomplete annotated genome or
the presence of uncharacterized gene families. Horizontal
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gene transfer or enzyme engineering may resolve this
bottleneck. Collaborative approaches integrating deep
genome mining, homology modeling, and in vitro recon-
stitution, akin to strategies used for glyceollin synthase
characterization, are warranted to identify these missing
components. More importantly, the efficient synthesis of
glabridin through synthetic biology does not require that
all genes need to be sourced from G. glabra. For exam-
ple, ginsenosides are triterpene saponins accumulating
specifically in Panax species, over 30 enzymes have been
cloned and characterized to be involved in ginsenoside
synthesis from Panax plants, yeast or bacteria (Yang
et al 2018). However, all these genes need to be justified
when used for industrial applications. Similarly, we have
to be very cautious when using PcM4DT in synthesizing
glabridin with synthetic biology approaches before its
function is fully validated.

Complementing these discoveries, we optimized
a high-efficiency A. rhizogenes-mediated hairy root
transformation system tailored for G. glabra. By fine-
tuning explant choice, bacterial strain selection, pre-
culture duration, acetosyringone concentration, and
post-infection antibiotic regimes, we achieved an
induction efficiency exceeding 80%. This platform
enabled precise in vivo validation of enzyme function
and facilitated glabridin overproduction. Most sig-
nificantly, transgenic hairy root lines overexpressing
GgIFR exhibited a 44-fold increase in glabridin accu-
mulation (0.507 mg/g DW), similar levels to those
found in 4-year-old mature roots. Other engineered
lines also showed significant improvements, with
GgPTRI-OE and GgTHISI-OE yielding 26-fold and
12-fold increases, respectively. These findings estab-
lish G. glabra hairy roots not only as a tractable model
for functional genomics but also as a viable chassis for
industrial-scale metabolite production.

To date, all reported efforts to synthesize glabridin
or its intermediates have relied on yeast as the produc-
tion chassis. In contrast, this study establishes G. glabra
hairy roots as an potential and efficient platform. We
show that using the G. glabra hairy root system to pro-
duce glabridin can potentially achieving high yields
without the need to elucidate the entire biosynthetic
pathway. By identifying treatment conditions that
enhance glabridin accumulation in G. glabra plants,
this study also demonstrates that this hairy roots sys-
tem can leverage plant’s endogenous regulatory mecha-
nisms to toost glabridin production.

Taken together, this work provides the first compre-
hensive reconstruction of the glabridin biosynthetic
network and identifies key enzymatic control points
amenable to metabolic intervention. The dual-pathway
model proposed here resolves longstanding questions
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regarding methylation dynamics and pterocarpan deri-
vatization. Moreover, the successful deployment of
a hairy root-based synthetic biology platform opens
avenues for cost-effective, environment-independent
glabridin production. These advances have immediate
implications for the commercial biosynthesis of glabri-
din and broader applications in engineering legume-
derived bioactives.

Materials and methods

Plant materials and growth conditions

Tissues of 4-year-old G. glabra and seeds used in this
study harvested from Pingjibao germplasm garden in
Ningxia. Seeds were sown on 1/2 MS (half-strength
Murashige and Skoog) plates with 0.5 g/L MES
(2-(N-morpholino) ethanesulfonic acid), 1.5% (W/V)
sucrose, pH 5.8 after surface sterilization and overnight
germination and grown under a 16-h-light/8-h-dark
photoperiod at 25C.

Seven-day-old seedlings were subjected to treatments
containing drought, salt alkali, salt, high temperature,
oxidative stress, and UVB, MeJA, ABA, methyltrans-
ferase inhibitors, histone acetyltransferase inhibitors
and hydroxylamine inhibitors. Detail treatment param-
eters are shown in Table S1.

Compound extraction

To extract compounds from tissues or hairy roots
for HPLC analysis, about 10 mg of freeze-dried sam-
ples were subjected to ultrasonic assisted extraction
twice with 1 mL of methanol for 30 min each time, as
described by Ma et al. (2024).

