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Abstract: Systematic elucidation of the biosynthetic pathways and regulatory mechanisms of triterpenoid

saponins in Eleutherococcus senticosus is of great scientific significance and practical application value for the
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efficient exploitation and utilization of this medicinal plant resource. In recent years, research on triterpenoid
saponins in E. senticosus has focused primarily on three interrelated aspects: the chemical composition and
biological activities of triterpenoid saponins, the functional characteristics of key biosynthetic enzymes and their
encoding genes, and the regulatory mechanism at the levels of transcription factors and epigenetic
modifications. Key findings to date indicate that the triterpenoid saponins in E. senticosus are dominated by
oleanane-type and lupane-type structures, and their biological activities are closely associated with glycosylation
modifications and their aglycone structures. These saponins are biosynthesized from isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP) — the core precursors produced by both the cytosolic
mevalonate (MVA) pathway and the plastidial 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. Through
the condensation and epoxidation reactions catalyzed by geranyl pyrophosphate synthase (GPPS), farnesyl
pyrophosphate synthase (FPPS), squalene synthase (SS), and squalene epoxidase (SE), 2,3-oxidosqualene (2,3-
0S) is obtained, which is then cyclized by oxidosqualene cyclases (OSCs) to form the skeleton. After
hydroxylation by cytochrome P450 monooxygenases (CYP450s) and glycosylation by uridine diphosphate-
dependent glycosyltransferases (UGTs), triterpenoid saponins with diverse structures and distinct biological
activities are generated. Studies on the regulatory network of triterpenoid saponin biosynthesis in E. senticosus
mainly focus on gene regulation. On the one hand, 485 transcription factor genes belonging to 36 families have
been identified, and the expression regulation of these transcription factors on the promoters of key enzyme
genes for saponin synthesis biosynthesis have been characterized. On the other hand, synergistic epigenetic
regulatory mechanisms including DNA methylation and histone modifications have been found to modulate
gene expression by balancing the methylation/demethylation status of promoters of pivotal enzyme genes such
as mevalonate diphosphate decarboxylase (MDD, EC 4.1.1.33). Moreover, environmental signals including
drought and light have been shown to affect saponin biosynthesis by regulating epigenetic modifications
(including promoter methylation status), providing potential targets and a theoretical basis for molecular
modulation of triterpenoid saponin accumulation in E. senticosus. Future research on E. senticosus triterpenoid
saponins should focus on the dissection of multi-level regulatory networks, exploration of polygenic synergistic
effects, and identification of elite germplasm resources. Relying on multi-omics analysis and synthetic biology
techniques, solid theoretical support and key technical references should be provided for the exploitation and
utilization of E. senticosus, as well as the innovative breeding of high-quality germplasm. [Ch, 1 fig. 53 ref.]
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W FH N Eleutherococcus senticosus +&= T NFF Araliaceae 1)@ Eleutherococcus 104y, £ 4 T
PRIV AR T WAL PE AL I, AR FETEAR 100~2 000 m A ARAREE HE A S O
WEME, HM FREEAOGEE, W n] ISR R CE A sk s R0, i o B e iR
=, FHFOWZRRERT . WA, RFIRSEES ALY, BRI, #MNELm IR, AR
WGRTF A N RS EZG 8 ) o s s . B2 HME, 7ERIbReR ik BAT ) [ i N R RSt

FIFIN EZALZ R MR A Y . 2R, B EAFGE . IR . R . 2R A
HICRE, | 2000 e N RILFIEZG )b, 25 HIHO, AR MR ZEAR AR . ARZE R 2R AR OCHIT
SR R FOIMAR SARZE B AU . bonge . “IEN IR SEVER, o et b g AT s . 3
SRORRE . PU ST SEE P, =ih AT IR O EEE M 2 —, B ETE 2N AR A 4y 2515 3
TR =SB H G MR YRR . GRS S TR SRR B PR A S, O =
LAY (triterpenoid saponins) A )& BT FHLHRIPFSE MBS IEA, 24 =il A7 G 0 2 8 © i 2 e
e, HAEHSH . DIaE. MEHIPLEI SRR 77z . jeah, RO =m0 i o IR AL
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L R AT BT o AR ST AR X 0 =ik A L SR I R AT A S AN, LI
A JE R T B 22 R T 5OR e i BRI .

