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Advances in biosynthesis and chemical synthesis of phenylethanoid glycosides
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Abstract: Phenylethanoid glycosides (PeGs) are natural active ingredients of many plants at home and abroad. They possess a
spectrum of beneficial activities, such as anti-oxidant, hepatoprotective, whitening, and neuroprotective. However, the content of
PeGs in food or medicinal materials is low and unstable. During the past decade, studies on biosynthesis and metabolic regulation of
PeGs have been extensively carried out. Here, the recent achievements in biosynthesis and metabolic regulation of PeGs in plants and
microorganisms are reviewed, as well as in total synthesis and semi-synthesis of PeGs. Hopefully, this work done so far will provide
reference for elucidating the biosynthesis mechanism of PeGs, stabilizing and improving the content of PeGs in herbal materials,
improving the quality, and synthesizing PeGs by microbial metabolic engineering or chemical synthesis.
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5, EWIMRZ BR AL Osmanthus fragrans Lour™ ¢ —ORs
) MEM (R Cistanches Herba. kM RO7IN RO

. . . RO
Callicarpae Formosanae Folium 3% Rehmanniae ’ OR4

Radix - 4. 5t KX Rhodiolae Crenulatae Radix et

Etrhizoma® . fi RAGJ8 Echinacea spp!©. i ¥ 1 85 PeGs GEHIH

Plantaginis SemenZE) [{1FE G AR Z AR T H Fig. 1 Chemical structure of partial PeGs

€743 [¥) PeGs. #4y PeGs St BHZ L 1, 4HK K IRZ LR TR RN, PeGs AT RIIHTE
AR 1. PEE RIS, 32U, BRI, I

T 1 ER9 PeGs &t
Table 1 Chemical structure of partial PeGs

e R Ra R3 R4 Rs Rs Ry
2Lt KT (Csalidroside) OH H H H H H H
eutigoside A OH H H H H H p-Cou
FBEIENEE (isoacteoside) OH OH H H Rha H Caf
kankanoside G OH H H H Rha H Caf
FEPEL (acteoside) OH OH H H Rha Caf H
A TE AL FEL (cis-acteoside) OH OH H H Rha cis-Caf H
isosyringalide A 3'-a-rhamnopyranoside OH OH H H Rha p-Cou H
syringalide A 3'-a-rhamnopyranoside OH H H H Rha Caf H
osmanthuside B OH H H H Rha p-Cou H
WAZEH C (cistanoside C) OH OCH3 H H Rha Caf H
WM FEE D (cistanoside D) OH OCH3 H H Rha Fer H
jionoside D OCH3s OH H H Rha Caf H
kankanoside I H H H H Rha Caf Glc
FAS % H (echinacoside) OH OH H H Rha Caf Gle
B ZH B1 (cistantubuloside B1) OH OH H H Rha p-Cou Gle
EAEW M FETF B2 (cistantubuloside Bz) OH OH H H Rha cis-p-Cou Gl
wiedemanninoside C OH OH H H Rha Fer Glc
ZHEFRH KT (arenarioside) OH OH H H Rha Caf Xyl
EHRWKET A (cistantubuloside A) OH H H H Rha Caf Gle
RAZEE A (cistanoside A) OH OCH3 H H Rha Caf Gle
WZE B (cistanoside B) OH OCHs H H Rha Fer Gle
e B (tubuloside B) OH OH H Ac Rha H Caf
2-ZEEEEEALNETFT (2'-acetylacteoside) OH OH H Ac Rha Caf H
BT E (tubuloside E) OH OH H Ac Rha p-Cou H
salsaside E OH H H Ac Rha Caf H
cistansinenside A OCH;3 OH H Ac Rha Caf H
kankanoside Hi OH OH H Ac Rha p-Cou Gle
kankanoside Hz OH OH H Ac Rha cis-p-Cou  Glc
BT A (tubuloside A) OH oH H Ac Rha Caf Gle
EILTH C (tubuloside C) OH oH H Ac TA-Rha  Caf Gle
FHHE D (tubuloside D) OH OH H Ac TA-Rha  p-Cou Glc
campneoside 11 OH OH OH H Rha Caf H
BTN KA H Ci/C2 (cistantubuloside OH OH OH H Rha Caf Gle