Transcriptional analysis

Seven-day-old seedlings were treated with 100 pM
MeJA for 0, 1, 3 days, and with or without 10 mM
NaHCO; for 12, 48 h. After treatment, seedlings were
collected for transcriptomic analysis. Three biologi-
cal replicates of each treatment were prepared. RNA
extraction, library construction, sequencing, and
analysis were performed by Gene Denovo Biotech-
nology Co., Ltd (Guangzhou, China). Total RNA was
extracted using the Trizol method. RNA quality was
assessed by agarose gel electrophoresis, NanoDrop,
and Agilent 2100. Libraries were constructed using the
NEB#7530 kit, and sequencing was performed on the
[lumina HiseqTM 4000 platform. Differential expres-
sion analysis was conducted using the DESeq2 Biocon-
ductor package. Genes with |log,(fold change)|>1 and
adjusted p-value <0.05 were defined as differentially
expressed genes (DEGs). Relevant result figures were
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generated using the Gene Denovo Cloud platform or
the TBtools software.

RNA extraction, cDNA synthesis and qRT-PCR were
performed according to method used in Ma et al. (2024).
The reference gene actin was used for normalizing the
expression level (Maroufi 2016). The primers used are
shown in Table S4.

Generation of constructs

For expression vectors in E. coli BL21(DE3), the CDS of
candidate IFRs, THISs/VRs, PTS, PTRs, ODMTs were
inserted into the pColdIl vectors or pCold-TF vectors.
For expression vectors in S. cerevisiae, the CDS of can-
didate PTs and CSs were inserted into the pESC-HIS
vectors. For overexpression vector in hairy roots of G.
glabra, the CDS were inserted into the pSuper1300 vec-
tors to fuse with 5’ end of GFP. The primers used in this
study were listed in Table S4.

Expression and purification of recombinant proteins in E.
coli

The heterologous expression and purification of recom-
binant proteins according to method described by Yang
et al. (2024). The purified protein was stored at —80°C for
further study.

Yeast microsome preparation

The yeast expression vectors were individually trans-
formed into S. cerevisiae NMY51 or WAT11 strain, and
the transformants were selected on SD/-His plates. The
positive transformants were cultured overnight in liquid
SD/-His media to reach their log growth phase, followed
by centrifugation to collect the yeast cells. The collected
cells were then washed twice with sterile dH,O and incu-
bated in SC/-His media with 2% (M/V) galactose for 24 h
to induce the expression of target proteins.

Microsomes were prepared following the method
described by Yang et al. (2020) with some modifica-
tions. Firstly, yeast cells were collected by centrifugation
and resuspended with 1:1 (M:V) lysis buffer (50 mM
Tris-HCI, pH 8.0, 1 mM PMSE, 1 mM EDTA, 5% glyc-
erol). Then, the cells were ground in a mortar cooled
with liquid nitrogen and diluted with a 5-fold volume
of lysis buffer. Next,the cells lysates were centrifuged to
collect the supernatants, which were then subjected to
further centrifugation at 160,000 g for 90 min to isolate
the microsomes. After centrifugation, microsomes were
resuspended in storage buffer (50 mM Tris-HCI, pH 8.0,
1 mM DTT, 20% glycerol), and the concentration were
measured with Bradford Protein Assay Kit (Beyotime,
P0006).
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Enzyme activity assay

For IFR activity assay, the reaction mixture was made
with a total volume 100 pL consisted of 20 ug purified
enzyme, 40 pM substrates, 100 mM potassium phosphate
buffer (pH 7.0), and 1 mM NADPH. The reaction was
carried out for 1 h at 30°C. For THIS/VR activity assay,
the reaction mixture was made with a total volume of 100
uL consisted of 20 pg purified enzyme, 20-50 uM crude
substrates, 100 mM potassium phosphate buffer (pH 6.0),
and 1 mM NADPH. The reaction was carried out for 1 h
at 30°C. For PTS activity assay, the reaction mixture was
made with a total volume of 100 pL consisted of 20 pg
purified enzyme, 20-50 uM crude substrates, 100 mM
potassium phosphate buffer (pH 7.0). The reaction was
carried out for 1 h at 30°C. For PTR activity assay, the
reaction mixture was made with a total volume of 100 pL
consisted of 100 pg purified enzyme, 4-20 uM substrates,
100 mM potassium phosphate buffer (pH 7.5), 0.1 mg/mL
sucrose, and 0.5 mM NADPH. The reaction was carried
out for 30 min at 30°C. For PT activity assay, the reac-
tion system was made with a total volume of 100 pL con-
taining 30 pg recombination yeast microsomes, 50 mM
Tris-HCI (pH 8.0), 4—20 pM substrates, 1 mM DMAPP,
and 10 mM Mg”". The reaction mixture was incubated
at 20 C for 2—8 h and followed by ethyl acetate extrac-
tion. For CS activity assay, the reaction system was made
with a total volume of 100 pL containing 30 pg recom-
bination yeast microsomes, 50 mM potassium phosphate
buffer (pH 7.5), 20-50 uM crude substrates, and 1 mM
NADPH. The reaction mixture was incubated at 25 C
for 6-8 h and followed by ethyl acetate extraction. For
2-ODD activity assay, the reaction mixture was made
with a total volume of 100 pL consisted of 20 pg purified
enzyme, 5-100 pM substrates, 100 mM potassium phos-
phate buffer (pH 6.0), 1 mM a-ketoglutarate and 1 mM
ferrous sulfate. The reaction was carried out for 90 min
at 25°C. The extracted solution was dried using a vacuum
concentrator (Eppendorf, ag5305), dissolved in HPLC
grade methanol, and filtered through 0.22 pm micropo-
rous membrane for further analysis. To obtain products
for NMR identification, an enlarged reaction system was
prepared to catalyze about 2 mg of substrates.

