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These compounds display a variety of biological and pharmacological activities such as antioxidation, vasorelaxation,
anti-coagulation, anti-inflammation, anti-tumor and anti-virus, conferring a huge application potential in the sectors of drugs,
foods, cosmetics, and chemicals. Microorganisms have become important hosts for heterologous synthesis of natural products due
to the advantages of fast growth, easiness of culture and industrial operation. In recent years, the development of synthetic
biology has boosted the microbial synthesis of plant natural products, achieving substantial progress. In this review, we
summarize the synthesis of plant polyphenols in engineered Escherichia coli, Saccharomyces cerevisiae and other
microorganisms equipped with the designed biosynthetic pathways of polyphenols. We also discuss the optimization strategies
such as precursor engineering, dynamic regulation, and co-cultivation to improve the production of polyphenols and propose

future prospects for polyphenol pathway engineering.
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curcuminoids, flavonoids
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Fig. 1 Representative skeleton structures of plant polyphenols.
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Biosynthetic pathway of Caffeic acid. PAL: phenylalanine ammonialyase;
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— SIS R AR I, R IA T =R
Z M (Tyrosine ammonialyase, TAL) ., X} & 512 -3-
¥ALmE (p-coumarate 3-hydroxylase, C3H)/4f i {4,
% P450 A )R (Cytochrome P450 reductase,
CPR), 5 BUMIMERR ; 7 — 45 2 MR 2 R A5
BYIA, RIEFNAMRM 2N (Phenylalanine
ammonialyase, PAL). J<zX P HERR-4- 22 1L
(Trans-cinnamate 4-monooxygenase, C4H)/CPR,
AR, B 3R i ERR (A 2).
M1 Fi% A2 B i CAHIC3H JE4i i (5 % P450 fiff
2%, TE AR EEEE Saccharomyces cerevisiae H
RIKHA—ERILH . TERRE IR, ik TAL,
C3H il CPR, sfbmsa MRk ML IR LS ,
LG 3 ) Ak % W 5 T 29.58 mg/L FY X A 52
MR 11.3 mg/L MimEmTY (K 1), HAK TAL

0
x
I PAL (j/\)LOH
CIA

C4H, CPR C3H, CPR

Sam3

C4H: Trans-cinnamate

4-monooxygenase; CPR: cytochrome P450 reductase; TAL: tyrosine ammonia-lyase; C3H: p-coumarate 3-hydroxylase,
CYP199A2: cytochrome P450 199A2; HpaBC: 4-hydroxyphenylacetate 3-hydroxylase complexes B and C; TYR: tyrosine;
PHE: phenylalanine; CIA: cinnamic acid; PCA: p-coumaric acid; CA: caffeic acid.
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MEFTR TR RIE R, R EERE b A A A b e
AR i A% YRR IR AR
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Sams™*2 | 40 B Rhodopseudomonas
palustris (7 CYP199A2 K HaAs(AM | Szt ™
FI4R 2415 5 L B Pseudomonas aeruginosa™
HpaBC, Al X4 G lR & 2 Ak R e R . A
FH 1 77 i S B R W A T 1 A , 23K TAL Fl HpaBC
PN, DAH o E 2R, ST 766.7 mg/L
OERR Y, A TS T R T A1 P T R D
HpaB il 70 ] X Salmonella enterica > 5 1Y
HpaC, & T 289.4 mg/L [mnnkialt™, 8%
TR TE FERE L2 SR .
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SEH U R 5 ORI, N 4-F B8N
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WL, RSP R, EXAEET, WL
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Table 1 Production of caffeic acid in engineered microbes

Jr s R PR AP IR . SR R AR A D-LDHY52A,
W KR & T RS R & AR TR
JIC B TR OGS SRR S, PP SRR S &R A
PR S B K AT B A FIE LAk, ARAS T MR A
KBS WIS £ TREE (% 3B)1E,

FE R TAERERE I, B IREAUR A s
TR, MR R R RS S R iEE . TR Y
TR TR B B PR R A s AL S RS H RN T 5 R ik 42
fege ISk IpN 77 o8P L N o ol S N
PLAERME SRR SR EK (B 3C), #Mk
KW 60h, FIZZ 7k 5.6 g/ Z bk %
FagE, AIRCRIESR, HA Tl Ak A v 1 .

BT TREBAEMMRE RS S R, Rk
BT MRS FS R LRI FARRE
AE K AT 1 2Rk -2 R R M 28 A - AR
S, KSR -2 B AL R PT S R PO R
IR LA 2 R S 8 S A A W U NADH
T, RIS RN 95.20%%H ) 7RI TR A
fili b, RIEWEATR WM AR, KIS R ML
e LR HE AL G AL TR 2 — By RN R R 22, %
11550 59.6%, [F]H K% Li Chao-UiEIZH 4 it
T D- i BRER I A . RN R -4 AL B A R AR
LTRTR-3-F2 AL EE I R B LR R, % NADH
1 DMPH4 XU FIE ARG FR Y, ¢ JERER N
HEREE L R PF S R, $AkG RN 84.9%%, it
B L A s T Rt EAR
At

Microbe Genes Substrate  Titer (mg/L) References
Saccharomyces aro4*??° aro7%*S Apdc5, Aarol10, Retal, Atc3h, Atcprl Glucose 11.3 [10]
cerevisiae

Rttal, PahpaB, SehpaC Tyrosine 289.4 [17]
Escherichia coli Rgtal, sam5 Glucose 106.0 [12]
Rgtal, cyp199A2, pdr, pux Tyrosine 280.0 [13]
tyrA™", ppsA, tktA, aroG™", ApheLA, AtyrA, Rgtal, hpaBC Glycerol 766.7 [16]