Ci/C2)

isocampneoside [ OH OH OCH3 H Rha H Caf
campneoside [ OH OH OCH3 H Rha Caf H
kankanoside K OH OH OCH3 H Rha Caf Glc
kankanoside K2 OH OH OCH3 H Rha Caf Glc
kankanoside Ji OH OH OCH3 Ac Rha Caf H
kankanoside J> OH OH OCH3 Ac Rha Caf H

Ac-acetyl Caf-caffeoyl Cou-coumaroyo Fer-feruloyl Glc-B-D-glucopyranosyl Rha-o-L-rhamnopyranosyl Xyl-B-D-xylopyranosyl
TA-Rha-2",3" 4"-triacetyl-a-L-rhamnopyranosyl
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H T H 05 &3 i AU 0 i B O DA R Tt i 25
F02l, BLELEEFEIR 2 FEF (APeGs) JETEAMN T
TEBSHINHERS . BTBRIR . A AR T &R 2RJFIR.
A TR ORN A IR U3, T HL R 2 R R R 4T
(DAPeGs) V1SR 30 fi5LA o RTM, PeGs M8 &
ZH B SEYE SRR RS, DR RIRRE
FEML AREE . SRUCRESEIAE, B R — R
(B, PeGs M EEZERFWMILEE, HL2IE3
20 5 PA U4, DSR2t oM LEORAIE . AL, 38T
PeGs [NA1)-E BbL, 72 0E I 4 mtE ) 2544 1 PeGs
TE. RILAM I, ZEER MR TR
AL Z A A S K PeGs, TN 4TI FT I #4400
Wz —.
1 PeGs FIEME MRS RGHEE

1T 10 4EK, PeGs KEUW D& B O HEA AR
LR, B ER R T R BRI A 4 R T e A I I A Rl R
WG B AR ISR, & 3,4- 5308 oA
PR R O, BB IS AE — FR A I B2 % il 0 e
BB IE N UL BRI AT B, 5 o-FR AR
CHEE AR I S R G R B AL, 48 & Rk
PeGs. HHT, B TREEA, fEFIEREY
CLRESCIL RS> PeGs MIARMRTE, HBAERMEYF
OB BT R PeGs JKHATH, W5
K. 2-7KR L BE (2-phenylehanol, 2-PE). [ fE
(tyrosol) FINHEER K /1 (caffeic acid phenethyl
ester, CAPE) 4.
L1 EYRIEIRE
111 FiRTAMREEST BT PeGs A RUFHIED
SR, NSRS E S PeGs MM, AT TZITRE
T TR PR ST . Liu SRS I 45 3 A A A
Cistanche salsa (C. A. Mey.) G. Beck {1 &40~k
PRI IR 2R (tyrosine )« 7K P Z R ( phenylalanine )«
NEERR . T, RTIINESEAEREE . A SR A E AN
2-LBEEEACHETET 3 Bl PeGs MR R E. Hu %10
H Cheng %55 RILE IS Cistanche deserticola
Ma SMEVAMRESE R . AN AR BT, BREE
KA, WA AFEREER S PeGs IR
oo [H e B USRI AR K RS R % Echinacea
angustifolia (DC.) Hell. 3273 775 o AR 0
KNER, AR TR ERAER.
112 FEfCRAEARICH T BEREHEZ PeGs
(4L ARZR o ENlis!" X BR T Syringa vulgaris L. Fl
Saimaru ZEPOFHIME Olea europaea L. HIFALZbx

