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Overexpression of (35)-linalool synthase gene (L1S) regulates the
glycyrrhizic acid biosynthesis in Glycyrrhiza uralensis hairy roots

KE Ling-yu, CHEN Zi-yi, DING Wen-wen, ZHANG Zhi-xin, HE Ping’, LIU Ying"

(School of Life Sciences, Beijing University of Chinese Medicine, Beijing 102488, China)

Abstract: (35)-Linalool synthase (LIS) is a key enzyme involved in the monoterpene biosynthetic pathway.
Based on our previous transcriptome study, the expression level of LIS gene was exceedingly related to glycyrrhizic
acid (GA) biosynthesis. Therefore, we used hairy root culturing to further investigate the effect of LIS on the GA
biosynthesis. A LIS gene (GenBank accession number: MZ169552) was cloned from Glycyrrhiza uralensis. The
plant binary overexpression vector pCA-LIS was constructed by gene fusion. G. uralensis hairy roots overexpressing
LIS were induced by the Agrobacterium rhizogenes ATCC15834. The expression levels of LIS were analyzed by
real-time quantitative PCR (RT-qPCR) and the contents of GA in hairy root lines were determined by UPLC. It was
found that in the hairy root lines overexpressing LIS, the expression levels of LIS were significantly higher than
that in the wild type, while the contents of GA were remarkably lower than those in the wild type and negative
control. These findings indicate that the expression level of LIS is negatively correlated with the accumulation of
GA. In this study, LIS was cloned from G. uralensis for the first time and the negative regulatory effect of LIS on
GA biosynthesis was confirmed by reverse genetics. This work provides support for further improvement of the
molecular regulatory network of GA biosynthesis in G. uralensis.
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Figure 1 The biosynthetic pathway of triterpenoid and monoterpenoid in G. uralensis. MVA: Mevalonate; MEP: 2-C-methyl-D-erythritol

4-phosphate; IDI: Isopentenyl-diphosphate delta-isomerase; GGPS: Geranylgeranyl pyrophosphate synthase; LIS: (35)-Linalool synthase
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A AR PR PR R, C ORI S B R D RE ) R
U SR AR R, 40 7R85 5% (Fagopyrum tataricum) &
AR I SRk FrF3GT, 25 R A i 2 3 v B IR AR v e 3
Fi -5 521 75 PEAA R 25 BF 52 (Leonurus sibiricus L.)
B RAR it SR IE ArPAP, 5E R 0] 15 5 1 K T R 1
HERPL RN F, AR AT SR BIRAR A
FaO0) H B I 3 2H B e 2 A B AR 2 N B B
(auxin-responsive protein IAA gene, ARPI). -7 #f
P B A Bl 2 K] (B-amyrin synthase gene, $-A4S) UDP-
il %] BE 4- 22 7] 7 W 8 £ IR (UDP-galactose/glucose-4-
epimerase gene, UGE)- 7 /K i 57 #4 g & [A (chalcone
isomerase, CHI). B 28 B8 5- ¥ 1L g 3& [ (ferulate 5-
hydroxylase, F5H) % kE S92 & T W58, f@ AT T 1X L83
R JE RO T H BE R AR & ) A A P22, R,
AT 5 AR K R B ARAR R R0 LIS (1) Dy e T R w9,
i AT 12 35 DR E H B Al S AR TR I E L, Dtk —
AR BR AR B B 4 A Y 2 SR AR AR

MEIER*E

A5 DNA/RNA —sEREHAF G T L
AR A TR AR A IR 2 7 KA B DHSo 2 2
41l - GoldenView - DNA Marker (BM2000.BM15000)-
e A ORI B PR S DU & (B0 Y)  BM g% e
B X 771 5 B R U R A [ WA 77 8 2 I T b i 1
IBAERH R A PR A R, RAB%E: & (kanamycin, Kan) I
F Genview A @ ; pMD-19T #44 R i 14 Py VI Bgl 11
Spe 155 T TaKaRa A # ; 3k i & i5 84 (cefotaxime