Rc: Rhodobacter capsulatus; At: Arabidopsis thaliana; Rt: Rhodosporidium toruloides; Pa: Pseudomonas aeruginosa; Se:
Salmonella enterica; Rg: Rhodotorula glutinis; fbr: feedback inhibition resistance.
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Fig. 3 Biosynthesis of salvianic acid A in engineered E. coli. (A) SAA retrosynthetic pathway. (B) The artifcial
synthetic pathway of SAA from glucose. (C) The targeted integration of three modules into chromosome of engineered
E. coli. 6-P-G: 6-phosphate D-glucose; PEP: phosphoenolpyruvate; PYR: pyruvate; DAHP: 3-deoxy-arabino-heptulonate
7-phosphate; DHS: 3-dehydroshikimic acid; SHK: shikimic acid; CHA: chorismic acid; 4HPP: 4-hydroxyphenylpyruvate;
DHPP: 3,4-dihydroxyphenylpyruvate; 4-HPL: 4-hydroxyphenyllactate; TYR: tyrosine; PHE: phenylalanine; SAA:
salvianic acid A.
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Fig. 4 Biosynthetic pathways of rosmarinic acid. Artifical sythestic pathway is shown in left column and plant-derived

pathway in right column. TAT:

tyrosine aminotransferase;

HPPR: hydroxyphenylpyruvate reductase; HpaBC:

4-hydroxyphenylacetate 3-hydroxylase complexes B and C; RAS: rosmarinic acid synthase; CYP98A14: cytochrome

P450 98A14; CPR: cytochrome P450 reductase.
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] B FUIF Ak 4CL 1 STS 6355, FI3E M I
FeE RS RIS RS 50 5P, xubgh Rk
BHER (1S 280 DNA 7 28 3608 1 22 7 A g
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SRR BT HXT7 235 Atdcl F1 Vvsts, FZE P EERY
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Table 2 Production of resveratrol in engineered microbes

HIAF] 262 mg/LBY, HT UL SR A R B A
FIBE PR A KR, Y fkde 5 245 D1 Hatal |
Atdcl, Vvsts, [RIFE32ik arod @t F1 aro7®M 4 i
TR IR RS, 335k acclSPASISTA fren it Py iy
T8t CoA, LPEEAMENREE 110 h, EREEEREG R T
531 mg/L K2R Sk PAL, C4H il
CPR. 4CL. STS, #iZIMAMel A I, FRIE ]
TR A A 812 mg/L (AR,

SR R, f# s ER U EEBE Yarrowia
lipolytica ] M i 2 R Bl 4% TN e B ik 12 B L A 3
me e A R BRI, 2 A DL Rk
PAL-C4H-4CL-STS ik 4% )™ & W& & T TAL-4CL-
STS &4 MiPN#E DRIkt DUH b A i
K H B & R - RN AR & 12 (TAL, PAL,
C4H. 4CL. STS) ®CRHEL, 7E5 L K&
BT 430 mg/L P R gt — A5 kv R R IR
1 SNk R DUBOR Ay HEAM RN 3R, & T 90 h,
RN HB 2 B ISk A B T 12.4 /L 3 ),

Microbe Genes Substrate Titer (mg/L) References
Saccharomyces  At4cl-GSG-Vvsts p-coumaric acid 5.2 [27]
cerevisiae

At4cl-SH3, Vvsts-PDZ, GBD;SH3,PDZ, p-coumaric acid 14.4 [28]
Zif268-4cl, PBS //-sts p-coumaric acid >250 [29]
At4cl, Vvsts p-coumaric acid 262 [30]
aro4¥??t aro7C41S acc1SESOASISTA Hatal, Ethanol 531.4 [31]
At4cl, Vvsts
aro4K??t aro7C641S gcc1SESOASIISTA 40gl641P Glucose 812 [32]
Aarol0, Atpal, Atcdh, Atatr, cyb5, At4cl, Vvsts
Yarrowia aro4¥??° aroGS8°F aro1, aro2, aro3, aro4, Glucose 12.6 [33]
lipolytica aro5, tkt, Atrp2, Atrp3, Aaro8, Aaro9, Apyk,
Apha2, Rgtal, Pc4cl, Vvsts
Fjtal, Vvpal, Atc4h, At4cl, Vvsts Glycerol 430 [34]
aro7°% aro4%??l Apdc, Aarol0, accl, Fjtal,  Glucose 12 400 [35]
At4cl, Vvsts
Escherichia coli  At4cl, Vvsts p-coumaric acid 2 340 [36]
AtyrR, AtrpED, Rgtal, Pc4cl, Vvsts Glucose 4.6 [37]
Setal, Sc4cl, Ahsts Glucose 5.2 [38]
Corynebacterium Acg0344-47, Acg2625-40, Acg1226, Acg0502, Glucose 59 [39]

glutamicum

Fjtal, Pc4cl, Ahsts, EcaroH

Vv: Vitis vinifera; Ha: Herpetosiphon aurantiacus; Pc: Petroselinum crispum; Sc: Streptomyces coelicolor; Ah: Arachis hypogaea.
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Romt 5 Atpal2., Atcdh, Atatr2, At4cl2 F1 Vvstsl,
LA Y, A A TR B e B

PR O S AL (3 -
3-O- 7 2 WH 11 ) Al 1 2L P JE-4'-O- M M . i T
A ZEAHT ORI AR RL e Al YIC HAAIERE
SEPEREIALTE R, TE R AT R Hh 5 3Rk Setal |
Sc4cl, Ahsts Fl yjic, HEILICY) AL BEAE 3-07
A R R B A S, B A R
BE-4-O- AW, AR R

3 ZERXNBMEMEHK

LERPUIELER . ZHAEZ B RAN
EHAREWN RS, DAL ENZHRE A
PR, — B A2 R KA (Curcuminoid
synthase, CUS), 5 —FiZ iU, RIXNER CoA &
fili (Diketide-CoA synthase, DCS) FI13 i K4 i
(Curcumin synthase, CURS) (&l 6), ZE# &)™
Yy 56 R R TR R IR, Bl
TE A8 1 B 2 o 1 vt A5 41008 1) (3% 4).