TCPAMERAI 7T 45 SR — BOA A B AR E A& e
S RIRE L % (dopamine) I&12/BEZI&1EE 3,4-
TREK OB (3,4-dihydroxy-phenylacetaldehyde
DHPA, thE[ 3 4-dihydroxytyrosol) 1 Z N & IRE
A TR o 3 48 381 W v g e/ o 280 Pk 35 38 4 110 S [ 4
(Bl 2). SR, A 17E A% 2R 2 DHPA F=4: 1 41
B ElistNAKy, TG IR R Ji A& B I A0 DHPA 11
AT (2, BRIZ@Ae), Hp s iqb i ez
BRI L-2 B (L-dopa) FZ& ELRZRETE N
M2 5 PeGs AEYIG G 1 Saimaru 25000
k2 R 2 A IR I F2 A (tyrosine 3-hydroxylase,
TH) AR L-2 B, HE2 /BRI
(dopa/tyrosine decarboxylase, TyrDC) R4k %
O, 2 EgiE 2 S SO R 8, Pk i o
(Bl 2, 2B, &a p-HEHEAL 5 nHEmE /)
AiE A A PeGs WA UM E BB

L1.3  EWE R AREHEIETE mEE R4
R AR T 2K 11 40 SR 43 70 AT A Dy T 2 B R 248 TA 2
2 . TyrDC A1 PAL 73 75 fHE A P s B M 28 TR S R 3t N
Ja2EHIZRA & (phenylpropanoid) A4 . Hu 221
FH — P 5 4 4 40 1) 57) 2 BE Bl 5 B2 (2-aminoindan-
2-phosphonic acid, AIP) 45 M4 PRI A2 = i 4
il PAL M3EMESS, KIL PeGs & i 2 FRMK. iR
ZE225E I AE M TS Rehmannia glutinosa Libosch H
it B R IE RgPALL JE[H, UESE T PAL FEPRAfSEw]
DA 3k 35 o B SR I B 4R - Ma SEPI A
213 K Rhodiola sachalinensis A. Bor 143 55 T K4
IR SN PALrsl, MIEMYIFRIESM, #
HETX35 SEIHTHWEN T, @i R AT E
N REBARE LA TR, PRI, TRk
PALrsl Al BUR N FEig 12 4-F C A R EPE 5 3.3
W, M2 D/ RIS & T 4.7 &
Torrens-Spence S52iE I SR F MG 15 TR I&, WET
KK f Petroselinum crispum (Mill.) Hill £ a5
Thalictrum flavum L. ] TyrDC &%, A AEKF
TyrDC R] H 4% ff AU I & R AE k. 4-F2 2R 0K i
(4-hydroxyphenylacetaldehyde, 4-HPAA) B¢ n] B
Ak L-%2 A i DHPA. Landtag 25250 JHE K 17 £
TyrDC ERZ R E N SN SR E T, KINZE
YIRS RO AL T M ORI PeG, AT
A T L ZHMARNEE . Gyorgy 205 & -l
¥ 1 45K R. rosea L. WIS SR Mo 42 Il 22 [R]
RrTyrDC, Hifiid qRT-PCR K, 45 KR 5
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OR,
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(1)-phenylalanine ammonialyase (PAL) (2)-TyrDC

2 HENAY APeGs £YIE IR
Fig. 2 Putative biosynthetic pathway of APeGs

RENMHLREFMNETES ReTyrDC FIHLERIE
S v O I P A= NS E R AeEA o N b3 A
R A ReTyrDC 1E 4L 5w R H A& B 1
Hoetm . b)G, Zhang SRR RO FKR
HAEWE RIS, #F—25iE T Bidgsie, H
Mt ERIE S LA SR RsTyrDC 7] S8 5
R MR 4 e R RO A = 2.7 f%, T
RsTyrDC FIEN L5 RE &5 TR 4.1 5. 1Ak,

Lan Z2I50 % T KAEL 5K R, crenulata L. IBSE
TR IR B ] ReTyrDC, FHREALIRIRAELL 5ok, 5K
P 7 R R A 40 5 R B ik BIR AP
(1) 3.47 %, XFH—IKEET TyrDC W L5t R
EEEH. TEHFSPVRM, tiEBIRIREZLKY
FRALER, Refg7ERIIS Al NE& S PAL. RIEERR-4-F2 4k
C4H (trans-cinnamate 4-monooxygenase, C4H).
4-75 G IR-5HEE A B (4-coumarate-CoA ligase,