Table 1 Primer sequences used in this study

sodium, Cef) Fl & ¢ 5 % (ampicillin, Amp) & Tt
SRR AE VIO A IR w5 B (o0 k) T R
PR A IR A ) OB (i) 16 T 2880« i
RBHE () AR A A H R B R (MUST-
16011310) I T j #6 & Wi Fe AR V) BHECA B 2 =], 468
N 99.45%; NovoStart® SYBR qPCR SuperMix Plus-
NovoScript® Plus All-in-one 1st Strand cDNA Synthesis
SuperMix (gDNA Purge) 4T Bifgin R AR A A .
2% A300 24 PCRY™ AL (Wi BIFERF A A5 A
PR A 7); 1H %% 55 78 48 DLHR-Q200 (A5 R BL IS /K
AN A 38 AT BR A 71); 1-13000 L 25004 (35 [H Sigma
A H]); Gene PulserMXcell 2 FLAY (32 E BIO-RAD A #));
DYY-8 %% s Aa i HL ik A (BB A T AR A PR A
Al); B SAR R G (A E RV HE ARG R A ).
PCREIMIRIER SI1W& B Fe ¥t il A T
LY TR D B RAF E&. Bk RAE57E B
W 1R, & PCRIEF WL 2 Fis.
HELISEFTE KH RNA #5000 & A ¥
2 T AR FE SR ELUE RNA, K FH cDNA & ik 771 £ 33
5319 cDNA. | F] NCBI 7£ 28 T 2 PrimerBLAST
(https://blast. ncbi. nlm. nih. gov/Blast. cgi) ¥ i 51 ¥ 1
(F 1), KHPCREEF 1 (K 2) X LISEER BEATH 4, I
25 pL & % A: ¢cDNA 1.0 uL, LA Taq /i 0.25 pL, LIS-
F1 (10 umol-L™") 0.5 uL, LIS-R1 (10 umol-L™") 0.5 uL,
dNTPs (2.5 umol-L™) 2.0 uL, 10xLA PCR buffer (Mg™")
2.5 uL, ddH,0 18.25 pL. X PCR=#ik47 i [FIUi &lifh,
HEN pMD-19T 34K, 16 °C e M . 18I #yofs %

No. Project Primer Sequence (5'-3")
I LIS cloning LIS-F1 ATGTCTACTGCAAATATAATGGCTG
LIS-R1 TCAATAGCTAGGAAGAGATGTGAAG
I Construction of LIS overexpression vector LIS-F2 CTCTTGACCATGGTAGATCTATGTCTACTGCAAATATAATGGCTG
LIS-R2 TTGATCGGGTACAGACTAGTTCAATAGCTAGGAAGAGATGTGAAG
I Verification of ro/C in hairy roots R-F CATATATGCCAAATTTACACTAG
R-R GTTAACAAACTAGGAAACAGG
IV Identification of exogenous LIS in transgenic GL-F GCTTGCAGCATACAATGCCT
hairy roots GL-R CCGAAGCGGAGCACGATAC
V  f-Actin expression detection by RT-qPCR qB-F CAAAAGGATGCCTATGTGGG
gqB-R CAGGAGCAACACGCAATTC
VI LIS expression detection by RT-qPCR qLIS-F AGTTGGGACTTGTTGACA
qLIS-R TCATCCAATGTGCCATAAGTGT