Table 3 Production of resveratrol derivatives in engineered microbes

Products Microbe Genes Substrate  Titer (mg/L) References

Piceatannol Corynebacterium AphdB, ApcaF, ApobA, Pc4cl, Caffeic acid 55.0 [39]
glutamicum Ahsts
Escherichia coli  At4cl, Ahsts Caffeic acid 13.2 [40]
Escherichia coli  Setal, At4cl, Sec3h, Ahsts Tyrosine 21.5 [41]

Pterostilbene Escherichia coli Setal, Nt4cl2, Vvsts, Atcomt Glucose 33.6 [43]
Saccharomyces  Atpal2, Atc4h, Atatr2, At4cl2, Glucose 34.9 [32]
cerevisiae Vvstsl, VvRomt

Pinostilbene Saccharomyces  Atpal2, Atc4h, Atatr2, At4cl2, Glucose 1.9 [32]
cerevisiae Vvsts1l, SbRomt

Resveratrol-3-O-glucoside  Escherichia coli Setal, Sc4cl, Ahsts, yjic Glucose 25 [44]

Resveratrol-4'-O-glucoside  Escherichia coli Setal, Sc4cl, Ahsts, yjic Glucose 7.5 [44]

Nt: Nicotiana tabacum; Sh: Sorghum bicolor.
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Fig. 6 Biosynthetic pathways of Curcuminoids. CUS: curcuminoid synthase; DCS: diketide-CoA synthase; CURS:
curcumin synthase; CCoOAOMT: caffeoyl-CoA 3-O-methyltransferase.

i 3 5 U %8 40 B% £} Rhodotorula rubra  #FE§ BL2L(DE3) MfE FILTF K12, XHAESAM. 5
RrPAL., %% LedCL. /KT OsCUS, LABKZEIRN — FRIERUII BRI B S HOA Ui, LABTERIR N
R, AR E AL ENY Rl A 353.4 mo/L (2R, T AtCL X
R AR RSN, femm it BIRRAOMEIACRIR, 21k PAL . C3H FIIHERE CoA-3-
W7, Mk TR 2 AR ke w1 O-HI L4674 (Caffeoyl-CoA 3-O-methyltransferase,

TER M FFE P U 2215 ACL. CUS 8 DCS 1 CCoAOMT), R ZEat bl &M , SNV ik 2RI,
CURS, mliBTEmss b 2 KON iR ST 2, MR,

x4 EZHEIEXHWEVEK

Table 4 Production of curcuminoids in engineered microbes

Products Microbe Genes Substrate Titer (mg/L) References
Bisdemethoxycurcumin  Yarrowia lipolytica Nt4cl, Oscus, accl 4-coumaric acid 0.2 [45]
Escherichia coli Rrpal, Le4cl, Oscus Tyrosine 53.4 [46]
Escherichia coli AtyrR, ApheA, Setal, Os4cl, Oscus  Glucose 4.6 [47]
Curcumin Escherichia coli Le4cl, Oscus Ferulic acid 113.0 [46]
Escherichia coli At4cl, Cldcs, Clcurs Ferulic acid 70.0 [48]
Escherichia coli At4cl, Cldcs, Clcurs Ferulic acid 353.4 [49]
Escherichia coli Rotal, At4cl, Setal, CCoAomt, Tyrosine 0.2 [48]
Cldcs, Clcurs

Rr: Rhodotorula rubra; Le: Lithospermum erythrorhizon; Cl: Curcuma longa; Os: Oryza sativa.
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Fig. 7 Biosynthetic pathways of flavanones, isoflavones and flavones. CHS: chalcone synthase; CHI:
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isomerase; CHR: chalcone reductase; DBR: double bond reductase; F3'H: flavonoid 3’-hydroxylase; IFS: isoflavone

synthase; FNS: flavone synthase.
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Table 5 Production of flavanones, isoflavones and flavones in engineered microbes

Products Microbe Genes Substrate Titer References
(mg/L)
Naringenin Escherichia coli Rstal, Sc4cl, Atchs, Plchi Glucose 29 [50]
Escherichia coli aroG™, tyrA™, AtyrR, Tctal, Pc4cl, Phchs, Mschi ~ Glucose 588 [51]
Saccharomyces cerevisiae Pc4cl, Phchs, Mschi p-coumaric acid 1210 [53]
Saccharomyces cerevisiae Pdppal, Gmc4h, Pdpcpr, Gm4cl, Gmchs, Gmchi Glucose 15.6 [54]
Saccharomyces cerevisiae arod®?%, aro3, Aaro10, Apdc5, Apdcé, Atpal, Glucose 108 [55]
Atcdh, Atcpr, At4cl3, Atchs3, Atchi
Saccharomyces cerevisiae aro4“®- Aaro10, Apdc5, Atrp2, Apha2, Fital, Glucose ~90 [56]
At4cl, Hachs, Mschi
Saccharomyces cerevisiae aro4“?*t aro7°S, Apdcl, Apdc5, Apdc6, Adppl,  Glucose 144.1 [57]
Atsc13, accl, Mdecr, pdh, Fjtal, At4cl, Atchs,
Atchi
Streptomyces venezuelae  Sc4cl, Atchs, Atchi, matBC p-coumaric acid ~ 35.6 [58]
Yarrowia lipolytica arol, acs, accl, Rttal, Pc4cl, Phchs, Mschi Glucose 252.4 [59]
Yarrowia lipolytica arod“®!" pex10, accl, Setal, Nt4cl, Sesam8, Hspks ~ Glucose 898 [45]
Eriodictyol Saccharomyces cerevisiae Pc4cl, Phchs, Phchi Caffeic acid 6.5 [60]
Escherichia coli Rgtal, Pc4cl, Phchs, Mschi, Ghf3'h-Crcpr, acc, acs,  Tyrosine 107 [61]
AackA
Streptomyces albus Rctal, Sc4cl, Gmchs, Gmchi, Atf3'h Glucose 0.002 [62]
Yarrowia lipolytica arol, acs, accl, Rttal, Pc4cl, Phchs, Mschi, Ghf3'h, Glucose 134.2 [59]
Crepr
Liquiritigenin Escherichia coli Rstal, Pc4cl, Phchs-Amchr, Mschi Tyrosine 1.84 [63]
Saccharomyces cerevisiae Gupal, Guc4h, Gu4cl, Guchs, Guchi Glucose 0.3 [64]
Saccharomyces cerevisiae Fjtal, Pc4cl, Phchs, Amchr, Mschi Glucose 5.3 [65]
Phloretin Saccharomyces cerevisiae Atpal2, Amc4h, Sccprl, At4cl2, Hachs, tsc13 Glucose 42.7 [66]
Genistein Saccharomyces cerevisiae Pdppal, Pdpcpr, Gmc4h, Gm4cl, Gmchs, Gmchi, Glucose 0.1 [54]
Gmifs
Escherichia coli Os4cl, Pechs, Tpifs, Oscpr p-coumaric acid 35 [68]
Apigenin Saccharomyces cerevisiae Pc4cl, Phchs, Phchi, Amfns, Sccprl p-coumaric acid 2 [69]
Escherichia coli Rrpal, Sc4cl, Gechs, Plchi, Pcfns, Cgacc Tyrosine 13 [70]
Streptomyces albus Rctal, Sc4cl, Gmchs, Gmchi, Pcfns Glucose 0.08 [62]
Luteolin Escherichia coli Pc4cl, Phchs, Mschi, Pcfns Caffeic acid 4 [71]
Saccharomyces cerevisiae Pc4cl, Phchs, Phchi, Pcfns Caffeic acid 2 [69]
Streptomyces albus Retal, Sc4cl, Gmchs, Gmehi, Atf3'h, Pcfns Glucose 0.09 [62]

