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Abstract: Metabolic engineering has been developed for nearly 30 years since the early 1990s, and it has given a great
impetus to microbial strain breeding and improvement. Aromatic chemicals are a variety of important chemicals that can be
produced by microbial fermentation and are widely used in the pharmaceutical, food, feed, and material industry. Microbial
cells can be engineered to accumulate a variety of useful aromatic chemicals in a targeted manner through rational engineering
of the biosynthetic pathways of shikimate and the derived aromatic amino acids. This review summarizes the metabolic
engineering strategies and biosynthetic pathways for the production of aromatic chemicals developed in the past 30 years, with

the aim to provide a valuable reference and promote the research in this field.
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Fig. 1 Advances in metabolic engineering for the production of aromatic chemicals.
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Fig. 2 Biosynthetic pathway of aromatic amino acids. PTS: Phosphoenolpyruvate:carbohydrate phosphotransferase
system; GalP: galactose permease; Glk: glucokinase; TnaB: low affinity tryptophan transporter; Mtr: high affinity
tryptophan transporter; AroP: aromatic amino acid transporter; TyrP: L-tyrosine-specific transporter; YddG: aromatic
amino acid exporter; Pgi: glucose-6-phosphate isomerase; TKktA: transketolase 1 ; Tal: transaldolase; PpsA:
phosphoenolpyruvate synthase; PykA/PykF: pyruvate kinase; AroF/AroG/AroH: 3-deoxy-D-arabino-heptulosonate-
7-phosphate synthase; AroB: 3-dehydroquinate synthase; AroD: 3-dehydroquinate dehydratase; AroE: dehydroshikimate
reductase; AroK/AroL: shikimate kinase; AroA: EPSP synthase; AroC: chorismate synthase; PheA: chorismate
mutase/prephenate dehydratase; TyrA: chorismate mutase/prephenate dehydrogenase; TyrB: aromatic-amino-acid
transaminase; AspC: aspartate aminotransferase; TrpED: anthranilate synthase complex; TrpC: bifunctional
phosphoribosylanthranilate isomerase/indole-3-glycerol phosphate synthase; TrpBA: tryptophan synthase complex;
TnaA: tryptophanase. PEP: phosphoenolpyruvate; PYR: pyruvate; G6P: glucose-6-phosphate; F6P: fructose-6-phosphate;
FBP: fructose-1,6-biphosphate; GAP: glyceraldehde-3-phosphate; BPG:  1,3-bisphosphoglycerate;  Ru5P:
ribulose-5-phosphate; R5P: ribose-5-phosphate; X5P: xylulose-5-phosphate; S7P: sedoheptulose-7-phosphate; E4P:
D-erythrose 4-phosphate; DAHP: 3-deoxy-D-arabino-heptulosonate-7-phosphate; DHQ: 3-dehydroquinate; DHS:
3-dehydroshikimate; SA: shikimate; S3P: shikimate-3-phosphate; EPSP: 5-enolpyruvylshikimate 3-phosphate; CHA:
chorismate; PRE: prephenate; PP: phenylpyruvate; 4HPP: 4-hydroxyphenylpyruvate; ANT: anthranilate; PRPP:
5-phosphoribosyl 1-pyrophosphate; PRANT: 5-phosphoribosylanthranilate; IGP: indole-3-glycerol phosphate; IND: indole.
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Foe B S (M 35 97 S A T 38 PR DA R, 3
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HEUEA #2287, M4 e TR i & B A
PEBEPE, FIFZHAR, Kromer 2% 3 29 vtk
FRBEFE | Fo TR e %o Xof 2 a8 114 T 2 P vk 3
i 0.62 g/L e & 1.65 g/, YIMLEMRAERK
TR KT B LR R AR 1Y 88.5% ., 2EH FITEWF T4 K
TN LR AR, Bk — ™
L - % 0 TR P R TE 5 7 0 v VAR 8 X} 7 L TR 1 4 7 S
T I AL A 35, R AR o TR R R i A2
R - R B 0 A LR Y AR B AR AR A 3 B R
R EdER K R).