4CL). TyrDC SRR R IE, TR i3k B S8 10 R
TR WHREPNE T L AR EH Penstemon
barbatus (Cav.) Roth " i & K & RgPAL1 HI

RegTyrDC H:[H, SEHL 1 A4 2 Fh PeGs & &1
MF . HILER, PAL AR E A fE A gefedt
FH 2K A 28 B8 20 2R T Joe 3 428 281 o e/ e 2851 P 2 35 0 1)
FE, MFEIEEERE (hydroxytyrosol) #5431 & ATy
WO T HH S 2 TR 48 22 TG/ 8 W A (R AE P 6 B

PAL 5 TyrDC & #E4% PeGs #)AARH 5 R AR A]
(P Ok, BATSLIFRE T o SCRRTT R BB
M. Sun EBUE SR H LR AT, T T 2 Fh
HEMJE Forsythia spp. HEY)F eSS BEALEL
RH T 56 IR AR S D T ik A % Il N R B SR e R
M. Wang SF0B2VR1 & L3 S 23 d i % s 200 e e A
G3HT, I A URR AT B8 2 5 Hh e sl i B R AR
B AV A R . XA B EPE X R
B2 Primulina eburnea (Hance) Y. Z. Wang N T 1t
/R HZE P. lutea Yan Liu & Y. G. Wei [fJIH Fidb 1754 5%
HIF, FET 2 FE EEEYNERAEE, X
Ze g RIKFER AT GO K& KEGG & HE 4T EINA,

2 MAEYI R R AR AL, 52K SR AR
WG ERE A 3 %%, HIPRNARR/EE 2 IR/ =R
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VGRS RN ZR N R AV A R,
MR 2 57 KA unigene 55 £ 15 72 %

SR, SEBR b PeGs A4 I R A b/ T
HoO A PR b, R R IR A =)
T 2 e B R T A A S TR MR A 1) 22 FE A R R B A £
Wio AFRITFR—MPOME RN o-FREEK
A, RERNEREGT] PeG. Ma EBIEHL
T AT HEY R LA B A A ORI UDP-
B PR I IR T A, [RIVR el T ais
H ] UDP-% %) Wi 2 % 2% 1 (uridine diphosphate
dependent glucosyltransferase, UGT1) FE[A, FHF
MR B FEEA RS LA R, (# UGTL @R
ik, 2 HPLC W52, % UGTI1 ZEFE M &L 5K E
P 2205 R B B RIR G N . Yu S5000 38 1o 1% 3L
5SmSR R SRS R RN RGE B R S
PR RESE R CTRT BRIy 2B ) AR b () 2 il 3
BRI T A, iR HARSFIX, 25 A
P 2 e T A BE SR RS L ) UGTC2 A
MR el T A PR L R UGTR, FE— A
Ma 2351 B i) UGT1 SEBL T JEERIE, 4 HPLC
Mg, 3 NEMAR His-UGT1. His-UGTC2 £l His-
UGTR 5 s B {10 1 L vE J1 20 IS 2 1 655.6.
566.8. 2 783.3 pkat/mg. {ESLIEA b, Yu ZEBOEF]
FRMAKTH ATCC15834 % il 20 5 kAT 7 38
fEHEAL, # UGT1. UGTC2 M UGTR :H KR ar
SORF S ESEARML, 2R &E T 1.51. 1.20,
1.96 fi%.

1.2 HEMREIE

B LHES, a8 R T FEERURE
YHERN T &, B ERan (2
By AWms ARG A ) BT, sl AR A A i
1, FERINECE B 2%k B A R A YR 5 A2 1
FONE > HARBEE AN TgE. SHEYHIK
CIE NG IS ARL, AR C R E
THH AT RRSBEERENEARIBEER, X
O B TRERI & A T, FIR A
TERNTERMZ RN T, 477 PeGs #24L T Af
e 2-K O FEBEANRSE MK EE /2 & B PeGs ) %
Aifk. Bk, Bai SPERGATFES, BEFIHNA
Ml B I 2 B ARO10 FH A YR 1) £ e i S0 i 4 T 2
BRI AR T 8] =) 4-F2 FEOR A BRI A N B s B
b, BT BRI EREEL S B CEE, JEERR S
WA R AN R — D E R S, KEl