Rs: Rhodobacter sphaeroides; Pl: Pueraria lobata; Tc: Trichosporon cutaneum; Ph: Petunia X hybrida; Ms: Medicago sativa; Pdp:
Poplar hybrid Populus trichocarpa P. deltoides; Gm: Glycine max; Md: Malus x domestica; Hs: Huperiza serrata; Cr: Catharanthus
roseus; Gh: Gerbera hybrid; Am: Astragalus mongholicus; Gu: Glycyrrhiza uralensis; Pe: Populus euramericana; Tp: Trifolium pretense.
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Table 6 Production of flavonols in engineered microbes

Products Microbe Genes Substrate (;g/e[) References
Kaempferol Escherichia coli Pc4cl, Phchs, Phchi, Mdf3h, Atfls p-coumaric acid 0.3 [72]
Escherichia coli Csf3h, Cufls Naringenin 1180 [73]
Saccharomyces cerevisiae Ebpal, Ebc4dh, Eb4cl, Ebchs, Ebchi, Atf3h, Pdfls, Glucose 66.2 [74]
adh2, ald6, acs, accl
Saccharomyces cerevisiae Fijtal, Pc4cl, Phchs, Mschi, Amf3h, Atfls Glucose 26.5 [65]
Streptomyces albus Rctal, Sc4cl, Gmchs, Gmcehi, Atfls, Pcf3h Glucose 0.06 [75]
Quercetin  Escherichia coli Pc4cl, Phchs, Phchi, Mdf3h, Atfls, Crf3'h, Crcpr  p-coumaric acid 0.05 [72]
Saccharomyces cerevisiae Ppdpal, Ppdcpr, Gmc4h, Gm4cl, Gmchs, Gmchi, Glucose 0.3 [54]
Gmf3h, GmF3H, Stfls
Saccharomyces cerevisiae Pc4cl, Phchs, Phchi, Phf3h, Pdfls Caffeic acid 10 [74]
Saccharomyces cerevisiae Fjtal, Pc4cl, Phchs, Mschi, Amf3h, Atfls, Phf3'h, Glucose 20.3 [65]
Crcpr
Streptomyces coelicolor Rctgl, Sc4cl, Gmchs, Gmchi, Atfls, Atf3'h, Pcf3h  Glucose 0.03 [75]
Streptomyces albus Rctal, Sc4cl, Gmchs, Gmcehi, Atfls, Atf3'h, Pcf3h  Glucose 0.10 [75]
Myricetin ~ Escherichia coli Pc4cl, Phchs, Phchi, Mdf3h, Atfls, Crf3'h, Crcpr  Naringenin 0.01 [72]
Streptomyces coelicolor  Rctal, Sc4cl, Gmchs, Gmchi, Atfls, Pcf3h, Phf3'h Glucose 0.03 [75]
Streptomyces albus Rctal, Sc4cl, Gmchs, Gmcehi, Atfls, Pcf3h, Phf3'h Glucose 0.04 [75]
Fisetin Escherichia coli Rstal, Pc4cl, Phchs, Amchr, Mschi, Atf3h, Phf3'h, Tyrosine 0.3 [63]
Atfls, Crcpr
Saccharomyces cerevisiae Fijtal, Pc4cl, Phchs, Mschi, Amchr, Amf3h, Glucose 2.3 [54]

Phf3'h, Atfls, Crcpr

Cs: Citrus sinensis; Cu: Citrus unshiu; St: Solanum tuberosum; Eb: Erigeron breviscapus; Pd: Populus deltoides.
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LAR: leucoanthocyanidin

F6H: flavone-6-hydroxylase;

reductase; 3GT: anthocyanidin-3-O-glycosyltransferase; OGT: O-UDP-glycosyltransferase; CGT: C-glycosyltransferase.

MR R A LA B2 (Phlorizen) . 1Ak
HE (Nothofagin) FI=n4f (Trilobatin), HAEILELEL
Bl e ke o A AR B 2R TR P g h 1,
ZFIRE R Malus x domestica MAUGT88AL a§ P 5L
Pyrus communis PcUGT88F2, b fz & 20 & 4
O-WEEEAL, & R BT s RiB/KAT OsCGT, fiEfk
Pk C-HEEAL, A BOAEER; Rk T

AtUGTT73B2, fitfk 4'f; O-Fi3AL, A AL T =,

AT RAET R WRRAE A, Eat e
WAy s AE, SRR F3H ., A # i i -4-18
J& i (Dihydroflavonol-4-reductase, DFR). f£7
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ZE A (Anthocyanidin synthase, ANS) FIfEH
% -3-O- #j 4 W% 2 %% T i (Anthocyanidin-3-O-
glycosyltransferase, A3GT), AJ 7Efill 2l ¥y EH A4 1L
OISR, H—4G s F3H, DFR, JC
{046 {6 K A 7l (Leucoanthocyanidin reductase ,