26 TEMm@iH

V205 & WAL A W A W06 B 12 I fb il ok
VT oAl - LI o S VR A A A A 35 Tk R 1
ANREH L 1 ARG S B AR TR,
TR R A A s A v B A B . A 1) Ak
AR KT T W 1S B I ROR Aoy IR
E PRI TR R M AR T B KRR
() 4-J2FEFE IR IR AL 1 PobA Ak 4-F2 L2 F iR
AL M IF LA IR , HLoR AR IR Y385F A LU — ik
WIS LZS BRI AL LR BB TR, (R 3
#AI%. Chen %1%} PobAYSF s A fAfii Ak, rhoa i
SOCHR R SE R A TERE VT T AT, 3 3 TS A
JI T 3 BT B4 S8 AR fA POD A ISR T2 i g g A
X PRI A 4~ 3608 B IR R ) LS IR 14 i AL o
SRR T A5 5 4.3 %, gLy 4-F2 3k
RHRE RO TR, BRI 25 %] 93%.
2.7 ZHMSIRIMNEEREL

Xt F R AR R R B 2 B ) M AR
SN AR R 0T AL A, FIHR R R
M el A S 5 B T M DA 3k 81 48 v 11 7 o
FEAb AR, SRR IR OGN 1Y) 40 M R A T 4 20 kAL
Sl 1) FH A 2 P REL AR 97k sk 2 T it VR 2 A 7 AR M A
1 77 XA R AR AR B i s R . TR
LR BA BRI B0, 2835 T e 98 41 A0
W LU AR R IR EA T Sk A 0, HRBERIS R EYy
33.3 g/L WYIEULZEERY. J5 ok R A4 i 5
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X, EeE AR R EERAS R B DHS Y
(>90 g/L), SRJE ML 3-8 A 28 A R M /K i 1)
KGR AT 2 A0 i fiE Ak, 2845 85 g/L LA L)
JLZETR, BEAK AT DHS 3R (B R R ).
Romasi 1 Lee®2 e KT i ik 6 3k 2 FL 5 7 il
LA aspC. 5| WE-3- P4 il R i 22 i 5L ] idpC g
W3- 2, TR I S0 ML R iadd, [R] A o s 0 2 R T i
H tnaA, ZERRLL 4 g/l 1Y -2 R A IR DL
SR 24 h R4S 3 g/l fW5|WE-3- 2R . ARG E DG
HALERAG T —. 8w 5 Faith. A3
PR EE I SR A o R R A A B U8 GDH
ARG P AR RE , B T R A0 i TR il 1) PR TR
W CAR H#EG, WL S A RIENLED
(AR HER . R IR & A5 & . X
IR SE) AR AN kA, JEHHEA
ARBR g ST A P RO,

2.8 FEYEMHEE

V25 TS Y BA WM rE, Bk s
TR, RILEIR . MRAERPER ., 228, K
A, PEBESE . UL, WFR A2l T 2Rk
R FEAL T Wy ) A e w1, 3 50 2 M 5 A Ak
EWIHETT
2.8.1 &AW MRS ESNIRSE EWTZ
[:{9))]

ScERR], R ALE FR AT U i 5 41 i ik
Yok B, $EE ke R EEE R BEAk,
B FH R 32 M o 58 1) R R M 3 20 Mt 2 — PP AT 240
T EE o AN R 1 3 ARG A [R) 4k 27 40 Jox iy
ZRESIANIR] o 36 FH T 52 4 5 1) A 3 240 A R 1k
PR i P i Ak . Kubota 28 B9 a4 A R
FEARFT I Corynebacterium glutamicum . K71 .
PR B . % BRI Pseudomonas putida
4 g EXPRTEIER IR 2, RIA AR
BRRFTFHELE S/ 400 mmol/L X 4 ik FH iR 1) 1%
FRIEHR A A G, LAt 3 Bl At iy it 52 Mk
FEYARHE i 200 mmol/L, PRIk B 2 R R AT
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BRAE R B 2 B2 Y R ) 1 R 2
2.8.2  FI A4 MAE LS RS B AL T