Table 2 PCR programs used in this study

No. Project PCR program
1 LIS cloning 94 °C 5 min, 35 cycles 0f 94 °C 30's, 50 °C 30's, 72 °C 100 s, and 72 °C 5 min
2 Construction of LIS overexpression vector 94 °C 5 min, 35 cycles 0f 94 °C 30 s, 50 °C 30 s, 72 °C 100 s, and 72 °C 5 min
3 Verification of ro/C in hairy roots 95 °C 5 min, 34 cycles 0f 95 °C 30's, 56 °C 30 s, 72 °C 60 s, and 72 °C 5 min
4 Identification of exogenous LIS in transgenic hairy roots 95 °C 5 min, 34 cycles of 95 °C 30 s, 55 °C 30's, 72 °C 60 s, and 72 °C 5 min
5 [-Actin expression detection by RT-qPCR 95 °C 1 min, 40 cycles of 95 °C 20 s, 60 °C 1 min
6 LIS expression detection by RT-qPCR 95 °C 1 min, 40 cycles of 95 °C 20 s, 60 °C 1 min
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PP W AN K I FT 5 DHS o % 32 2540, 78 LB (&
Amp 50 mg-L") 7 %k FH 1 v B, I3k 47 PCR 46
TIE, F 38 UF T A 0 T 0 )
HELISEMERZES M KA EsPASy-ProtParam
X H B LIS [ 43k AT BRALPE 5 20 T R SOPMA X H
LIS HEAT 258 73 Bt ; K FH Swiss-Model £ # H 2
LIS =% 45 /RS 5% ] SignalP 6.0 Server X} H % LIS
AT 5 IR TN ; K F NCBI #J CD-search % H B LIS
HH R R 5T 5 A 34T TN AN GenBank $i#4i8 2 A Hk ik
19 2% >R B AN [R] FlJ 1 6 445 &5 Bl 25 17 91, {85 F MEGA
L1 3R A4S LB 7 B A S S B 3145 (1 H 5 LIS #E 4T 5%
FArHT, SR A IE AR TR SE 5L (neighbor-joining, NT) #4
RGN
BRELISEMRNTREREAENBE 1
pCAMBIA1305.1 .4k I, F Bgl 11 } Spe 1§ U147 5 4
N LIS FE R, BARD B0 R : K% BM J64% vo b 57 &
WAt GIMIL (3 1), K PCREZF 2 (% 2) § 847 34k
A5 1 H b 55 8] R PR il 4 9 V) i Bl 11N Spe 1
1 37 °CH§ 1) pCAMBIA1305.1 Fi 7 1 h; X7 838 7511
H A 22 DR 5 2 A A AR 1R AT e (Rl Wil SR BM JC 4%
s BRI G DL = (iR SRR EE R o 1:3)
HEAT IEHE, 50 °C .30 min; 38 BBOEN I N
K HF B DHSa %2 25 4 M, 752 Kan (50 mg-L™)
[ LB ~F B |- i 126 BH 1 o B 5 5% BH 4 B B 54T PCR J%
T B6IE ;4 B0 AIF 1F#f (1 J5RL# 44 5 pCA-LIS
FHLERKRITEATCCIS834 FUHE K Hd%
¥ (C: 25 pF, PC: 200 Q, U: 2 400 V) ¥4 5 40 Ji ki pCA-
LIS SN K ARACHFF B ATCC15834 &2 A5 41, 7E TY ~F
PR (% Kan 50 mg'L") Bk FHME S E . RAGIYIT
(3R 1) FIPCRFEJF 1 (3 2) X FH 1 B % i3t 17 PCR K1 iE,
SRIGIEDFFIRAE . B 96E L0 TAR M T TY Widk
R gRFrh £E25 °C. 180 rrmin” 244 FIRG s 7: Ext 4
KM, B0 5 H R T SRR 6,7-V AR 5 77 3L
HRIELISEEHEERRNFSREIE 7O
AR & U0 ECH BTG B VR S A AR M R
RIBT Bk 6,7-vEHEFE WY, 124430 min J5 % # T
6,7-V IR, B AM TR IR 2 K. H Cef KW
(500 mg-L™") 12 AMHE A 5 min, TE T /K PF¥E G B %R
T4 Cef (500 mg-L™) 1 6,7-V Pk L, %Sk F£iA LIS
FERH B RRR . A, R KRR AT ATCC15834
75T B 2R AUH B R, R #57 pCAMBIA1305.1 7
R R AR AT B 5 S B X IR H B BRAR . BT R
B AR 1, B PR AR Cef IR, BL & R AHT
B SE BRI . (8 FH DNA $2HGR T & 5 B H O Bk
2 £ DNA, R H 51911 (£ 1) A PCR LT 3 (£2) XF

BARMFE W1 rolC ZE PR 33E47 PCR B HIE; SR H 517 IV
(1) MPCRAEFFE 4 (2 2) Wik #35 LIS H H H ¥ FoR
HRAE S EAT PCREGIE

HEERROBEEFRE L EIRUE R H R
BRAREAT AR ER TR, P IRUNT : 75 TG W 4% 1 FARELAE
KR RUF & H B BRI RFEM 2.0 g, N 6,7-V
WREE IR A, AR R 3 EE, 25°C. 110 rmin” &4 T
PG B5 7%, BB 1A 1 IR, 3 8 5 WO AR B RARFE b,
Ve, T )5 82 LIS B R R IE K S H B 2 &0 5E

HEERRP LISHIRIEKFE S 4 RNA
PRI E IR I _E IR & FIRIR RIS RNA, R —
EWG S A i cDNA, H R BAR 54 HHERNA 6.0 uL,
gDNA Purge 1.0 pL, NovoScript” Plus 1st Strand cDNA
Synthesis SuperMix 10.0 pL, RNase-Free H,O 3.0 pL,
VA N: 50 °CRWEE 15 min, 75 °CHIE H 5 min, LL
H ¥ p-actin £ K {E A 2, FIH RT-qPCR X H #EIR
HRAE R LIS LR ) R B A AT 70 #r . SRSV
(F 1) AIPCREF 5 (F2) XF p-actin BEAT§7 4, K 51
Y)VI (R 1) FIPCRFEFF 6 (F2) XF LIS F: R 347914,
SN F g B 1.0 uL, BS54 (10 pmol-L™) 1.0 pL,
9 519 (10 pmol-L™") 1.0 uL, 2xNovoStart® SYBR
qPCR SuperMix Plus 5.0 uL, ddH,0 2.0 uL. KA 224"
VRV LIS B R A 0 R B K