LAR). ANS. 3GT @ik, Z&il#bi-3-Fa bt
e MTHEFTRGNLBRFZEIZH CYP450
fitE, ANS BYIRYIIE 981z %%?&ﬁ%ﬁﬁﬁfﬁﬁ
PR TR E (PH<5), TE RS0 T 2 i
fite, DRI Z DRI BE R e F 6 et . Rk
F RN LR, Wi T 250 F3'H, 4 F F3'5'H,
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5 Fh DHF . 9 Rl SLFERL M, X 6 2D iAW L 00
Ry EEAL b, S BT R i R 2425 3R -3-0- )
ZJBETE (Pelargonidin-3-O-glucoside) . & %34 % -3-
O-#i % Wi 1F (Cyanidin-3-O-glucoside) HI K7 %
% -3-O-#] Zj b1t (Delphinidin-3-O-glucoside) %
PRGN

kI 246 % (Scutellarin) 2T 2%4E (Erigeron
breviscapus) 25 FEZIEVER Y, IR A FIR
JEMGHE I AN 2 o SR IE A | B S 2l 43 B A v o
TR A, AT SAE 248 A 48 TAT[RAER G
WAL R . Y -6- 72 1L (Flavone-6-
hydroxylase, FE6H) F e [il-7-O- i 2 Wi i W2 i 75 1
(Flavonoid-7-O-glucuronosyltransferase, F7GAT),
TE T FEERI e B, MR HE G L T s % -7-0-

RT ERTEVMHHBEMSNK

WETF (Apigenin-7-O-glucuronide) FiAT k28,
TECH (Liquiriting J2 WG 2564 T 5L 0 T 2 7
HIAE A s Z k. EHEZREEA
FRPEILAEROWE, FROERERE A R T H FH
AEXT T ST, S 300 B Ak A Ak
PR AL T H K 2 E R e R Tl R A ok
FRHAERAEY TR G . BRT, 726 Bl R =R
TR 7 B v, #3872 Sophora flavescens Ay 5+
% W KL 5 B B (Flavonoid prenyltransferase)
SIFPT, Mk & K T 8- 5k — st & %
(8-prenylnaringenin)t’*. e FF I, 38 i i
IF LR IE AL AN B IR AR, FRIK AN H LR ALl
RIE R TAEIE R (7-O-H M iz &, Sakuranetin)
FISEAAEZR (7-0-H Al &2 %, Ponciretin)®l,

Table 7 Production of flavonoid derivatives in engineered microbes

Products Microbe Genes Substrate  Titer (mg/L) References
Glycosylation

Phlorizin Saccharomyces Atpal, Amc4h, Sccpr, At4cl, Hachs, Glucose 65 [66]
cerevisiae Sctsc13, Pycugt88F2

Nothofagin Saccharomyces Atpal, Amc4h, Sccpr, At4cl, Hachs, Glucose 59 [66]
cerevisiae Sctsc13, Oscgt

Trilobatin Saccharomyces Atpal, Amc4h, Sccpr, At4cl, Hachs, Glucose 32.8 [66]
cerevisiae Sctsc13, Atugt73B2

Pelargonidin-3-O-glucoside Saccharomyces Atpal Amc4h, Sccpr, Hachs, Mschi, At4cl, Glucose 0.8 [77]
cerevisiae Mdf3h, Aadfr, Phans, Dca3gt

Cyanidin-3-O-glucoside Saccharomyces Atpal, Amc4h, Sccpr, Hachs, Mschi, Glucose 15 [77]
cerevisiae At4cl, Mdf3h, Phf3'h, Ptdfr, Phans,

Faa3gt

Delphinidin-3-O-glucoside  Saccharomyces Atpal, Amc4h, Sccpr, Hachs, Mschi, Glucose 1.8 [77]

cerevisiae At4cl, Mdf3h, SIf3'5'h, lhdfr, Phans,
Faa3gt

Apigenin-7-O-glucuronide ~ Saccharomyces Ebpal, Ebc4h, Eb4cl, Ebchs, Ebchi, Glucose 185 [78]
cerevisiae Ebfns, Ebf7gat

Scutellarin Saccharomyces Ebpal, Ebc4h, Eb4cl, Ebchs, Ebchi, Glucose 105 [78]
cerevisiae Ebfns, Ebf6h, Ebf7gat

Liquiritin Saccharomyces Gupal, Gucdh, Gu4cl, Guchs, Guchr, Glucose 0.4 [64]
cerevisiae Guchi, Guugt

Prenylation

8-prenylnaringenin Saccharomyces Atpal, Atcdh, Atcpr, At4cl, Atchs, Atchi, Glucose 0.1 [79]
cerevisiae Sffpt

Methylation

Ponciretin Escherichia coli Setal, Os4cl, Pechs, Gmsomt Glucose 42,5 [80]

Sakuranetin Escherichia coli Setal, Os4cl, Pechs, Osnomt Glucose 40.1 [80]

Pyc: Pyrus communis; Aa: Anthurium andraeanum; Pt: Populus trichocarpa; Ih: Iris hollandica; SI: Solanum
lycopersicum; Dc: Dianthus caryophyllus; Fa: Fragaria xananassa; Sf: Sophora flavescens.
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5 BANERSIBMEMALETIR

51 ®IRRIIE

75 B B LR A W R T 22 8 7 ) )
Wz —. FHEAERNUEREE, S8y T
Z RN, TE KT TR R R G P B 5 T 48 40 e vh
PR T T 2 I R T B R ) A 11855
B FZAR . X BIHE 2 WA BN I — 1R
N I CoA HIARIHIAFE .

TEVE . B 2R FEAY G L
o, PR 3 N Lt CoA 1E Sk ik HLITH)
HEAE AR o I A P 20 LN N T CoA MR JEAIR,
LM A I — A F R . N Bt CoA H
T8k CoA ¥4k (Acetyl-CoA carboxylase, ACC)
1Ak £ TE-CoA & B, TE4n b EEH FIR IR &
o 38 32 R I =B v B P Y R CoA i
K, TR B AL Z 0 & BGRE H I (55 8).