BSCERR], XA A S RS
SR FH 4 240 B A A s A SR A AR 1 26 7 O U B T
AL Ok A 7 AR A
2.8.3 ¥ HinbEWHEAL A TIZ =Y

PG B0 05 BT IRAGE W EE A Do i AR
SR RTTTEIE 2, ARG R L2 7 i 54 Akl
Hinm 9. BRGNS i 2, R
TEARIE N KT 2 Hansen 21850 2 1 25 i 1
Schizosaccharomyces pombe H1#& & 3 SR JEJEH
53R 3-Wi A ZE IR K HE A 3dsd . 5 R IR
W R HEE A acar, O-HI LI omt, @Bk
Pt S L K] adh6, {0 O RE S R R A I . i
i Rk TR UDP 45 i L L R g, 4l fifi 7 B
AL N IO A R B-D-E AT, A AR
RE A B HE— 2048 T . X R B R PR 5 ik vk
BE (CAniZgm . HERpE . AW, BTHipsE) 3t
EBT, 25 JF R S 2 B R TR BORE 24k
Y, IR AR KA R R R R P )
SR BRI AT REAS B TR AR S
FH T 25 1) Jo 1 200 T g 2k

Br 7 HER ™ok, L gl 2=y i A i 254
Tl AR . B AR — A KRR Z ALK G R RERR
ERARE, HLAA R NH, BRRE, BT LU SR AR
GNP B NH, R A 353 . Wang 2567
TEA ML - AN 2R G K 2-K CRERY SO
HESI 1 /L B9k 47, IEWIREE R B AL 1 60.8%
P E 74.4%,
2.8.4 RFUK-BULFIAE & EE

PR A I 48 AT H AR P P 7e KA A DL
o R BT RS R, 7 DOK A A2
FAHARS, KBRS B H 1. %
AR 2-7R LT I By 55 A 350 o 240 i s e 1 0 A IR
& Wi R BB ST R AR 3 1 3z 1 R e o8l

2.9 AW
A A AR B AR Al DL 25 42 i H bs ™
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i =, (AR A A2 T SO0 A ol A L )
FOL, {50 40 P PR B VA R R R ) 1o B T RE L A R )
RGP R | EAR R R GRS, XS 2
JEE R 20 ) AR KRR ERR AR S S IR E R
A LAShAS P 40 M A KA H AP A R,
KBS AT, WA T B 0 Pr6 ok 25K
ko shAWE R FE HUT 3FIZEA. TR
i e N S AW Wl 7/ [N E NS S N
IO BRI Sy AR T - R R 4 A 5
Yang 25 U] i 12 5L {1 AL B KT 2440 S J5 (14 45 5
PP UG I i 55 R 1) B Sk DXL 7 CatR R 25 5 1
catBCA JJ 8 F ¥4 Pua, 454G RNA TR
(RNAI), 8 TR T-fir PEP 7 EMP FIZF R
WA AR . B A, R R R R SR
il CatR %% SEMTE G , A T 0T -l B 45
WL R ek HIR, CatR A% s B0 16 1k
i, 58 PEP RALEE M) FRIL A TE, fEdk
PEP iF AZFELR BT . FHI, PEP Wik A = IRMR
TR AR AT AR wWu U0 — 2452
L-R N RS T R TR 26 1k 50 B 1 i sl PP 51
SR Je I X S8 B R 4R 2E R R AR TP Y DG B O
aroK ik, R LR AR H M 1.36 £
) TR K o