1 HMEm= e

=il AR G R AT IR 1 AR (3 HAh fh 2 B A 45 A TR S — RN Z5 Z R R
RILEYIPY, FEAELETINFL . 778} Caryophyllaceae . 1418 £} Campanulaceae., &R F} Ranunculaceae
SRR O, =S R T E SR 30 Rk A AL, R LAY DO PR =R TR =, ek H o Al
(dammarane) FIFFEURBERY (oleanane) S i H LAY =il REAZ 2RI 3l FOn & A =F & /) =il g 4L, HPOER
G E R PR, R A AN G SRR e Y L S SRR A P B R | 3,4-seco-2P) B
DRI DU RN RIS A ) B SR R, SRR R R O =m Y R D =
B AE ST R R (oleanolic acid) C3 i 5 O-i& 42 1 4> a-BTHi{AMJE (a-arabinopyrannosyl), X J5 12 & 4%
14 a-fRZEWEEE (a-rhamnopyranosyl) B ] 45 B3 . 78 C28 17 B SCil ok O-MEFF BEFE 2 1 > p-NH g 7 24 B
JE (B-glucopyranosyl, f-Glu), ZMEHEFLL 1—6 ¥EHH#ES 7 — 00+ f-Glu #HiE, JERL f-Glu-(1—6)-4-Glu —
BELER s B ARUGHE T 1—4 BB ETE a-ME i S22 IE (a-rhamnopyranosyl, a-Rha), FfLL 1—6 # F5#
HEE ORI (acety])!'>77),

=il R RSB 2R YIS TR R IR, AT B i R A ) 2R TR R R A IR 2 B
) B A 2 AE P T A AT 5 501U T 2 S AR AR 0 =0 52 17 D) A A 4 A 30 35 sl b ae vh A9 A A R AR
PO BN S 5P . i@ ia, B AR . U, P . bURBESE M EYE
PRV LT SN R GE A8 U A B . i 0 = e 4 6 R AR W ¥ (pancreatic Lipase, PL) 27 414l 1
P, HAbZg5 ) b C28 v i B R R JE ] (free carboxylic acid group, —COOH) BEWS 14 5 PL A4 il 1F
Mo A, RO = e T A B R g B 25 Y ) e b B 2 —, 20 O O =k
W 7. B, RABFFEI AT T =5 B iR, Xroe o A O Ee R R DL
B ST AR Fom 2 IR BAT B S

2 R EmZEEH L& RER

S0 =0 R AR B U A U R GG W R S M B R R IRR (isopenteny] diphosphate, IPP, C5) 5 . H
SN S AR (dimethylallyl diphosphate, DMAPP, C5). iX 2 i i ad 2 24l 57 H bR 1 i& R 7R )
PR A, BPAH I b ) H 2 R (mevalonate, MVA) 38 2 FUTT (4 1 2-C-H 36Dk B BE-4- 2 (2-C-
methl-D-erythritol-4-phospate, MEP) & 4% (€] 1)o MVA 48 DA WGBS A (acetyl-CoA) NI Y, 4%
AR SN2 A A B TPP, A% O S R PR R R 20 % il A 33 A2 vh R RS HE VR 454 FH . MEEP & 428 LA TN T 1R
(pyruvic acid) Fl'H JlE-3-#5l2 (glyceraldehyde-3-phosphate, GAP) NHELIGIRY), &ead 7 A ELLREIE [ &
Ji IPPEY, [ PR/ B DMAPP A=, 2% SCBEREAY S RE-5 I P Re P L Rl g IR AR Y IB 1720 . MVA &
BEZE ARG . s MBS RAM Y, MEP @& E2 A MBI s . s . REE b
REXAR Y. HPH MVA 15125 MEP 2B LB AT, iRt 25 A as St s . 4
BUET IR . IRBEAE T i S AP S 1555 22 SEHLEITE BUU Rl 2%, RS HEDC RG24k A0 & s ok,