FEIEN 5t CoA 1Yy RS LNy 55 —Fh
Kk JEid Rk ACC. KIAFTHA ACC H 4 MiIE
FEA AL, HILFRIESZ WA 1 i S Al i
B AR EY) CgACC HA M HE (AccBC Fl
DtsR1), fi'i HIoK 4 2 M - a an 22w . il
Je F APV ACC A M R K L 5 ACC
FAE W) 3R G BirA 7 KT v ek, (15
W T 1.6 50583, ) Rh e ik
iRk, G5 IR CmMER . T
PUFT IR BRAG BE | 5 Ak 7 25 W 3] P 1 1R 1) A 0t 56 o
IRl 2RIk IR E CoA & (Acyl-CoA synthetase,
Acs). Ml Z BRI (Acetate kinase, AckA) Fi
13RIk CgACC, A RIAFTEIMININ — 1 CoA
FEPRES T 16.3 f50M, 5 =R AN Wik
WAR, ALERN T BEATEE (Malonate synthetase, MatB)
FEFNN —iR%% a8 (Malonate carrier protein,
MatC) e[, HEHFFREL PN R Y4 iz 3 i
N, AL TN it CoA, T2 & . K
PRI SRS , K T -G i B 2% 0 26 ey 7 k53 331
YT 2.69 £ 3.55 f5U. FEA AR 3 ot

% : 010-64807509

o, BRAPIRNRES, % CRER ARG adh2 (Alcohol
dehydrogenase) . <& % it & i ald6 (Aldehyde
dehydrogenase) .acs il accl % 4 B RE Y (44 |,
[ I kL %635 matBC, W R #HiIEEY
1.3 507, sEpum kR B ikt . 1%k
ik 5 E ALY EA T UM DG B 1 PEX10, i
NI B-EALTE ML Tk CoA, $Eim T ff g HR =
BRG B Bz 2R L B AE 10,

TN I CoA Iy U S AR T R & &
7%, KTk CoA B 2 A k. 55—
FRIEIG R EE PR INR R (Cerulenin), Vi
W R A A 0 R Ui iR & B FabB Ml FabF
(B-ketoacyl-ACP synthase 1/11) ByiETE, B4R
T TR A o3 Y A TR 3R R Y R e e
THT 13 50N G Rk 2 A R L RNA
(anti-RNA) 1R HETTBREA , H B D7 R 4 Qi
T2, YA 2 A A R T2 7 ) R TN Bk CoA
RO, R R R R E T 431 .
55 = FPOR B L CRISPRI R 40, TIREIEE, ¥
LA WP, HOM 2. | CRISPRI
RGPS L CoA BWARRY 17 A3k KA G Wi R4
7y 7 A, fdil ppsA. eno. adhE. mdh,
fumC. sdhA. sucC, citE., fabH, fabB. fabF i
fabl 4% 12 NEFREE, AR EZmAlEA K
[ii] BF 1 7R 20 L N TS TBE CoA RIUK -, (il iz %
PR T 7.4 4%, 1A% 421 mg/LB, gk
CgACC. anti-RNA. {23 ¥4 HE, $&m T 2%
ARG - ORN

BEE A= R T, R AR
oUW e T AR B SRR M AR R Y, R
NN 5t CoA 17K ¥, iz H OptForce # %Y, 7E
KT 335 T ace, pgk, pdh £, [a] Bt
R fumC ., suuC £:[H, SEFA MMM, N
T CoA KEHE T 3.7 £5, MR EIAE
474 mg/LB7 AR 1 o A T 1 28 A 4
A B,
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Table 8 Production of polyphenol enhanced by regulating the supply of malonyl-CoA

Products Microbe Pathway genes Substrate Strategies (;37[) References
Resveratrol Escherichia coli Le4cl, Ahsts p-coumaric acid Cgacc 171 [81]
Escherichia coli At4cl, Vvsts p-coumaric acid OptForce 1 600 [88]
Naringenin  Escherichia coli Rrpal, Sc4cl, Gechs, Plchi  Tyrosine Cgacc 60 [82]
Escherichia coli Pc4cl, Phchs, Phchi p-coumaric acid Placc, PIBirA and acs 119 [83]
Escherichia coli Rgtal, Pc4cl, Phchs, Mschi  Glucose matBC 84 [50]
Escherichia coli Pc4cl, Phchs, Mschi p-coumaric acid matBC, adding cerulenin 186 [71]
Escherichia coli Rgtal, Pc4cl, Phchs, Mschi  Tyrosine matBC, anti-fabB/fabF 391 [84]
Escherichia coli Rgtal, Pc4cl, Phchs, Mschi  Tyrosine CRISPRI regulation 421 [85]
Escherichia coli Pc4cl, Phchs, Mschi p-coumaric acid OptForce 474 [87]
Eriodictyol Escherichia coli Pc4cl, Phchs, Phchi Caffeic acid Placc, PIBirA and acs 52 [83]
Escherichia coli Rgtal, Pc4cl, Phchs, Mschi, Tyrosine Acc, Acs, AAckA 107 [61]
Ghf3'h, Crcpr
Escherichia coli Pc4cl, Phchs, Mschi Caffeic acid matBC, adding cerulenin 54 [71]
Phloretin Saccharomyces Ha4cl, Ebchs Dihydro-p-coumaric adh2, ald6, acs, accl, 619.5 [67]
cerevisiae acid matBC

5.2 EREHBIAEIE

SEARK, TREH T 14 ISR T CoA By

faj B dth e R IR B TP R R, RT R AR
2 6 ) A 7 R, (EL I R A R 4 R TG S
PR IE R RIBKT, HG 2 kAR T
) 25 VA 4 R W AT LA A A AR e 2 b A
FURKOF B AT B2 0 Rk s B, DT L A
Wi AR fb AR P . ARIREE . B — R 55
A YRGS F S 3 T, A
A A% AR R SE B B A R P B oGk . BT &
KT Z e A 0 A AR s, T GE G
RG34 A5 R K T P 3 A 8 R T v A L R

DL R B R 5 T TgR AR 12
PRSI T TR 454 BT, DI
CIOCE I RS A ACL FEHLIE A8 S,
fifi JE 3R AT ACL Ak, CRER M AW G AT
556.4 mg/L 2/, $2m T 4.7 f5. AR
WiE T =0 &, KIBFE G T
225 mg/L i iz 2% RppA fiEfk 5 4 T8 1k
CoA MLl iR & R, W HIAEM NN
CoA (1) F AL Bt , H A B 08 10 sl 25 ey 10 318
¥ RppA 5 KA B 3 B A BB () anti-RNA SC%
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R, ATHESmA TR EmE, [2E
A7 51.8 mg/L, #2551 4.2 5%, ot
FEF AR K AICKS 18 € i 7 AR R s
3 3 A g A O e A R B, X R R
Y& s iR S R R AT AL, TR A&
A 191.9 mg/L il e 2104,