bR T LR LIS, D5 A AL A P A T
TG AT VP 2 LA, bU s 38 dt 21 2 4 B
R, WAGEEAY . Hady . Endss. 1€
WAL, DK X Se A R T A I 2 4 2F
ST EEAR o KBl 2E A M R R B F A T R G4
B2k o A BRI D BE AR B LA K AT BE S B )
B, AR T R TR P o B R A B SR R AT
REAEAE R AL VR TEMLN o BeAl, I JokE ik T
T WAL WA B A% A S H L TR B8 R ARG 25 2 3K
(E =M Y =B 3iy TA 0PN S WL DO
T 5 4 M A AT B PE A ) 2 LN T R T
WAL &A= B RN R, s IR A )7
PR TRERE AR, FRARIEDR Rk 0 AR X 4 55
P EEMERE R, (Rt ey . TR o IndiE
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R BTN R, TR T AR
SR i RIRE SO 240 A 2 i TR BRI (9 28 7 K
3R RAEAT R B R 07 3
3 FERMENLRARER

DHS. L-FE NI . L-BEEARR . L-C= R 5
e H AR EEE G a Y, Tl —
AN VF 2 mER D7 F AT A . NI, Mk
TR BT AL P R A A X T AR A DY A
R AR R A T AR EEE Y, & 14
2T — S HA AR (955 A AT A W0 e ™ AR M T
IR

3.1 DHS KEMMMERETEMNEIEK

DHS J& 7% 51 R ik 44 v ) — Al QI ] =
BE TIT A Ay — S Lk 2 B Bl ) 590 A0 25 49 1 v i) SR
B R A S LA™ DHS B 5 i T
K, AR RRE ,, XAl EEEIR /N, Al
AT ERIMEAER I fGeE . B, A
B REMZE DHS, BEASMRanA K, WA
SY LA B P Al A R AR, X IR R R A

Fx1 —ERRENFTERTEVREDSHARER

BRI A Y DAHP & ik 17k 251t &5
B, BrNBRERIGE TR, DAHP AHX T 245
R BB R AR B4k %y 86%7Y . P y—/3 T DHS
XF W —43F DAHP, FIr L DHS A1 XF T 4 25 b Y 21
WEE IR AL R AL 86%. B BMR M 37 K241 J. W,
Frost 5% 20 i 3o Bk ik CHERE R 9 7 =, Se)m
EA T G B B R DR theA | BARTOR M T2 TN IR 5
L5 ppsA . i 2 Wi 08 AR G0 L DN NS BE R
AW Y e EEAER, A ICHLER B 57 Ak T
R R, 315 T — R DHS kRl
Choi ZEBUEILH 4] EXF DHS & g% T — &
Gl et , K45 DHS H Pk InhaM103. %
WPRTEA /D s e RERY . 2 RS A DL T 1y
PLER BRI 5, DU ADHE AT TR A i R IS
A& E 120 h BLUE 117 g/L DHS. 2EH FifE 5
23 o 7SR R A BT — RS AT s, ARAR
DHS j= ik 94.4 g/L I = itk , T & kG35
SR VRN B R A R JC LR 1 2R B0 sy
77 DHS BEBRIE 8 N i 07 7 10 = R DL b HoAh
J5 B AT AR ) R R R O 1R VS 2 24