215 KA UGT 3K UGT73B6 S N E A Btk .
BRI, ZEHFEKAALEEE IR 0.19 mmol/L
LS R, IEREFIRT 242 0.21 mmol/L FiE 58
RE D2 (icariside D2). F&THA ZEHFT 1 Bacillus
licheniformis ZSPO1 H I ¥EILHF21§ UGTBL1 S5
2 SR BER R/ UGT73B6 1 PSPG 25 A4
P AR (61.4%), Fan 2P0 UGTBLI # A
KGHBE E. coli, S5RAE KA B b 58 A2 B AT 5t
RAFFIE L R D2. LU, UGT73B6
UGTBL1 L5 R 1A R DL R 3 A
BAR R, B UGT BERT LY 2 BE I3 2 M o ik
b, AT LR R AL B F . Chung 510
MINFEFT Arabidopsis thaliana (L.) Heynh. 12 4
UGTs ' §fiik 3 /> UGTs ( AtUGT73CS .
AtUGT73C6 Al AtUGTS5A1) Al LUR; AL &k
ZL5RTF, H AtUGTSSATL HIMALRCR B, X
ZATAERE YRR UGTs, s REII=2 183 1 i
SRR . AU, ATUGTS4A1 & n K 63 g 7
AR ORI,
2 RZEHFNEEM

PeGs 544 [ S5 /A ST ARG BRI T 25904k
G MR X4 . PeGs B 5 1 A 2- K 4 HE-B-D-
R FEERZ O8I, PR 1 NATEE O-4 8% O-6 it
TR AERE S 73 249K, BEEJRE) PeGs I 5 H 2~
3 ANERONE FR G I R B 4 A B OB R G, Al
PR I 350 93 R 6 701X A6 6 0 A0 BT b IR I
B H%E, PeGs HIAH BUH W K ORI/ ARy 2k
B ENE o 18 FIXFh O/ AR 3 S ms ), A T
ZFh PeGs, WIESEALNET . MR KIBEHK LB
H A C(calceolarioside A). KNl K 4 B
(calceolarioside B) %5, SR, TELRY/I LRI &4+
T, BT AR RS B A 2 R A S, B
TEHEFF . FA SR 2§ T . plantamajoside 2571 &) i 1% 0
oo B AN AR P I e
WSS IR, W R AR R OR P R B S AR L BRI, Y
FEBLER 0 Iddd K AR IR . AR, bR OBREMA L
P i DR i [ TS B0 PR A Pt 0 40 /K A 21 H AT L
ML EA 3 AMFEHITH PeGs 4 A AR IE . Khong
SGWSHIAERIF R T — RV TH R IAR I D IR,
BINTTE . R & PeGs 77 Wik A
T A TR 4-PEk gt Joe e i {1 TG ORGP 1) 2- 2R3k
Fe-B-d-HE W E 5 WEERET B 0-4 7 R EERE
o X PP ICTE R/ OR Y HLBLAG 5 AL e B e A
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DR FENERI TS, TRFRDSRP R, fRmE