IPP 5 DMAPP A= iiJ5 , T4t RN RGIEAE & SO SR B EE , T =il B & iU STk . 5 2%
TEA L AL W R A Bl (geranylpyrophosphatesynthetase, GPS) f#{k T, IPP 5 DMAPP 45 & 4= il & Sk 5
WM& (geranylpyropho-sphate, GPP, C10); Bfif5 GPP 7£ 1k Je JLEBE R & i (farnesyl pyrophosphatesynthetase,
FPS) fEFH N 45 A %8 24> IPP Aot , A= ik Je 3L £ W R (farnesylpyrophosphate, FPP, C15); 2 /> FPP
T4 &N A L (squalene synthase, SS) 4 & JE B ff % /i (squalene, SQ); it 4 1 & ¥ 15 % I S AL g
(squaleneepoxidase, SE) #ifk N A E LR, A% 2,3-F A & (2,3-oxidosqualene, 2,3-0S)!',

ZREAL B =05 B 2R T IR & R MLl (oxidosqualene cyclases, OSCs) X} 2,3-0S AYfEALIRE . ASTF]
FIUHY OSCs HoA 1= B IR SLARIE BRI 5 7= e Sk, BB | ML R N VR R AR T, DI AE 4
P S ) =, g i AIE B g R | A E B R R IOR e AT . B, R U = R st —
H R, MR P50 PRI B (cytochrome P450 monooxygenase, CYP450s) i i ¥ 3 4k 45 e b,
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Figure 1 Biosynthetic pathway of triterpenoid saponins in E. senticosus
T =0 A 2R R E A B O A AL B BB (nFRE) . eAbh, TR TR RL AL RS B (uridine diphosphate-
dependent glycosyltransferase, UGTs) £ i ft 4 5 IS A6 A B AL 36 8 =8 M0 J5 1 =ik o b, 4B
FLA AN ) S5 R A 0 PR Y =it

2.1 MVA &#Z% MEP &2 & KB E

£ MVA AW & G, 3-F 5 -3-H B — BEHT A A 18 R E§ (3-hydroxy-3-methylglutaryl-CoA
reductase, HMGR, EC1.1.1.34) 25 > CHE R, W2y b i S22 a 8. s 28 AR™
RO, HMGR BER PR A& 5 B & RA7E i 2257, HE S0 0 E EAAHXP, [Fi,
HMGR FEFAER TOMB A e B A Kb, HHRIAKCPIETF e R m, 7 2 W m t, 2
13.4 451, sk, HMGR FEDR A BRI R AFTR TG (methyl jasmonate, MeJA) 55, M A I 51 2 18
W FRIATRAE MeJA AbHUS 2548w, JF ORI T B & i 5 HMGR B 3RA7KF- 0 2 IE ARG,

F Y2 IR — W R i PR 1 (mevalonate diphosphate decarboxylase, MDD, EC 4.1.1.33) RE{# fb = W iR i 11
(adenosine triphosphate, ATP) 5 H 32 [% iR fE % FR £ (mevalonate 5-pyrophosphate, MVA-PP) J< Jij A il IPP,
ORGP A & G B TP 25 i 2 — P, 2B RS SERE I 1 O MDD B Y
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STFFH, KIIZT IS LSRN JCE . MeJA MR o IRFL IR 7T BI=CHE ooty . T2
TR R TC S R e SR E T . TR AERY FRE T MDD HEF R 4K cDNA ¥4, K31
i MDD BERTEAR R AR B B RIS B hi A Ris, HRPOKFERRE. W0, MDD ez 2lMEFY
MRV PR eE , JFBA I 2 Rk ke .

FPS /2 =il B & s h i E Z R 2 —, MM 5+ IPP f1—4r+ DMAPP £ 1 {i fl
4 i ATk BB TE L FPP. BUAHIFOIN FPS FE R A F AN T T, S5 3RM . AR IAKF
G v R R A G AR DGR IeAh, WA SRR B RS e G B SE R (spermidine synthase,
SPDS), FFESE T A e 0 P m iz AR R p 338, Sk I I P AR A AT B v R O = R R
ML ) F0 NPT o B B8 T Rl . ST R . SPDS FE R n] RE I A VR ¥ RS IR A5 i, (RIS I
MEP i i OCHEE ) 2R BE R, #EMS 5 = B 06 o .
22 TiFERER