Generation of hairy roots

The recombinant vectors were introduced into A. rhizo-
genes strains (A4, K599, MSU440 or C58C1) via elec-
troporation. Positive transformants were selected and
cultured overnight at 30°C agitation at with 200 rpm.
The cultures were subsequently diluted 1:100 in fresh LB
medium with proper antibiotics and grown until ODg,
reached 0.6. Cells were collected by centrifugation and
resuspended in different induction buffers to an ODg,
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of 0.6. The suspension was incubated at 30°C in darkness
for 2 h before infection.

For infection, hypocotyls and/or cotyledons of 7-day-
old G. glabra seedlings were immersed in the suspen-
sion for 30 min with gentle agitation. Following infection,
the explants were blotted dry on sterile filter paper and
transferred to co-cultivation medium (1/2 MS) for 48 h in
darkness at 25°C and then to selection medium consist-
ing of 1/2 MS with cefotaxime sodium salt and cultured
at 25°C under 16/8 h (light/dark) photoperiod. Hairy
roots will be observed after about 15 days.

HPLC and UPLC-MS analyses
The reaction products and compounds extracted from
hairy roots were analyzed with HPLC. An HPLC system
(SHIMADZU, LC-2030C) containing two reversed-phase
C18 columns (150 mm X 4.6 mm, 5 pm, SHIMADZU;
250 mm X 4.6 mm, 5 um, SHIMADZU) were employed.
Gradient elution was performed using three mobile
phases: A (water containing 0.1% formic acid), B (meth-
anol) and C (acetonitrile). The gradient elution condi-
tions were referred to one of the following two: (1) A and
C were used: 0-7 min, 30% —33% A; 7-9 min, 33% A;
9-13 min, 33%—55% A; 13—15 min, 55% A, 15-27 min,
55%—-90% A, 27-29 min, 90% A, 29-31 min, 90-30% A,
31-35 min, 30% A. (2) A and B were used: 0-25 min,
65%~50% A; 25—26 min, 50%—65% A; 26—30 min, 65% A.
To identify the products, a Thermo Scientific TSQ
Endura LC-ESI-MS system with a UPLC Hypersil Gold
column (100 x 2.1 mm 1.9 um, Thermo Scientific) at
40 °C with a flow rate of 0.2 mL/min was used. Gradi-
ent elution was performed using two mobile phases: A
(water containing 0.1% formic acid) and B (acetonitrile).
The gradient elution condition were referred to one of
the following two: (1) A and B were used: 0—7 min, 30%
—33% A; 7-9 min, 33% A; 9-13 min, 33%—55% A; 13-15
min, 55% A, 15-27 min, 55%—90% A, 27-29 min, 90% A,
29-31 min, 90-30% A, 31-35 min, 30% A. (2) A and B
were used: 0—25 min, 65%~50% A; 25-26 min, 50%—65%
A; 26-30 min, 65% A. The injection volume was 1 pL.
The wavelengths of the UV detectors were 210 nm, 254
nm, and 280 nm. The mass spectrometer operation
parameters were set as follows: ion source temperature
250 °C, sheath gas 35 arb, auxiliary gas 10 arb, ion trans-
fer tube temperature 275 °C, ion spray voltage 2.5 kV for
negative mode and 3.5 kV for positive mode, and a mass
scan range (m/z) of 150-800.

