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SRR T (Glycyrrhiza uralensis Fisch.) je SRV REHEY), #EEZ . B MESUIRZ M.
H SRR A AP H R ) R B A, R A 2 TR IR G B RR AR . ARRT R
T HE R A, SRTHRRES H B b H SRR AR B RS PR I & &, RARBEH A R e, $TT
HEERE R, BN A A AR ) B R4 . CYPA50 B K1 ) CYP72A H CYP88D s
S5 RR FIFE BRI R K% HERERSMER (ABA) « HHr#RE (CKs) .
F#E (GA) HMYIBE A RIIE MVA I MEP i&42, F R CYP72A F1 CYPSSD /ML [R5
JEAE A i H R (1 [ B %o 2 e 1) VR R 5 B PT RE AT — e s . AN Fod i e s o #r, A
CYP72A #1 CYP88D W.5 ik ik | 3 AN 5 HFIR G MAHKH) GuCYP450 B, FAI I H S fL b
AR R, BIEHIESRRH R IThEE. THE 3 A GuCYP450 FER R IE T H B 25 IRy W
VR G LA R B VIR, AR A e H B D Re, e s H EE R R E O
PEW LSRR O, O N — DR G R RS AR i R A
[7ik]

FIF AWM B 2R 7 VRN B R H B CYPT72A R CYPSSD WA RHEAT 40 A, FFil it i 4 5
W HAEA R VR A D8 2640 T I RIA KT, ik FIREER KRS 5 H B -& UAEE HE A,
FIFH qQRT-PCR J/VEBATIAIE . F £ i BE TR (10 Feb #udd, R SRR RUSE ik &R,
W RRHRE, SRAGIEHE R FOR bR . R e R €S/ B 5T 1% (UPLC-MS/MS) A & 4% Kt
DR H 50 i Ve R N R i, RS A R H B R e e, AT R R R
IERIBXETE RS, IR & BORAR 2R IR 5200 o
[455]

(1> CYP88D 5 CYP72A W05 I Bt i3 2 ik W 2 o b b S B ke IR i e

BT 5 R H AL R A B, 5 CYPSSD 5 CYPT2A W5 i i A #E47 % & A W15 B 2220 s
TESRURH B AL % e 9 A CYPT72A JEFIFI 3 A~ CYPSSD FE[K . 25 iy H BRI AR 3R - e
B, 35T 9 4 CYP72A LKA 3 A CYP8SD SE R FRIA KR, Tk T 3 AME SR /R H AR RS
FtERIk BAEAEAE YA J5 R 4 Rk B BRI GuCYP450 3R (GuCYP724154 . GuCYPS8D6
GuCYP724566)

(2) WFRIK GuCYP450 F RN 5 R7 R H FEH T 58 5335 11 1 3 B A VR IR 1R 5 e 43 A

N IRAIE 3 A GuCYP450 BRI DhRe, R SRR HEBEHNAR, ESh/R TR
FIE GuCYP724154. GuCYPS88DG6. GuCYP72A566 FE[K, 5% 5 5L DR AR i 1 1 o 2 . PRI
IR EPERFAT 30T 34 GuCYP450 JEH (11 Feik 2% B 35 3R TH I R 5 R H Bl R 36 4 A2
B ORI SR, JF B B R H S R H R A A& (R R R
AURE A SRR HAEREF TR NI KZER (SA) Mg S EM AR, Hi



ABA & T RONEE . R, GuCYP724154. GuCYPS8SD6. GuCYP72A4566 #:H AU S 5HE 2
I A, Xt SA 1 ABA 4 i H A E B,

(3) BT 53 B GuCYP450 DR X 5 Ry /R H B3 11 R4y S0 ¥ 73 -1 HLER I 5

s T 734 3 MR IE GuCYP450 FPRU0 SR /R H SR F 73 B R Rk K iy, R
MRy BRI H R S T N R, B2 RN KEGG & 4R R i R LA £ 2 A =
AL BERE IR G R RN R REIEY G A S A AR YRS
S5 MPKA 5 5@ M AEY-RE AR EARRAE FRE R B EE, BRERNT SRS, HEER. 3%
AHRAE YR (SA. ABA) HIAHURIE DL ERTE 55 Fi81E (SA. ABA. 1AA. JA G5 S
BR) MRBEREPERILEE LR, XE5EH (2) FEEHEFEH R SRS ER M —8. @it
WGCNA 781, ik T 7 MEOHEFIEF, i+ MYB44, bHLH13. bHLH162. ERF. DREB 5
FAE SH MBI &R, IR 3 A GuCYP450 J3 81 A7 5 iX Bl s R 1 AH 45 & (1
AR o . PRI, NN 25 e R 7 IR IA T RE 2 5 14 H B s AR 6 i
[45i2]