OSCs S =1} T We A= 9 G b i v i i > BR Gty , (W] 2 =i P2 1 5 S B R A= ) & i A%
PIAZ 053 SE o % BELL C30 A RY, Bt RS AL BT e 3Rk . B 2R HE A eSS — R AN R,
SERREE IR, B A B AR = T A S A R B AR A M o AR BRI AR A T T A R
J¥, 0T = R AR YA R R OCEE OSC 3R, WHIE T EsOSCS JEH Mgt =4k p-E& R e &
fif§ (B-amyrin synthase, BAS). UL, EsOSC5 BN J &4 UEH Forh BAS A B FR 20 e sl L
HEESZ W = B A SR . BAS S OSCs ) — 5t o TR AR : pAS FERTERTA BT . #8F M dr
PR U AT FIkP, HRBIKPAAE R 2R . pAST SERTEITA 4 B hRpgiaRik, i p4S2 FEH AL
TEM A R FRIBK e . AN, pAST FERXT MeJA ALFRICIR R, M7 fAS2 F& R ) 3k 7K -0 9% i 2175
TP e R 2 28 BAS FEIR AT R AZ AN [A] (  a 3E f UR A, R fR] R IR R PR A T Y
=il A AT K o

b T Lk & B, = s A R E PR W & & A I (squalene synthase, SS). & i PR A
(squaleneepoxidase, SE) 552 B B4 W, &M IR AR IE Y (SE) BAEY) =i B AW A BT UiE ) B
B, HIDReEH T =i a4 @ b B, URTpiR R . BlE P DUE g n, il Fohnh SS2 Fn SET 1Rk
HOFUL S B AT fr i 3G, IF H = F A 3 E ARG, 3 — S5 A IESE T SS2 5 SET BE A
TE =G A T AAZCAE T, R 38 o DR 4 i B A DL Ok B s R o 2 A T I Y o3
T
2.3 HHBE P450 BINEE

CYP450s J& =il R AV & B2 h B SCHME il , o] DM fh = ah 3 Qi r i sib . Rk . st
b BRAEEA AN A RN, T B A AR MG AR B SR AR SR T RO CY P85 WA
WG P450 BE DA ) FE 2H 24K pET30a-P450, SCBL T I TN P450 JEPRTE AL RIB R G Y IRETER L. I
Hi, HT & B 53 AT B i 22 48 B K15 40 i S48 s T R TOIN P450 B ) FRFFAERT: k& e
W5 RGeS B, I BT I20 DA S T IR =i 2 5 i CYP8S 5K, HA BRIy 5 b 45 R 5
B8 oy —50 . A, FIBAITIZIEREART = . HAENE . AT R MeJA AbHE T i) F ki)
G R H BN RSBV R AL R R FRERE, N8ZE (&K 1Y 1.49 f5; 24 MeJA 5
B, RIKPRE LI S HTIESE, 125 P 09 R ACE 500 FOMUE B 5 i B 3 IR AR G,
LR BAT G U ORE, RaR R B TR I AR R B R O e . R, R
X HIN CYP450 FR (EsP450) FFJRFE W53 HT, KL EsP450 i Wl (288 )y CYP71 HERIf%, i
R E R G S CAS S =8B P450 0 A0 FKIGEFAW) AP, FL BAGE o 36 F o R SR Y
R KRB T (phylogenetic analysis by maximum likelihood, PAML) . #ELIRA RN AR (mixed effects
model of evolution, MEC). Datamonkey 7 £k 73 A1 /It 55 #i £t 3 Fl 7 i %b EsP450 #6470 A, 45 R BoR -
EsP450 JTCIEZEBEAL S, #EMEATUA kRN 5, 2PN, FER P rh S RS, 2
PRIPIERAZ O IIEE s S8 T A AN TR R FOIAEAS BT & i 25 R 5 MG AE0 (9 e AR ELERIE, R fe 2k
A YIREM AT ZE T HOR SRR
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HHIX T EsP450 SEH A TFWFR SCEREC A BR, Hl T CYP450 FIGIN e 2 421, Huihe
FOMAAF AR KMESE o it — 2 ff b EsP450 3L NFE =il 217 & P i 2R D8, nT N2 4T RIRA
BRIY . U0l o AR SN SE IR B UE e EsP450 FER ARG s Ok, nI S B EERE SR SR8 R G uli iy
B FM CRISPR/Cas9 B BRAR 2, HE T IR A B i 44 P PRI rhvoase 6 58 DR X B2 7 6 B ) SE PR R VR
[ AT 456 EsP450 5N A 81 X380 5% S R 7k, /i3 IR 3Rk s 09 o3 F AL . esh, o0
EsP450 SRR HINAFEAL G E . AR AT B2 Rz, DIAFEIREYG . MERLHT
MR AR, AL RE Ay A ) R S P B A AR
24 HEEEBE