UPLCEMEHEERRFPEERESE KHAK
A T 300 2 5T B UPLC 06 35 H B B IR AR BE i 1
HE R AT 2", A & R B e
60 °C MM AE H, it Jaid 60 H i, F & FRELS H 5L
BARIEFE A 0.1 g, BT 50 mL &, I 50% H
W K, B A BRI 30 min (B 40 kHz, )5 500 W);
A 5 F 50% B BE K W AR 22 50 mL, 28 0.45 um il fL
JENET P, B PR AR N UPLC (il o 2R RS RK
HUH B8 B8 #5 4.52 mg, F 50% FH B /K e 1) A ot
FIKE 4 0.085 8 mg-mL™" (125 W, FH Fh BE K B2 R
0.085 8.0.068 6.0.051 5.0.042 9.0.017 2.0.008 58
0.004 3 mg-mL" (86 BV MR AT e PE 0 b . H IR
B 52 : R H Waters UPLC ACQUITY il £ 4t (it 4%
UPLC ACQUITY PDA e fi il #5) 1 ACQUITY UPLC
BEH C18 &4+ (2.1 mm x 100 mm, 1.7 um), PL 2. Ji5
(A)-0.05% R (B) M ift sl AHZEAT B FE TR B, 727 I
3, KA 40 °C P N 0.3 mL-min HEFEE M 1 L,
T 250 nm AT H R .

ERESH
1 EERESEYEEESHT
FH &l 2a W] 1, PCR Y3515 21 7K FEZ174 1 800 bp (1)



.+ 3690 - %% %3 Acta Pharmaceutica Sinica 2022, 57(12): 3686 —3694

Table 3 Program of UPLC gradient elution

. . Acetonitrile 0.05% Phosphoric
Time/min .
(A)/% acid (B)/%

0 14 86
1.36 23 77
3.26 30 70
4.08 34 66
4.76 36 64
5.71 42 58
6.53 51 49
9 51 49
9.5 14 86

12 14 86

RS, MR 25 SR BOR, 241 SERR K4 1 837 bp,
oA FF B 32 HE (open reading frame, ORF) 4= K A
1 743 bp, i il 7£ £ BLAST b} B iZ% H B 5 SRR
7. Glycine max (1) LIS cDNA J7 51| #H 1Ll & N 83.76%, H
RIEWRFF B (AL N 74.74%, 2 W1 BT o e 17 51
B LIS B K %1 o #E GenBank & 36t I 3k 7 %1l 33k 47 1%
W, M-S N MZ169552. HHH B LIS & A 7 51 # Ak
PEJT 43 A AT A 1% 8 2 308 ClyseHlgaoNgosOgroSans
H 4> 2N 66 155.78 Da; 25 1 50N 6.36; AN 5E
2% 45.19 (> 40), FTYIB A W H oy Afee B E; 1
Wi 7L 20 40 9 23 20 20 i P9 ) A P 32 100 30 by SRk
9-0.295 (< 0), AT PN ZIKIEEH . R
Frimn & 2b frows, HE LIS & 69.41% i a-12JiE (%
1).3.79% [F ZE K BE (40 €5) F127.07% I i (3%

), ARG B 20 B o i IX Al Tl 00 45 SR 3%
W% R E AL T A f5 S IR TN 45 R B oR, X5
T IRATY)ENAL R R FEIAE 24105 0, Ui B L S5 4 o A
5T K DR AR TN 45 SR R, H B LIS J& T A
Gl /LG K5 B 1, B Terpene_cyclase plant_Cl1
TRAF SR RBP4 R AanE 2d Pros: #R 7Y
() BRI (SR T RS (B8 ) (1) TPS
JPA S H BN — 3 HE LIS P4 (A G4E) 5 5 RHE
W 4. 5. (Abrus precatorius) ¥ & K 5. (Glycine soja)-
5. (Spatholobus suberectus) 1) TPS 7 71| # EF i 1T,
M5 3 AR T V) AH BE Bz, MR SR E5 IR 5 % WA Y
KRG RFM—H.
2 IRELISEEHEERIRNIES R