Abbreviations

14-OMT  4-O-methyltransferase
12'H 2-hydroxylase

IFR isoflavone reductase
VR vestitone reductase
PTS pterocarpan synthase
MeJA methyl jasmonate
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ABA abscisic acid

5-azaC S5-azacytidine

THIS 7,2/4-Trihydroxyisoflavanol synthase:

PTR pterocarpan reductase

ODMT O-demethyltransferase

PT prenyltransferase

DW dry weight

cs cyclase

HPLC high performance liquid chromatography

NADPH  Nicotinamide Adenine Dinucleotide Phosphate Hydrogen
RT retention time

DMAPP  Dimethylallyl diphosphate

2-ODD  2-oxoglutarate-dependent dioxygenase
AS acetosyringone

BRB bacterial resuspension buffer

Cef Cefotaxime

EV empty vector

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/543897-025-00202-x.

Supplementary Material 1: Figure S1.The glabridin contents of samples
for RNA-seq. (A) and (B) The glabridin contents of roots from 7-day-old
seedlings with/without 10 mM NaHCO5 or 100 uM MeJA were measured
with HPLC. Glabridin contents were calculated based on dry weight.

Data shown are from three biological repeats. (C) and (D) The correlation
of RNA-seq samples and the number of differentially expressed genes
(DEGS). Figure S2. Identification of IFR in G. glabra. (A) Protein sequence
alignment of GmIFR (NP_001276127.2) and GgIFR. (B) Heatmap of

GglFR expression in transcriptomes under MeJA or NaHCO; treatments;
numbers represent FPKM values. (C) MS and MS/MS spectra (M + H]*)

of generated product 11. Figure S3. Identification of VR and THIS in G.
glabra. (A) Phylogenetic tree of GgVR/GgTHIS with MsVR (AAB41550.1),
GMTHIST (Glyma.18G220500), and GmTHIS2 (Glyma.09G269600). (B)
Expression heatmap of GgVR/GgTHIS in transcriptomes under MeJA or
NaHCO, treatments; numbers indicate FPKM values. Figure S4. Functional
characterization of GgVRs/GgTHISs in vitro. (A) Reaction scheme of THIS
catalyzed transformation of 11 to 12. (B) MS and MS/MS spectra ([M - H,0
+ HIM) of product 12. (C) and (D) HPLC chromatogram and conversion
rates of 11 to 12. (E) Reaction scheme of VR or THIS catalyzed transforma-
tion of 9 to 14. (F) MS and MS/MS spectra (IM - H,0 + H]*) of product 14.
(G) and (H) HPLC chromatogram and conversion rates of 9 to 14. Figure
S5. Identification of PTS in G. glabra. (A) Nucleotide sequence alignment
of GgPTS and GePTS (AOATV1FHO1). (B) and (C) MS and MS/MS spectra

(IM + H1™) of generated product 13 and synthetic standard 13. Figure S6.
Identification of PTR, PT and CYP71 in G. glabra. (A), (C) and (E) Phylo-
genetic tree of GgPTR, GgPT and GgCYP71. LjPTR1 (AB265589), LiPTR2
(AB265590), LjPTR3 (AB265591), LjPTR4 (AB265592), PcMA4DT (AYV64464),
GmMG4DT (BAH22520), Glyma.11G062500 and Glyma.11G062600 were
clustered. (B), (D) and (F) Expression heatmap of GgPTR, GgPT and GgCYP71
in transcriptomes under MeJA and NaHCOj treatments; numbers indicate
FPKM values. Figure S7. Characterization of the PT — PTR — CS pathway of
glabridin biosynthesis. (A) and (B) Reaction scheme and HPLC chromato-
gram of PT catalyzed conversion of 13 to 21. (C) MS and MS/MS spectra
(IM + HI) of generated product 21. (D) Reaction scheme of PTR catalyzed
conversion of 21 to 20. (E) MS and MS/MS spectra (IM + H]™) of generated
product 20. (F) and (G) HPLC chromatogram and conversion rate of 21 to
20. Figure S8 'H NMR and ">C NMR of 3,9-Dihydroxy-4-prenylpterocarpan
(21). (A) Structure of 21. (B) "H NMR (500 MHz, Methanol-d4): & 7.15 (1H,
d,J=83Hz H-1),7.10 (1H,d, J=80Hz H-7),6.52 (1H,d, /=84 Hz,
H—-2),6.34 (1H, dd, J = 8.0, 2.2 Hz, H-8),6.26 (1H,d, J = 2.2 Hz, H—10), 5.46
(1H,d,J=56Hz, H=11a),3.50 (1H, m, H—6a) 3.47 (1H, m, H—6b). 5.19 (1H,
t,J=74Hz, H=2"),427 (2H,d, /=59 Hz, H—1,1.76 (3H, s, H—4'), 1.65 (3H,
s, H=5. (C) *C NMR (126 MHz, MeOD): 6 161.95, 159.81, 156.94, 155.70,
131.46,129.81,126.01,124.23,119.74, 109.99, 108.58, 98.69, 80.70, 67.89,
49.51,49.34,49.17,49.00, 48.83, 48.66, 48.49, 40.90, 25.93, 23.14, 17.87.
Figure S9. Characterization of the PTR — PT — CS pathway of glabridin
biosynthesis. (A) Reaction scheme of PTR catalyzed conversion of 13 to
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17. (B) MS and MS/MS spectra (M + HI™) of generated product 17. (C)
and (D) HPLC chromatogram and conversion rate of 13 to 17, respec-
tively. (E) and (F) Reaction scheme and HPLC chromatogram of PcM4DT
and candidate GgPT catalyzed conversion of 17, respectively. (G) and