T 3L % B2 1§ (uridine diphosphate-dependent glycosyltransferase, UGTs, EC2.4.1.x) 5 J& T JL 4% % i
(glycosyltransferase, GT) M ZE M, A FAEHY) K IR =PI REAL A% O BB UGTs #%.0 Ui Re R4 IR s e
FAT BRI (uridine diphosphate sugar) b i TE A LG B BIAE D /Ny TAL B WIZ R b FF =ik iy
VAR, A =S OB Y UGTs ¥IH IS o Z B A UE =il B 45 HE BN G AP IR
W A HOK I YE L TSSO SO R E . KA, UGTSs A S ks S Ak S v i B A =
i i A YA A AR AL IR, I E A1 A S5 AR IS Y Z FE IR U e PERR TS . BRI AR Oy
TR A GT e PR B Rk e i SOHG I Foin S B & s s, oA TR M, AE R LR E
B, ARET GTRMNMRBEME, M MeJA X HRIRMFm . 250 L8 AR =l fOmiy GT JE %
RESABT SRR EES, HWNEENEEIEMHC, Hr UGT 1£8 GT MG 1 57 =it oT
FEEAE M AL O DIRE A%, HRBAKF 5 88 1 & A R . BT PI2bHE . UGTs
S R A SRR S B O . AR LIRS B B2 R GT RENTES A K BT RIS
A RE, HRAEEAREER, BRI ENNERAY, W RIERRE (22l 1
181 ff. TEAAEH, M Rikiamm, 28m R,

A EE R P O RS KA UGT I8, SRR UGT FEH 5 S8 1 & s i Gk 5, 1))
JHfR T RN F A H BT FRE AN, Stz HETiaeiEds; PR RAWIE UGT Rk #E e A B
By s AT i, R S R S TU BB R (M CRISPR-Cas9. RNA T4)t) IESE UGT TRk 215
SFRHET A XRURFE TS, TTEHBR A R B R 2N T (F90T5%
FL[E] i R R SR S AT e, 0 UGT B D ReFI 075 B S0 00 SC# . BfiiiZ IRIR R IRFE R R
BEHOH: —REE A R BINE G X, R UGT BEEtEdG  IRYIES 6 1 4845 G
fisi,  UGT EEIRe A fe dEEie 5Enl; — 2 il s DI Re o b1 5 (A0 B2 1A R s Bl T 07 %6 . A
& Nicotiana tabacum WFRT ILFRINEKAZTEAY), SCHUEE UGT JEH B PRl ifi i 5L retE e ; —J& vl
R A EARASE AR, 1248 UGT W R 7 DA S B R A Qs 2 B, B A
FE = B AT A U AR T VR S R DR R TF B SR TR S, AR N UGT Z K 1)
RETE RN, HESRI TN UGT H P DA L PRI 92 4 ) =i\ 5 B AE 2 Ak g o

3 R A= R AN A REETFR

) T =8 R B A ) s B R 3 B e LR 4 DB sl A ) SE A AR AR B N, FTRAAH
AR =l A ) A AR R TR ) e ik Y I N SR 0 H R AT 9T S B S8 5 SR [T+ (transcription factor,
TFs) AWM LM T .