T {3 R 75 VE R g R0 H T LIS BE M 1)
WX TCRIEBAR pCA-LIS, Xf Fi#t 47 PCREGE, 45 R 4N
Kl 4a I 3353815 7 KCEEZ )91 800 bp HY B, 5 H AR
FE 5 LISKFEARRT, #E— B Fras R Rz Bt Bid
VEME A H B LIS (MZ169552) B A 100% ) — 2k,
A LIS FE PR A XUT R I B .
4b A2 1R GeJA 5 7 AN 28 R B H BB ARARFE i, WA B
A RV H B R AR (wild type, WT). & pCAMBIA1305.1
2% JRL I FH 1 5 8 DR HR (negative control, NC) Allid
Ik LISEF I H HBRE (LIS, EKHRLF. E4ac
& H B AR R H rolC B HI ) PCR JGAIE 45 3, 473

el

HHHHIH IR

AR A

[SYSSNS . 2000 bp

168

208 300 Ll

Spatholobus suberectus TKY48784.1

Glycine soja XP 028194085.1

Abrus precatorius XP 027344009.1

[Glycyrrhiza uralensis UNO76256.1 ]

Medi tr la XP 003597053.1
Morus notabilis XP 010109572.1
Vitis vinifera RVW72508.1

Telopea speciosissima XP 043694026.1
Citrus clementina XP 024046035.1
Hevea brasiliensis XP 021688996.1
Manihot esculenta XP 021631104.1

Cananga odorata QMWA48845.1
Elaeis guineensis XP 010908315.
Musa acuminata XP 009385198.1

Di alata KAH7668423.1
[— Zeamays ACF58240.1

L Setaria italica QIA42355.1

Al 45500.1

Glycyrrhiza uralensis QIQ77806.1 <— outgroup

Figure 2 The cloning of LIS gene from G. uralensis and the bioinformatic analysis of LIS. a: The PCR verification result of LIS (M: DNA

marker). b and c: The predicted secondary and 3D structures of LIS. d: The phylogenetic tree constructed based on 20 TPS orthologs
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Figure 3 Construction of the recombinant overexpression vector pCA-LIS

Figure 4 The induction and identification of G. uralensis hairy
roots. a: LIS amplified from vector pCA-LIS. b: The G. uralensis
hairy roots after induction and culturing for 7 d and 28 d. WT:
Wild type hairy roots, NC: Negative control hairy roots containing
empty pCAMBIA1305.1. LIS : Hairy roots overexpressing LIS.
c: rolC amplified from hairy roots (Lane 1: WT, 2: NC, and 3:
LIS"). d: The 500 bp-fragments (GUS + LIS) amplified from LIS"

hairy roots

AT KL 600 bp 15641, WF 4R BRHE5 K
A AT B rolC F K] (DQ160187.1) B 100% () — F

PE. B 4d N LIS BARME A AN JEFE R (1) PCR 4386 45 2,
RS T K L8 500 bp KIS, 5 UK AT,
W 45 B 57 1% 2615 5'3 266 bp 5 pCAMBIA1305.1
WARE L - GUSEE N T 41 100% —EX, 35 276 bp 5 H
LIS FE 31 (MZ169552) 100% — 35, 2 B F R o i1
LISERFHNMESN, HEBRR A . L EgR
IEH, O SR RIE LISER M H EEBRIBR .
3 HEERRSBLISERRIEKESH

JB I RT-qPCR Wl 52 H B IR LIS 5 R (1) Kk
K, A Fi GraphPad Prism 8 ¢ {4 % o 3k 47 4 it 7] 5
K& J5 220 Hr, g5 R 5 frs: SAS LIS HR & 9 LIS 2
BRI AN Fik B B E S T WT.

Relative expression level

5

Lo et
SEEES

Figure 5 The relative expression levels of LIS in different G.

uralensis hairy root lines (n = 3). "P<0.05, "P<0.01,™ P<0.001,
vs WT

4 HEERRPHERHZERN

FHF BRI RETAAEEF7 21 Ko A KRB
6a iR, S EBRMABKA R . BRRATHER
Fr 2 1 UPLC i ] 6b B, HoA 1 O H R R
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VYNV

Content of GA / mg-g!

6.532

4\& %G x> xV xD xX xH
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Figure 6 GA content analyses in G. uralensis hairy roots. a: Hairy root samples culturing in liquid 6,7-V media for 21 d. b: UPLC

chromatograms. Lines 1-4 show the UPLC chromatograms of reference substance GA and the WT, NC, and LIS hairy root lines. c: GA
content analyses in G. uralensis hairy root lines (n = 3). "P <0.01, ""P<0.001 vs WT; “““P <0.001 vs NC
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