(H) Reaction scheme and HPLC chromatogram of GmCS and candidate
GgCS catalyzed conversion of 20, respectively. Figure S10. Characteriza-
tion of the PT — CS — PTR pathway of glabridin biosynthesis. (A) and (B)
Reaction scheme and HPLC chromatogram of GmCS and candidate GgCS
catalyzed conversion of 21, respectively. (C) and (D) Reaction scheme and
HPLC chromatogram of GgPTR catalyzed conversion of 24, respectively.
Figure S11. Functional characterization of GgPTRs. (A) and (B) Reaction
scheme and HPLC chromatogram of GgPTRs catalyzed conversion of 13,
respectively. (C) and (D) Reaction scheme and HPLC chromatogram of
GgPTRs catalyzed conversion of 15, respectively. Figure S12. Identification
of ODMT in G. glabra. (A) Phylogenetic tree of Gg2-ODDs with ObF7ODM1
(KM507365) and PsT6ODM (GQ500139). (B) Expression heatmap of Gg2-
ODDs in transcriptomes under MeJA and NaHCO; treatments; numbers
indicate FPKM values. (C) - (H) MS and MS/MS spectra ([M + H]1) of
GgODMT generated product. Figure S13. Enzyme properties of GgODMT.
Effects of enzymatic reaction time (A), pH-dependence (B), temperature
(C) on GgODMT activity. Figure S14. Induction of G. glabra hairy roots.

(A) Seven-day-old aseptic seedlings of G. glabra. Scale bar = 2.0 cm. (B)
One-month old hairy roots induced from different explants after infection.
Scale bar = 2.0 cm. Effects of (C) infection positions, (D) Agrobacterium
strains, (E) pre-culture duration, (F) Bacterial resuspension buffers (BRB),
(G) and (H) AS concentration in infection solution and co-culture medium,
respectively, and (1) cefotaxime (Cef) concentration in growth medium
on hairy root induction rate. Data are presented as mean + SD. Different
lowercase letters indicate statistically significant differences (P < 0.05).
Figure S15. Functional characterization of biosynthetic genes in vivo
using G. glabra hairy roots. (A) - (F) Phenotypes of transgenic hairy roots:
(A) pSuper1300-GFP empty vector (EV), (B) GgIFR-OE, (C) GgTHIST-OE, (D)
GgPTS-OE, (E) GgPTR1-OE, and (F) GgODMT-OE. Scale bars = 2.0 cm. (G)
Glabridin contents in transgenic hairy roots. The dashed reference line
indicates the glabridin level in main roots of 4-year-old G. glabra. Data are
presented as mean + SD. Different lowercase letters denote statistically
significant differences (P < 0.05). Figure S16. Protein sequence alignment
of PsST6ODM (GQ500139), ObF7ODM1 (KM507365) and GgODMT. Regions
highlighted in red indicate the unique N-terminal domain of ObF7ODM1.
Table S1. Summary of glabridin content variation of G. glabra under
different treatment conditions. Table S2. Kinetic properties of GgODMT.
Table S3. Comparison of GgVRs/THISs with reported VR/THIS protein
sequences. Table S4. List of primers in this study.
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