3.1 ERETF (TFs)

TFs (PR AAE ) 2 B A SRR, il SR EE R 35 X AE oo iR
SRS G IRTE . ©H TFs Wi 84 D5KHE, MKHE DNA 255 45 AYRRIE , 20 i BE 40 R % s K5
K% (myeloblastosis transcription factor family, MYB) . i 14 12 Jié - 75 - 12 Jié i 5% [N T~ % % (basic Helix-Loop-
Helix, transcription factor family, bHLH) ., B4 5% 2 B2 5 5% 5 [H 1~ K% (basic Leucine Zipper transcription
factor family, bZIP) F 251, Hrh MYB AW I KL K FREZ —, a7 ZEAERK AT . BN
WHAERLOAE R R . FERN T, 538 36 SRR 485 55 S A B B A2 4 th ok . X SL LA Al GBS
HRATRG R, Hrh MYB SRS G R R s, [ IS bZIP, bHLH K WRKY S5 15K
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% (WRKY domain-containing transcription factor family, WRKY) %5 Z¢ it i i 52 4, BFGTIESE, MYB % 5%
PRl RTS8 o 25 1 1 RO B REEE TR (5 37 X3 s B P 323k, bZIP . bHLH & WRKY 45515 A 5
PR S 5 X — R R Hog W7 58 3 F 456 e 0 e B S R0, Wil Fm NAC
(NAM, ATAF1/2, CUC2V) &3 N 71l i 455 S S ML NS 3l 7 A4 PR A T, BELAS P 4 DT [ 42
I R A G X —ALH A8 5T BoJi s =g e S AR T R S Y PR Al T AT 4
T, Tl B TR A A A P AT R TN e M Y 21 AL W SR P AR T 1/ £0 T I
KHEH 3 %A ¥ (far-red impaired response 1/far-red elongated hypocotyls 3 transcription factor, FARI/FHY3)
PRI, JFRHZIERI GEGEAT 1 40T, ikt 4 ANFT45G EsFPS JA 8 F BRI o 3X A8 & PR il Hr
SR A i) 0 =l B R AR A B A IR LR AL T S
3.2 DNA FE{L

N b R AL B MY 32 22 i 58 DNA WAL 5 40 8 B B EI/E R IF . B, C5-HUER
T (C5-MTase) 5 2 ELAL B (AMTase) R C %, K EsMETIa (1) SER844-ASP845-LYS846 5% J
NS G KRR, ZARG SIEAG S UIAC, T 5 AT AR 1A OGBS 31 2R 1k
K-, SSRGS A GRSy, RHER R, G E A AR RUE G R AR DG L R Rk, gk
FENLIE 15 15 AT 5 A IR o

T8k, W LB TN MDD KK B JA - W AL o 2 S AL R S Y EsC5-MTase (41
EsMET1a) 5 EsdMTase #0457 Mo ms iz o7 o i FH 3640 5 K PR b, S PP e I 3 AR AS .
o Y SEAL BB S IR 725, ) MDD 3R35, BRI MVA i A2 38 & Jz 1PP fias , AT il il 2 4 5 15
TR @ EDCIRSEE T AT RS 37 AR, fRBREE s, BIE MDD ik, RS AR E
SRR, ZHLTIASL T PR R G A DA, $878 T BRBE AR5 4 9 O AG 1 32 3 Pt 3 o 7 5 135
PSR, R Il SRR TN S R A TR S B KA
4 it

FHOMAE Ry E SR Oy, PRIEA S AU B AR . o 0B N B 3 B 25 I,
T EAT BRI AP S OFFE S IR IOy 7= S e N AT 324808, Il 1 3 T 255 1 & il
AR, RO E A BEE B E R, AN CRMERISABHG, TR H 4258 o 78 1992 4F i iRy
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B RGRRI AL TR, Qi — LT MYB., bHLH 555 5% K1 L & miRNA AHCIAEHLET ;. QAR ™ i
FITIN A E & 22 5 5 HMGR, UGT S5 BRI 3RIRARIC, (B v oA WYty A 45 R 35 R B8 1) EAE S50 191
m, B TR RIUE (0 DNA WAL 2 75 25 T 250 — 5 PR e AS [a] 7 b ) B0 L PR ik 2
S, FAAFITAL, X BRG] 1O B o o 0 18 -5 AR 1 DI A 18 b P A £
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5T 5l e R R R . R 2025 4 9 1, AT B EEHE 1, Genbank £54 4 i L GR
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