Table 1 Advances in microbial production of aromatic chemicals

Product Regulated genes Host Feedstock Culture style (E/IE; References
3-dehydroshikimate Deletion of tyrR, ptsG and pykA. E. coli Glucose, Fed-batch 117.0 [30]
Overexpression of aroB, aroD, ppsA, glycerol, yeast
galP, aroG and aroF in chromosome extract, tryptone
3-dehydroshikimate Deletion of ptsl and tyrR. E. coli Glucose Fed-batch 94.4 [36]
Down-regulation of aroE, pykF, pykA
and pgi, and overexpression of aroF™,
tktA, galP and glk in chromosome
cis,cis-muconic acid Overexpression of absF, aroY and catA E. coli Glucose, Fed-batch 64.5 [30]
with plasmid in DHS chassis glycerol, yeast
extract, tryptone
Shikimate Deletion of aroL, aroK, ptsH-ptsl-crr, E. coli Glucose, yeast Fed-batch 84.0 [72]
aroB and serA. Overexpression of glf, extract
glk, aroF™, tktA, aroE and serA in plasmid
Shikimate Deletion of aroK, qusB, qusD, ptsH and C. glutamicum Glucose, yeast Fermenter- 141.2 [55]
hdpA. Overexpression of tkt, tal, iolT1, extract, controlled
glk1, glk2, ppgk and gapA in casamino acid  growth-arreste
chromosome, and aroG*'*"%, aroB, aroD d cell reaction,
and aroE in plasmid, respectively 10% (W/V) wet
cell weight
(F52%)
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(3% 1)
Product Regulated genes Host Feedstock Culture style (-Q/tE; References
Protocatechuic acid Deletion of qusD, pcaHG and poxF. C. glutamicum Glucose, yeast Fermenter- 82.7 [73]
Overexpression of aroG®, aroA, extract, controlled
aroD, aroE, aroCKB, qusB, ubiC and casamino acid  growth-arreste
pobA in chromosome d cell reaction,
10% (W/V) wet
cell weight
p-aminobenzoic acid Deletion of IdhA. Overexpression of C. glutamicum Glucose, yeast Fed-batch 43.0 [64]
aroB, aroD, aroE, aroK, aroA, aroC and extract,
aroG°" in chromosome, and pabAB casamino acid
and pabC in plasmid, respectively
L-phenylalanine Deletion of ptsH. Mutation of tyrR. E. coli Glucose, yeast Fed-batch 72.9 [22]
Combinatorial modulation of galP and extract
glk in chromosome. Overexpression of
aroF, aroD, pheA™*" in plasmid
2-phenylethanol Overexpression of tyrB, aro10 and par E. coli L-phenylalanine, Whole-cell 9.14 [57]
(or adhl) in plasmid L-glutamic acid biocatalyst
D-phenyllactic acid Induction of pprA expression with E. coli Glucose Fed-batch 29.2 [74]
plasmid in L-phenylalanine chassis
Benzoic acid Deletion of tyrA and yddG. E. coli Glucose Fed-batch 2.37 [75]
Overexpression of aroL in chromosome.
Induction of phdB, phdC, phdE, RgPAL
and ScCCLA%*C expression in plasmid
L-tyrosine Deletion of pheLA. Overexpression of E. coli Glucose Fed-batch 55.0 [32]
tyrA in chromosome of L-phenylalanine
chassis
L-DOPA Overexpression of aroE and hpaBC in E. coli Glucose, yeast Fed-batch 57.0 [76]
chromosome of DHS chassis extract
Hydrotxytyrosol Deletion of hpaD and mhpB. E. coli L-DOPA, Whole-cell 169.2 [77]
Overexpression of gltS, nadA and pdxJ L-glutamic acid biocatalyst
in chromosome, and co-expression of
Icaro, bsgdh, pmkdc and ecadh? in plasmid
Salvianic acid A Deletion of ptsG, tyrR, pykA, pykF and E. coli Glucose, yeast Fed-batch 7.14 [78]
pheA. Co-expression of aroG™, tyrA™, extract
aroE, ppsA, tktA, glk, d-1dhY*?* and
hpaBC in plasmid
L-tryptophan Deletion of pta and mtr, and E. coli Glucose, yeast Fed-batch 48.68 [24]
overexpression of yddG in chromosome extract
of L-tryptophan chassis
Violacein Overexpression of vioA, vioB, vioC, C. glutamicum Glucose, corn  Fed-batch 5.436 [79]
vioD and vioE with plasmid in steep liquor
L-tryptophan chassis
Indole-3-acetic acid Deletion of thaA. Overexpression of E. coli L-tryptophan Whole-cell 3.0 [62]
aspC, idpC and iadl in plasmid biocatalyst

DHS 1124 5 16 & W T LA AL Z2 5007 B i
iy (181 3), Mot B R AL Bk 2 40
KIETHALY RN, HAT, CHiEh DHS #JLE
Bifr 5 Z A mikAs, SRR LR E LA B 1,25
B AL T A T - i 5920931 {1 S
B2 AR B R R JE DHS—ILsIR— LR
Py — T M- il R PR i A, T, M-l B PR 7™ i 5