GuCYP72A4154. GuCYP88D6 H1 GuCYP72A4566 & H IR & I CHEFE R, 1X 3 ANFE DA (1) R IE Xt
HERSEA DENRIEER; JFH, 34 GuCrP450 3 EIE B SR &R M G 5 H S
WA RIE R RIE, MM EdE s iR A& . Hodr, #5%H+ MYB44. bHLH13. bHLH162.
ERF. DREB 7EX /MR Al BRAHE CEEME ), RS S AR & g A8 vh OCBEBE R ) 3R08 (it
ZIFETE R R R O T 0 H T B ARIRE B R SRR A T R S
R BRURH R QMR P4S0; L4l VETERUY



Abstract

Objective:

Glycyrrhiza uralensis Fisch. is a genus of licorice in the family Leguminosae, which is widely used in
pharmaceutical, food and other fields. Glycyrrhizic acid and flavonoids are the main active components in
licorice, and they are also the key indicators of licorice medicinal quality. Cultivated licorice is the main
body of market supply and enhancing the content of glycyrrhetinic acid and flavonoid active ingredients in
cultivated licorice is an important way to promote the development of licorice cultivation, enhance the
benefits of licorice cultivation, and reduce the production cost of processing enterprises. CYP72A and
CYP88D in the CYP450 superfamily are two key subfamilies involved in the downstream synthesis
pathway of glycyrrhetinic acid; glycyrrhetinic acid is associated with abscisic acid (ABA), Cytokinins
(CKs), gibberellins (GA) and other phytohormones are synthesized in MVA and MEP pathways, and its
downstream CYP72A and CYP88D gene families may synthesize glycyrrhetinic acid while the endogenous
hormone synthesis in Glycyrrhiza uralensis may also have some effects. In this study, we screened 3
GuCYP450 genes related to glycyrrhizic acid synthesis in the CYP72A and CYP88D subfamilies by
transcriptome analysis. By genetic transformation method, their functions were verified in G. uralensis. We
analyzed the effects of the expression of the 3 GuCYP450 genes on the medicinal active components , the
synthesis of endogenous hormones, and the agronomic traits of G. uralensis, and preliminarily resolved
their functions in licorice, to provide a research basis for revealing the synthesis of licorice active
ingredients and its regulatory network, and also to provide candidate genes for the next step of cultivating
high-quality licorice germplasm.

Methods:

The two subfamilies of CYP72A and CYP88D in G. uralensis were analyzed by bioinformatics
methods, and their expression levels in different tissues and abiotic stress conditions were analyzed by
transcriptome, and the candidate genes involved in glycyrrhetinic acid synthesis of the above gene families
were screened and verified by qRT-PCR methods. The overexpression vectors of the candidate genes were
constructed and transformed into G. uralensis using the G. uralensis genetic transformation system to
obtain transgenic G. uralensis plants. The contents of active ingredients and endogenous hormones in the
underground parts of transgenic G. wuralensis were determined wusing ultra-high liquid
chromatography/tandem mass spectrometry (UPLC-MS/MS), and the effects of overexpression of
candidate genes on the synthesis and accumulation of active ingredients and endogenous hormones were
analyzed in conjunction with the data of the transcriptome of the underground parts of transgenic G.

uralensis.



Results:

(1) Analysis of the expression patterns of CYP88D and CYP72A subfamily members and screening of
key genes.

Based on the the whole genome data of G. uralensis and bioinformatics analysis of CYP88D and
CYP72A subfamily members, a total of 9 CYP72A genes and 3 CYP88D genes were identified in G.
uralensis. The accumulation of the medicinal component glycyrrhizic acid is mainly in the roots of licorice.
Based on the expression characteristics of the 9 CYP72A genes and 3 CYP88D genes, 3 GuCYP450
(GuCYP72A4154, GuCYP88D6, GuCYP72A4566) genes were screened for their expression in G. uralensis
roots specifically, and the expression of them in the underground portion of the plant was significantly
up-regulated after abiotic stresses.

(2) Analysis of the effect of overexpression of GuCYP450 gene on the active components and
endogenous hormones in the underground parts of G. uralensis.

To further validate the functions of the 3 GuCYP450 genes, we overexpressed GuCYP72A154,
GuCYP88D6, and GuCYP72A4566 genes in G. uralensis using the genetic transformation system of G.
uralensis and analyzed the contents of the active ingredients, endogenous hormones, and agronomic traits
in the transgenic plants. Overexpression of the 3 GuCYP450 genes significantly enhanced the biomass, root
division and rhizoma number of the underground parts of transgenic G. uralensis, and promoted the
accumulation of glycyrrhetinic acid and flavonoid (liquiritin, isoliquiritigenin, chalcone A) contents in the
underground parts of transgenic G. uralensis; and the salicylic acid (SA) and abscisic acid contents of the
underground parts of transgenic G. uralensis were higher than those of the wild type, with the most
significant increase in the content of ABA. This indicates that the GuCYP72A4154, GuCYP88D6 and
GuCYP72A4566 genes are not only involved in the synthesis of medicinal components of G. uralensis, but
also have an important influence on the synthesis of SA and ABA.

(3) Transcriptome sequencing analysis of the molecular mechanism of the effect of GuCYP450 gene
on the active components of G. uralensis.