RN T4 B 1
3 RE

IEAER, PeGs 4 & A5 T 7L & UG 1
REBL, BT MARSEIZ ORI EAE 3 A
FULERHERICAN, A% PeGs HSLIL AL eE
J. MG PeGs FRARMT %13 5
o, HEBBLK. BIRMZ . TSR %I
WeRAR S AT BIRFE B PeGs, & R LB
AuRErE . WOk, (HIAREIRTS PeGs REERTIA
FERAFAER AR 1R AL R AE B R B RT USRS
Lt PeGs HIR. WAEMT G, Wik ZMEHNK
Jo R AR B B CA Bt N 2 DR T, A
TSI RIRT Y, WML 2 HE
LIRS A TR TR, e e A
AN G THRME. TR EKEERFELS .
FELIA 22 b A W) 5 B A2 Y ] BH T 45 B A 00 2 SR
IR, PeGs TMALHURE LR H Al K o el A&
TR, CAHMAEYIRIS S BON TR K PeGs
FERHTR, WMRRIE. 2R OHE. BEEE. MNHERR
FOWEE AL, H AR ST A A 5
IR R A ) APeGs . A Sl 2B A0 TR A 7
APeGs, % Ja—BUNIIA, 75 E M Rl SRS 4H )
PR . ALARE VR 1 i P 2% 55 - DA S R 0 5
MIRCR . $R R B AT 52 1k A e st 4 iR 2R ik
IR £ 1A 5 — 2R B ) L

LRECEACH TR 1 PeGs RT1A,
PG G U & PeGs, S HUR S KR,
ANRN—FIT ZH R INE. R0, AEERE,
i PeGs VELH AN 5 e L2 AR LR T e —
DI TAR Ao

SE

[1] Fu G M, Pang H H, Wong Y H. Naturally occurring
phenylethanoid glycosides: Potential leads for new
therapeutics [J]. Curr Med Chem, 2008, 15(25):
2592-2613.

[2] Xue Z Z, Yang B. Phenylethanoid glycosides: Research
advances in their phytochemistry, pharmacological
activity and pharmacokinetics [J]. Molecules, 2016, doi:
10.3390/molecules21080991.

[3] Alipieva K, Korkina L, Orhan I E, ef al. Verbascoside-A
review of its occurrence, (bio) synthesis and

pharmacological significance [J]. Biotechnol Adv, 2014,

32(6): 1065-1076.

[4] Jiang Y R, Mao S Q, Huang W S, ef al. Phenylethanoid
glycoside profiles and antioxidant activities of Osmanthus
fragrans Lour. flowers by UPLC/PDA/MS and simulated
digestion model [J]. J Agr Food Chem, 2016, doi:
10.1021/acs.jafc.5b03474.

[5] wEZ [S]. —#6. 2015.

[6] Perry N B, Burgess E J, Glennie V. Echinacea
standardization: ~ Analytical methods for phenolic
compounds and typical levels in medicinal species [J]. J
Agr Food Chem, 2001, 49(4): 1702-1706.

[7] Qi M, Xiong A, Geng F, ef al. A novel strategy for target
profiling analysis of bioactive phenylethanoid glycosides
in Plantago medicinal plants using ultra-performance
liquid chromatography coupled with tandem quadrupole
mass spectrometry [J]. J Sep Sci, 2012, 35(12):
1470-1478.

[8] Miao J L, Wang W F, Yao S, et al. Antioxidative
properties of martynoside: Pulse radiolysis and laser
photolysis study [J]. Free Radical Res, 2003, 37(8):
829-833.

[9] Morikawa T, Pan Y N, Ninomiya K, et al. Acylated
phenylethanoid oligoglycosides with hepatoprotective
activity from the desert plant Cistanche tubulosa [J].
Bioorgan Med Chem, 2010, doi: 10.1016/j.bmc.2010.01.
047.

[10] FiAazE, A, RENNGR, 55, REFEAR LMt S IUmfE
il & & At i R A R E, CN103767975A [P).
2014-05-07.

[11] YangJH, JuB W, Yan Y, et al. Neuroprotective effects of
phenylethanoid glycosides in an in vitro model of
Alzheimer’s disease [J]. Exp Ther Med, 2017, doi:
10.3892/etm.2017.4254.

[12] Heilmann J, Calis I, Kirmizibekmez H, et al. Radical
scavenger activity of phenylethanoid glycosides in FMLP
stimulated human polymorphonuclear leukocytes:
Structure-activity relationships [J]. Planta Med, 2000,
doi: 10.1055/s-2000-9566.

[13] Pellati F, Benvenuti S, Magro L, et al. Analysis of
phenolic compounds and radical scavenging activity of
Echinacea spp [J]. J Pharmaceut Biomed, 2004, 35(7):
289-301.