% : 010-64807509

ik 64.5 g/l iz A i ] 7y s ) LAS IR A1 LAS B0 4
MusEties, I H AR A /0 & DHS Al LASHER
FRER, ATRER N MR LASER AR B A LASE 1,2-%]
AR BE R IE MR B, Ak E s, I,
JIGE -4 B PR AR 25 2 e Ak b & R o R FHAE WAL
A RIE, HEREAE S HERAL, [CRRfEfL
0.7 mmol/L JIFi JIF-KE BERREH) , a4k 0y 91.1%%4,
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\‘7\0 (D e ! HO o S "r ah
i = Arbutin '\ conZ=r Caleclml
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Vanillic acid —

. Salicylic acid e

3 DHS fTEYHMEMER B-MEFER 3-dehydroshikimate, FEE shikimate, 3-EE R
3-dehydroquinate, ZEEEZ quinic acid, [§JLZEER protocatechuic acid, [§/JLZ# protocatechuic aldehyde, [&JL
Z<HE protocatechuic alcohol, & vanillic acid, FE & vanillin, FEE vanillyl alcohol, ;& & F & gallic acid,
£ MIZ R FBR pyrogallol, JLZEER catechol, NI, Ifi-#4 EEER cis,cis-muconic acid, © ZF& adipic acid, ZFEE 3-8
shikimate 3-phosphate, 5- 2 7 B B 25 5 B2 -3-55 2 5-enolpyruvylshikimate 3-phosphate, 43z # chorismate, 4-
$2 E I FBES 4-hydroxybenzoic acid, 7 & hydroquinone, BESRF arbutin, 4R EXEFRES anthranilic acid, &
4 X B isochorismate, 7kK#%# salicylic acid, Z& phenol, 2,3-— &K H#E 2,3-dihydroxybenzoic acid, 3-S§& %
FAES 3-aminobenzoic acid, 4-&%-4 i 5 4> 324 4-amino-4-deoxychorismate, & E 7 B E p-aminobenzoic acid)
Fig. 3 Biosynthesis of DHS derivatives from extended shikimate pathway. Genes and the enzymes they encode: ydiB:
shikimate dehydrogenase/quinate dehydrogenase; aroD: 3-dehydroquinic acid dehydratase; aroE: shikimate
dehydrogenase; aroK/aroL: shikimate kinase; aroA: 5-enolpyruvylshikimate 3-phosphate synthase; aroC: chorismate
synthase; aroZ/qsuB/3dsd/asbF: 3-dehydroshikimate dehydratase; aroY/kpdBD: protocatechuate decarboxylase; catA:
catechol 1,2-dioxygenase; er: enoate reductase; sdh: shikimate dehydrogenases; pobA: 4-hydroxybenzoic acid
hydrolyase; acar: aryl carboxylic acid reductase; comt: caffeate O-methyltransferase; adh: alcohol dehydrogenase; ubiC:
chorismate lyase; mnx1: 4-hydroxybenzoate 1-hydroxylase; as: arbutin synthase; trpEG: anthranilate synthase; antABC:
anthranilate 1,2-dioxygenase; entC/menF: isochorismate synthase; entB: isochorismatase; pchB: isochorismate pyruvate
lyase; nahG: salicylate 1-monoxygenase; sdc: salicylate decarboxylase; entA: 2,3-dihydro-2,3-dihydroxybenzoate
dehydrogenase; entX: 2,3-dihydroxybenzoate decarboxylase; pabAB: 4-amino-4-deoxychorismate synthase; pabC:
4-amino-4-deoxychorismate lyase; pctV: 3-aminobenzoic acid synthase.