Transcriptome sequencing analysis of the effects of overexpression of the 3 GuCYP450 genes on the
expression levels of the genes in the underground part of G. uralensis. The number of up-regulated genes
was found to be significantly higher than that of down-regulation in the underground part, and the pathways
with high KEGG enrichment of the up-regulated differential genes included sesquiterpenoid and
triterpenoid biosynthesis, terpenoid backbone biosynthesis, phenylpropanoid biosynthesis, flavonoid
biosynthesis, and isoflavonoid biosynthesis. Phytohormone signaling, MPKA signaling pathway, and
plant-pathogen interactions were also significantly enriched in up-regulated genes. The expression of genes
related to synthesis pathways of glycyrrhetinic acid, flavonoids and phytohormones (SA, ABA) as well as

hormone signaling pathways (SA, ABA, IAA, JA signaling pathways) were significantly up-regulated in



the transgenic G. uralensis, which was in accord with the changes in the active components and hormone
contents of the transgenic G. uralensis in result (2). By WGCNA analysis, 7 core transcription factors were
screened, among which MYB44, bHLH13, bHLH162, ERF, and DREB were associated with hormone
signaling and flavonoid biosynthesis, and cis-acting elements were found to be present in the promoter of
the 3 GuCYP450 that bind to these transcription factors. Therefore, it is hypothesized that the expression of
these transcription factors may be involved in the regulation of flavonoid biosynthesis in G. uralensis.
Conclusion:

GuCYP72A4154, GuCYP88D6 and GuCYP72A4566 are the key genes for glycyrrhetinic acid synthesis,
and the expression of these 3 genes significantly promoted glycyrrhetinic acid content; moreover, the
expression of the three GuCYP450 genes also affects the expression of the genes related to the hormone
synthesis and its signaling pathway, which in turn promotes flavonoid synthesis. Among them, the
transcription factors MYB44, bHLH13, bHLH162, ERF, and DREB may play key roles in this process,
regulating the expression of key genes in the flavonoid biosynthesis pathway and promoting the
accumulation of medicinal active ingredients; This provides a theoretical basis for the next step of G.
uralensis molecular breeding and cultivation of high-quality G. uralensis germplasm resources.

Key words: Glycyrrhiza uralensis Fisch; Cytochrome P450; Transcriptome; Active Ingredients
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PR AGEE XSRS
e & o] HLAFR H AR
Abbreviation English Name Chinese Name
LB Luria Broth LB 55753k
MS Murashige and Skoog MS 3557 3
ddH,O Distilledant deionized water X ZE K
RNase Ribonucleic acid enzyme F2 A 2 1 i
bp Base pair B 2 X
Hyg Hygromycin i
Amp Ampicillin AR HER
Kan Kanamyein RHEER
Rif Rifampicin A
cDNA Complementary DNA H 4 DNA
RNA Ribonucleic acid 2 YA
PCR Polymerase chain reaction BEl et 2 b
qRT-PCR Real-time quantitative PCR S5 &= PCR
MVA Mevalonic acid W72 MR
MEP 2-methyl-d-erythritol-4-phosphate 2- WL -D- SR FE -4 T 1R
HMGS 3 - Hydroxy-3-Methylglutaryl -CoA Synthase 32 B3 é‘i}f@ MRS A
HIMGR 3-hydroxy-3-methylglutaryl-coenzyme A 3-FRE-3- IR TR B AE A
reductase 14 I
SQS Squalene synthetase M G PR
FPPS Farnesyl pyrophosphate synthase 2 Je TR IR S
SQE Squalene epoxidase ¥ ST
[-AS [-amyrin synthetase B- 77 I i e g
CYP88D6 Cytochrome P450 A3 P430
CYP72A154 Cytochrome P450 i 3R P450
CYP72A566 Cytochrome P450 #1 it £, 2 P450




hIECAE X IR (B8R

XA TR HSCAA TR
Abbreviation English Name Chinese Name
UGT73P12 Glycosyltransferase PE L R I
CHS Chalcone synthase AR 5 e
CHI Chalcone isomerase B IR B 7 ¥ P
C4H Trans cinnamic acid-4-hydroxylase S R RR-4-FR A g
IFS Isoflavone synthetase ST & R
HIDH 2-hydroxyisoflavone dehydratase 2-F2FE e I K Bl
PAL Phenylalanine ammonia lyase TR N 2 IR i 2 g
ICS [sochorismate synthase S R IR
NCED 9-cis-epoxycarotenoid dioxygenase 9-M-PAA SR b 2 XU A g
AIMI1 Abnormal inflorescence meristem 1 ST R R
FDR False discovery rate Bz I
DGEs Differentially expressed genes PR e U
UDGEs Upregulated differentially expressed genes Rz e R A
KEGG Kyoto encyclopedia of genes and genomes U E AR A R AL R 4H
GO Gene ontology FEH AR
JA Jasmonic acid R HIE
ABA Abscisic acid Ji ¥ 1
IAA Indole-3-acetic acid W51 £ 1%
SA Salicylic acid KGR
GA Gibberellin INEER
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