T B0 440 2 K 0 B S R T R — AP g e
B, T2 A . BRI R T
BESEVEYEOE T FdeR,  FE M4 ) IR JE 2K
LR35, /DTN Bk CoA EANE N IR 4% ;
XTSRRI, fHiE Y PadR KiE, JF)A acs
Ml acc FERFL, MG M CoA BIE MK
BEN 5 SXFEHE ST T A e 2K -4 G RN .k CoA
BT R G, el mit g sh+, 4
AR R UGS, kR RikF] 2514 mg/L, 2
BT 8.4 50,

TEARZLY (Quorum-sensing, QS) & —Fh
WA B B RS, ] TSR
P . FER AT TP RSB WIRANR QS, Wit PiAS
TG Lux ShAUTERNR IR i 12 5 B LA fin it iy
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A . Fk CoA By/KF-, Esa sh4S4ER TAL-4CL Ay
ik DB IR GlE CoA % TAL fO#EEVEVE; @
W QS RGLIAE, MR &N 125.9 mg/L,
T 10 15099,
53 HHiEFIIE

EHRG, R Z BIE ALY 84y 1
MAHEAERXR, WBRESESHE. Y2
W (A B BUS AR, AT A SR AE S HEVE
W 22 W A5 A& A% 43 TE B AS TR) A0 R Rk L DA A
HEZWA MM FRRG, AMUA] R
T T 550 3R AV R it 7 R A 46 ) A, T L A 7T 4
Beflidb . Rmm@Res, X ERm e g T
AL IR . B8R W, REFREN
MAwE R (R 9).

FIE A R, — AR R B LA 4
BRI A B & TR, 53— R K AT B 7 5 1t
I N 8 CoA, A T FAZEM B, don] s 58
S WIRIR RGN, — Pk PR 1 B R
WA B TR, AR R R A 4R
ML 5t CoA, P A7 i BRI A Rl TN 15k CoA it
%, ARSI BT RIS R RS,
KIGF B G R XE G IR, iz PIRmE b &
B FE P, ER R A - TR T e R 2 ) A 8
RGN T Tk T R B kA PO

LW RRES BGERAIE 6 £, Btk
J R 43 S0l 22 3k P SR R AR P 22 B B e, A2
HRMBERN =S -WRAL, 04
6.6 17 2.6 1 W4 TR K (Afzelechin) A
ARSI MBI B CoA 1y i (4CL.,
CHS. CHI) #{{&ifi NADPH () Fii#fite (F3H,
DFR . LARY), Al FH K I FF 1 - K A 17 45 77 S
B 48 53 7 B TR AR A 970 15

AR AN R B R TR T ZER Rl SR BE , i
BEAN RN A Pk A7 2R %, TRt Z i iyl
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SN 3 i o LA A R e TR, R R K B L
T I Rz 2 A A 3 4 OO R R B E TR A
B e — FlB S o DAACHE M BRIE , 76 KT
IR e B 2 Rl iR SR AR E R, KA &
JL T SR 43 Wb LR, ) P LR TR I I R R
THERTRFN AR R, K T TR - PR R TR A R
— PR A B B AR LR T 8 A0,
TEY R R R A, Kl R ag R 7 K+
th ik, P450 Ji§ IFS 43 Jic 2 BRI 17 Bk b 3R 35
D B AR L AL RIS, S T YR AR R
4 g R O

FE IR e BRI 3R R G, B —AN R
PR 5T AT AR A A R 22, 38 A DRI 3
MR R A L 2R, B g e T v ] P R
SR o, EEE AN EERER M R
TR, IR IR R Gt s N T R L
MBI, RAZAZER AR GAGER | MR 5 5 Fh
2 7= 1 4 i BT

SRR RG] TR AR L -IE R S
R . EREFRRESRGERES, 12
FARAR AN ONMERR AR [R5 4 i R A IR, FLik
EHAETEIR Y 38 LR, FRER A BUCRARG . K
WIEFIR G BGEERN 5 R 3 B, ik R s e |
P+ RBHF A LR @AY, 43 E T 3 ks
(PN 78 S H < L SIS e S B B L =Sl N B
FHREE T 38 4%, i5F| 172 mg/Ll,

PO LB R E A TR KR ®RE. RE
K -3-O-F A MIT iR A4 9 MIMEIENA
it AL RO AR T L 2R3k 224 36 R 48 40 i s ok 7™
AR T KR E R 4 DR,
G R T TR AL | Ml R A M | or B AR R
LT R, W T 4 BRI B8 5%
KR, BRI PSLE TEH RS
Mk A
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Table 9 Production of polyphenols in coculture system

Products Coculture system and genes Substrate  Titer (mg/L) References

Resveratrol Escherichia coli 1: tktA™, aroG™, ApheA, Rgtal; Glycerol 22.6 [94]
Escherichia coli 2: Sc4cl, Ahsts
Escherichia coli 1: Apgi, AtyrR, tyrA™, aroG™, Rgtal; Glucose 55.7 [95]
Escherichia coli 2: Azwf, Cgacc, Pc4cl, Ahsts
Escherichia coli: AtyrR, aroG™, tyrA™ Tctal; Glucose 36.0 [96]
Saccharomyces cerevisiae: acc15*4S™57A Atdcl, Vvsts

Curcumin Escherichia coli 1: Rgtal, Sec3h, Atcomt; Tyrosine 15.9 [97]
Escherichia coli 2: At4cl, Cldcs, Clcurs

Afzelechin Escherichia coli 1: AsucC, AfumC, At4cl, Phchs, Cmchi; p-coumaric 40.7 [98]
Escherichia coli 2: Csf3h, Fadfr, DULAR acid

Naringenin Escherichia coli 1: Rgtal; Glucose 415 [99]
Escherichia coli 2: Rgtal, Pc4cl, Phchs, Mschi
Escherichia coli: AptsG, AtyrR, ApykA, ApykF, ApheA; Xylose 21.2 [100]
Saccharomyces cerevisiae: Rttal, Pc4cl, Phchs, Phchi

Genistein Escherichia coli: Rrpal, Sc4cl, Gechs, Plchi, Cgacc; Tyrosine 5.8 [101]
Saccharomyces cerevisiae: Geifs