DHS 265 T DLk —BHACMRT AR, S-SRI IR TH SR T A
X TR S AR K 30 e 0 e SR B TR T LT 4 900
PR AR AR . (LR RBERRIE. B sy

e HIEE B 7 e S T LA SR RIS R 1 24
KRR GRS, SR ARCEIEALIEYE. ILAh, DHS  —Fhbii &M, Sz AT aah . Wk K2
BT TR, RO MO SO, B A R I
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A R TG 5 A AR P L-2R TN S BRI TR R IR
AT, BOE 20 22 90 AERWI, BRSE AR
L-ARN AR A ik i . R E L&
R BEFAFRACE 7 T KRB TAE, KK
FiRF] 50 g/l ZEAA BN gEA 21 LIk,
)T RBEFE N GXT LR 2R A R R A T A T
Wit e Sk, K RN AR s A R
THZE 72.9 /LA Sx e TAERTT R N RN AR
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W81, o T L 20 AR Ak S A R e 2 5 P
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(55 BB Y, BT LA ) 7 5 R 0% A
L-fi IR AE WA R AR o L- 2R TN 2 R 7 T A R
ISR BEAE T oA R 2 e, Sl L-Ts AR
R IS F14 I R A [ 12081 - P i 2 ok 551 o
WA A TR . B ETAR U Sk A Rl BT Hr L
B IE , (H AT DL a4 20 4 £b i 7 2SS B
L2 TR 2 TR ) T 307 EEL b 94 A AR 04 Luo 26179
Sk T AR R ZE R B R R, — 4L
HRIEA DL LR N E R AT, — 52 ME YRR
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Rz VA i = T AN 1 = SN =23 1 B 5 A B0
% pheL 1 pheA, itk tyrA, F&™ L-2KAN
GA R AR A N - % 2R A 7 TR R — P 1
Bk 20, Patnaik 2Bz s 5 R 4
B ARSS A, I - E R R T =
55 g/L. Kim 23058 - R 4 AR 1% S Sk
aroG™ . aroL. tyrC [k, kR L-TEE M
LS PEE B RN tyrP, 455 “DO-stat #bEHER
WS, B4 L-FRER AT 43.14 g/L. fEm)T
L-Ti% 2 R 21 B P 3 A N TR B S TR A s 4s, AT LU
RIFANE] L-FE AR AR 1)