[14] XulJ, Wul, Zhu LY, et al. Simultaneous determination of
iridoid glycosides, phenethylalcohol glycosides and
furfural derivatives in Rehmanniae Radix by high
performance liquid chromatography coupled with

triple-quadrupole mass spectrometry [J]. Food Chem,

2012, doi: 10.1016/j.foodchem.2012.07.006.

[15] LiuJ Y, Guo Z G, Zeng Z L. Improved accumulation of



23

Chinese Traditional and Herbal Drugs

HS0% F20H 201910 H « 5115 -

(16]

(21]

[22]

(23]

[25]

[26]

[27]

phenylethanoid glycosides by precursor feeding to
suspension culture of Cistanche salsa [J]. Biochem Eng J,
2007, doi: 10.1016/j.bej.2006.09.002.

Hu G S, Jia J M, Kim D H. Effects of feeding tyrosine
and phenylalanine on the accumulation of phenylethanoid
glycosides to Cistanche deserticola cell
culture [J]. Chin J Nat Med, 2014, 12(5): 367-372.

Cheng X Y, Wei T, Guo B, et al. Cistanche deserticola

cell

suspension

suspension cultures: Phenylethanoid glycosides
activity  [J].
Biochem, 2005, doi: 10.1016/j.procbio.2005.03.012.
FImE . PR Fa RAGHHE IR L BAIRIRIE T L R Rsg
HMGFERRRIFTF [D]. BEK: FiR R, 2007.
Ellis B E. Production of hydroxyphenylethanol glycosides

1.

biosynthesis and antioxidant Process

in suspension cultures
Phytochemistry, 1983, 22(9): 1941-1943.
Saimaru H, Orihara Y. Biosynthesis of acteoside in
cultured cells of Olea europaea [J]. J Nat Med-Tokyo,
2010, doi: 10.1007/s11418-009-0383-z.
Hu G S, Hur Y J, Jia J M,

2-aminoindan-2-phosphonic

of Syringa vulgaris

Effects of
the

accumulation of salidroside and four phenylethanoid

et al.
acid treatment on
glycosides in suspension cell culture of Cistanche
deserticola [J]. Plant Cell Rep, 2011, doi: 10.1007/
$00299-010-0997-3.

woug, o, BREJE. B RgPALI R mEE T
BTS2/ P E, CN104357480B [P].
2017-09-19.

Ma L Q, Gao D Y, Wang Y N, er al. Effects of
overexpression of endogenous phenylalanine
ammonia-lyase (PALrsI) on accumulation of salidroside
in Rhodiola sachalinensis [J]. Plant Biol, 2008, 10(3):
323-333.

Torrens-Spence M P, Gillaspy G Zhao B Y, et al
Biochemical evaluation of a parsley tyrosine decarboxylase
results in a novel 4-hydroxyphenylacetaldehyde synthase
enzyme [J]. Biochem Bioph Res Co, 2012, doi: 10.1016/
j.bbrc.2011.12.124.

Landtag J, Baumertb A, Degenkolbc

Accumulation of tyrosol glucoside in transgenic potato

T, et al

plants expressing a parsley tyrosine decarboxylase [J].
Phytochemistry, 2002, 60(7): 683-689.

Gyorgy Z, Jaakolla L, Neubauer P, et al. Isolation and
genotype-dependent, organ-specific expression analysis
of a Rhodiola cDNA
decarboxylase [J]. J Plant Physiol, 2009, doi: 10.1016/j.
jplph.2009.03.016.

Zhang J X, Ma L Q, Yu H S, et al. A tyrosine

rosea encoding  tyrosine

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

decarboxylase catalyzes the initial reaction of the
biosynthesis Rhodiola
sachalinensis [J]. Plant Cell Rep, 2011, 30(8): 1443-1453.
Lan X Z, Chang K, Zeng L J, et al. Engineering

salidroside pathway  in

salidroside biosynthetic pathway in hairy root cultures of
Rhodiola crenulata based on metabolic characterization
of tyrosine decarboxylase [J]. PLoS One, 2013, 8(10):
e75459.