Kaempferol Saccharomyces cerevisiae 1: aro4***" Fjtal, At4cl, Hachs, Phchi;  Glucose 200.0 [102]

Saccharomyces cerevisiae 2: Atfls, Csf3h
Saccharomyces cerevisiae 1: 4aro10, 4pdc5, Atscl3, aro
aro7°* accl, Ecpdh, Fital, Atdcl, Atchs, Atchi;
Saccharomyces cerevisiae 2: Ntf3h, Atfls
Quercetin Saccharomyces cerevisiae 1: 4aro10, Apdc5, Atsc13, aro4<?*%, Glucose 154.2 [57]
aro7°* accl, Ecpdh, Fital, Atdcl, Atchs, Atchi;
Saccharomyces cerevisiae 2: Ntf3h, Phf3'h, Atfls
Myricetin Saccharomyces cerevisiae 1: 4aro10, 4pdc5, 4tscl3, aro
aro7°* accl, Ecpdh, Fital, Atdcl, Atchs, Atchi;
Saccharomyces cerevisiae 2: Ntf3h, sIf3’5’h, Phf3'h, Atfls
Pelargonidin Saccharomyces cerevisiae 1: 4aro10, Apdc5, Atsc13, aro4<?*%, Glucose 33.3 [57]
aro7°* accl, Ecpdh, Fital, Atdcl, Atchs, Atchi;
Saccharomyces cerevisiae 2: Ntf3h, Aadfr, Ghans
Cyanidin Saccharomyces cerevisiae 1: 4aro10, 4pdc5, Atsc13, aro
aro7°* accl, Ecpdh, Fital, Atdcl, Atchs, Atchi;
Saccharomyces cerevisiae 2: Ntf3h, Phf3'h, Aadfr, Ghans
Delphinidin Saccharomyces cerevisiae 1: 4aro10, Apdc5, A4tscl3, Fijtal, At4cl, Glucose 26.1 [57]
Atchs, Atchi, accl, Ecpdh, aro4<??%t aro764s;
Saccharomyces cerevisiae 2: Ntf3h, Phf3'h, sIf3’5’h, Aadfr, Ghans
Rosmarinic acid Escherichia coli 1: ApheA, AtyrR, tyrA™, aroG™, AptsH, Aptsl, Acrr, Glucose 172.0 [103]
AaroE, AydiB, Rgtal, hpaBC;
Escherichia coli 2: AxylA, aroE, aroL, aroA, aroC, tyrA™ aroG™,
hpaBC, Lpd-ldh;
Escherichia coli 3: ApheA, AtyrR, tyrA™, aroG™, AptsH, Aptsl, Acrr,
AaroE, AydiB, Pc4cl, MoRAS
Pelargonidin-3- Escherichia coli 1: tyrA™, aroG®, Rgtal; Glucose 9.5 [104]
O-glucoside Escherichia coli 2: 4sumC, AfumC, ApheA, AtyrR, tyrA™, aroG™,
At4CL, Phchs, Cmchi, RtmatBC;
Escherichia coli 3: Csf3h, Fadfr, DULAR;
Escherichia coli 4: Phans, At3gt

4229 Glucose 168.1 [57]

4229t Glucose 145.0 [57]

4229 Glucose 31.7 [57]
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TP Z B AR B i oE , R R R 3
RS ImEERR . NEERR . X R SR, MWHEYH
A A O™ . BETS R A B A AR
BT, AR AR NZIR, 1T 7Y 25
BT W0 s A2 o 4 28 W R R I Ml ) B Y D
B, & FIUEM R R, ATHEREXMAEY K%
T R R VPG e B R ST T R ) 2 B AR R 1)
LA MIER, Sefasi TR . FFS R Rk
Tl . MBS, RBR ., WL, EEpE, 5
B SE G o RIS A3 22 1 A A . TR AL
SR AL ERT YW A L, MIRE R B Z
3 = 4 BE e 1 At

AR, MY ZE R IEE sE EC 4 E
PR ATRBFT R . BER R . IR RS RED,
AR E ARARRATE RN . AR F 2L
FERIEIR P AE Y, SR AL ARXT AN s T
T B KA TN B CoA fiL4afE )1, BI5H4
FER A BORRRSS, 4 Ja ol s 5 = i A R ik 2
Wi, MHATZEMA K. X [CHME T
A 2N EREE, NAEY TRET
TEhil 27 b A BEE , EATI0 T8 2% [C I 4 7R
KIGFFH o FRE W1 1Y) 05 7 2 R R 6 L Be 7 S5 1R
WHREEEAE 2, T P9 Bk CoA HL45 fE 100 T PR i i
B, Al RS R TR L TR T
Y, BT Z A RE £ B
Pichia pastoris /2 & iE FHEE M RIFmE E, B4
R ERE ), LA LMY, A RE
FE R 216 s

TER 2 Y A & B, BT CHS 1Y
IR AERE S, AR G AR B T9 %t CoA A=
BRI PR W, B CHS R Ak 2 1 H 3t
(] A 4 [ 3T L 0 200 L 5 G T PR F Y 25 TR 3R
CHIL (CHI-like) HE1HEME 5 CHS K AEMEAEH,
R A, S AL 10T et iE CHS Y
IRE, BRI A IRABESE CHIL-CHS
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Z [A] s Ao
18— Tl SRS

M T 28 0 kA R, SRRt
AR BEIE BC 24 Jn 4R T 2 W)™ ) T 25
BT WA RS 31 AR B TR | BhA R
AP TR TG BACIR AR ST, AR K e
(B AL 37 R G A 2 0 A &
ARHE TR RS . H RTAYSE B IR BT R PR TR
J AR IR B o n] T R IR SR B E M R AR
FIEFR T 20, AR A (ol A W 94y A B A AR R
B FRARE, XHMUBR R TS 0 T, WA
SR AR N G AR EAE T, A R R SRR
FIERLE . TRE U IER Mk R
HEZWMHWZ W . s TR C S bl A
il KSR 7 0 O A 0 4 P R B B 0T8T
R XA E A0k, A AT RESE i B AR AL TG 4
IR 2% S5 R A0 I 2 ) )Y A 5 ) e s R e
JCH 5 i A0 i, A B RO R sk 2 ) 7 0 B
PRI R, AR 2 WS R RE

R S ol B 7 A B ) A
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