DA L- 1% 28 R S HL A BRI AR 4-32 38 8 T I i Ry
s ] LA R Z RS G AEY (B 5). -
SR YA R I 2B IR T — TR
%, SR —FY R 2 A RGER, HFHKE
W EES 5 LR N AR AW A K. FlanM
A-FRFEENIR IR A, FRFEME B0 & B 2T IH
0 10 4% (& 5)31 T fH B2 BT AE
S . AL TS YRR DL R e R R R A, RSk
PP ) o A o B AN U o S A
B IR AR R, BRI Y R L, siRfb
FRIR A ORI, F 4 4 i 4k 7 =0k
200 g/L MIZEie 2 LA 169.2 g/l )32 L
s, HRZ i AR &AM (200 g/L
WM E) A0 T A BA BT mARCR . ik
SN R =T AR < RS R A N
HpaBC®™M 1 TYO™%) 4 B TR m R Wi ik
RIN0ST gt — A ARG A A P A A 2 07 ) 400 Y P
LR A AT EE T LS UDP-4 & B8 I v A=
AT RAFFR LR D21, Heah, 40
AR R A RN U B T LA AL 5 =V,
P2 SRS A g5 ARk ERN, B
—NEBEREBIEERE LIRS
PR, AN KR A vt it — DA R 200 5 B 14T
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Fig. 4 Biosynthesis of L-phenylalanine derivatives from extended L-phenylalanine pathway. Genes and the enzymes
they encode: hphA: benzylmalate synthase; hphB: 3-benzylmalate dehydrogenase; hphCD: 3-benzylmalate isomerase;
arol0/pdc/ipdC: phenylpyruvate decarboxylase; kdc: 2-keto acid decarboxylase; adh/yjgB: alcohol dehydrogenase;
yghD/yahK: aldehyde reductases; par: phenylacetaldehyde reductase; I-ldh/IdhA: L-lactate dehydrogenase; feaB:
phenylacetaldehyde dehydrogenase; aldH: aldehyde dehydrogenase H; dat: bD-amino acid aminotransferase; pglB: pyruvate
dehydrogenase E1 component a-subunit; pglC: pyruvate dehydrogenase E1 component g-subunit; pglA:
hydroxyacyl-dehydrogenase; pglD: thioesterase type II; hmaS: L-4-hydroxymandelate synthase; hmo: L-4-hydroxymandelate
oxidase; mdIB: s-mandelic acid dehydrogenase; hpgT: L-(4-hydroxy)phenylglycine transaminase; hpgAT:
D-(4-hydroxy)phenylglycine aminotransferase; dmd: D-mandelate dehydrogenase; mdIC: phenylglyoxylate decarboxylase;
mdID: benzaldehyde dehydrogenase; tyrB/aro8/aro9: aromatic amino acid transaminase; tdc: tyrosine decarboxylase; aspC:
aspartate aminotransferase; pal: phenylalanine ammonia lyase; pprA: phenylpyruvate reductase; acar: aryl carboxylic acid
reductase; entD: phosphopantetheinyl transferase; 4cl: 4-coumarate:CoA ligase; ccr: cinnamoyl-CoA reductase; c4h:
cinnamate 4-hydroxylase; cpr: cytochrome P450 reductase; fdcl: ferulate decarboxylase; padl: phenylacrylic acid
decarboxylase 1; 2er: 2-enoate reductase; sts: stylopine synthase; chs: chalcone synthase; chi: chalcone isomerase.
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Fig. 5 Biosynthesis of L-tyrosine derivatives from extended L-tyrosine pathway. Genes and the enzymes they encode:
d-ldh: D-lactate dehydrogenase; hpaBC: 4-hydroxyphenylacetate 3-hydroxylase (a two component flavin-dependent
monooxygenase); ras: rosmarinic acid synthase; ipdC/arol0: phenylpyruvate decarboxylase; kdc: 2-keto acid
decarboxylase; adh/yjgB: alcohol dehydrogenase; yghD/yahK: aldehyde reductase; ddc: L-dopa decarboxylase; tyo:
tyramine oxidase; ugt: uridine diphosphate dependent glycosyltransferase; feaB: phenylacetaldehyde dehydrogenase;
tyrB/aro8/aro9/aro: aromatic amino acid transaminase; aspC: aspartate aminotransferase; hmaS: L-4-hydroxymandelate
synthase; aas: aromatic aldehyde synthase; tdc: tyrosine decarboxylase; tam: tyrosine aminomutase; tpl: tyrosine phenol
lyase; tal: tyrosine ammonia-lyase; 2er: 2-enoate reductase; 4cl: 4-coumarate:CoA ligase; sts: stilbene synthase; sam5:
4-coumarate hydroxylase; pdc: p-coumaric acid decarboxylase; pad: phenolic acid decarboxylase; com: caffeic acid
methyltransferase.
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Fig. 6 Biosynthesis of L-tryptophan derivatives from extended L-tryptophan pathway. Genes and the enzymes they
encode: tph: tryptophan hydroxylase; aaah: aromatic amino acid hydroxylase; tdc: tryptophan decarboxylase; t5h:
tryptamine 5-hydroxylase; snat: serotonin N-acetyltransferase; comt: caffeic acid O-methyltransferase; vioA: L-amino
acid oxidase; vioB: iminophenyl-pyruvate dimer synthase; vioC: monooxygenase; vioD: tryptophan hydroxylase; vioE:
violacein biosynthesis protein; tnaA: tryptophanase; fmo: flavin-containing monooxygenase; aspC: aspartate
aminotransferase; ipdC: indole-3-pyruvic acid decarboxylase; iadl: indole-3-acetic acid dehydrogenase; iaaM:
tryptophan 2-monooxygenase; iaaH: indole-3-acetamide hydrolase; pyrH: tryptophan 5-halogenase; thdH/thal/sttH:
tryptophan 6-halogenase; rebH/prnA: tryptophan 7-halogenase.
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