EHEE, ®HlK, kEX, & — R E R A
FEERAHE T P 7k P E, CN106148453A [P].
2016-11-23.

wWowR, B T, A M % MR LET SRR
H e R R R S AR 77 U725 R E, 201910048501.X [P].
2019-04-26.

Sun L C, Rai A, Megha R, et al

transcriptome analyses of three medicinal Forsythia

Comparative

species and prediction of candidate genes involved in
secondary metabolisms [J]. J Nat Med-Tokyo, 2018, doi:
10.1007/s11418-018-1218-6.

Wang F Q, Zhi J Y, Zhang Z Y, et al. Transcriptome
analysis of salicylic acid treatment in Rehmannia
glutinosa hairy roots using RNA-seq technique for
identification of genes involved in acteoside biosynthesis
[J]. Front Plant Sci, 2017, doi: 10.3389/fpls.2017.00787.
FAEYE, Elm, Bas, & BEERH LY & RiE
BRFELA A CER: FE, CN106498009A [P].
2017-03-15.

MR, & W AR R H A A A
B OTEE RAGE A RFEE 4248 (7], T2,
2018, 41(12): 2509-2514.

Ma L Q, Liu BY, Gao D Y, et al. Molecular cloning and
overexpression of a mnovel UDP-glucosyltransferase
elevating salidroside levels in Rhodiola sachalinensis [J].
Plant Cell Rep, 2007, 26(7): 989-999.

Yu H S, Ma L Q, Zhang J X, et al. Characterization of
glycosyltransferases responsible for salidroside biosynthesis
in Rhodiola sachalinensis [J]. Phytochemistry, 2011, doi:
10.1016/j.phytochem.2011.03.020.

Wang J, Guleria S, Koffas M A G, et al. Microbial
production, of value-added nutraceuticals [J]. Curr Opin
Biotech, 2016, doi: 10.1039/c30b42503g.

Bai Y F, Bi H P, Zhuang Y B, ef al. Production of
salidroside in metabolically engineered Escherichia coli
[J]. Sci Rep-UK, 2014, doi: 10.1038/srep06640.

Fan B, Chen T Y, Zhang S, et al. Mining of efficient
microbial UDPglycosyltransferases by motif evolution
cross plant kingdom for application in biosynthesis of
salidroside [J]. Sci Rep-UK, 2017, doi: 10.1038/s41598-



5116 ¢ ¢ 3% Chinese Traditional and Herbal Drugs 25 50 % %520 #§ 20194 10 A
017-00568-z. [43] Khong D T, Judeh Z M A. Short synthesis of
[40] Chung D, Kim S Y, Ahn J H. Production of three phenylpropanoid glycosides calceolarioside A and

[41]

phenylethanoids, tyrosol, hydroxytyrosol and salidroside,
using plant genes expressing in Escherichia coli [J]. Sci
Rep-UK, 2017, doi: 10.1038/s41598-017-02042-2.

Choo HJ, Kim E J, Kim S'Y, et al. Microbial synthesis of
hydroxytyrosol and hydroxysalidroside [J]. Appl Biol
Chem, 2018, 61(3): 295-301.

Mulani S K, Guh J H, Mong K K T. A general synthetic
strategy and the anti-proliferation properties on prostate
cancer cell lines for natural phenylethanoid glycosides [J].
Org Biomol Chem, 2014, doi: 10.1039/c30b42503g.

[44]

[45]

syringalide B [J]. Synlett, 2018, 29(17): 2218-2224.
Khong D T, Judeh Z M A. Short synthesis of
phenylpropanoid  glycosides calceolarioside-B  and
eutigoside-A [J]. Tetrahedron Lett, 2017, doi: 10.1016/].
tetlet.2016.11.116.

Khong D T, Judeh Z M A. Total synthesis of
phenylpropanoid glycoside osmanthuside-Bs facilitated
by double
orthoesters [J]. Org Biomol Chem, 2017, doi: 10.1039/

C70B00198C.

isomerisation of  glucose-rhamnose



