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Abstract:
to be obtained from the diet or from some synthetic source as the body cannot synthesize vitamins, or the amounts of the

Vitamins are organic substances that are essential for the maintenance of life activities. Generally, vitamins need

synthesized vitamins are insufficient. At present, vitamins are widely used in medicine, food additives, feed additives,
cosmetics and other fields, and the global demand for vitamins is constantly growing. Vitamins can be produced from chemical
or microbial synthesis. Chemical synthesis usually requires harsh reaction conditions, produces serious wastes, and creates
great potential safety hazard. In contrast, microbial synthesis of vitamins is greener, safer, and requires much less energy
input. This review summarizes the advances in metabolic engineering for vitamins production in the past 30 years, with a focus
on production of water-soluble vitamins (vitamins Bj, B,, B3, Bs, Bg, B7, Bg, B, and vitamin C precursors) and lipid-soluble
vitamins (vitamin A, precursors of vitamin D, vitamin E and vitamin K). Moreover, the bottlenecks for fermentative
production of vitamins are discussed, and future perspectives for developing next generation vitamins producing strains using

synthetic biotechnology are prospected.
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Fig. 1 Major techniques of synthetic biology. (A) Biobrick technique. (B) Goldengate technique. (C) Overlap-PCR
technique. (D) The process of directed evolution in the laboratory, mimicking that of biological evolution'®. (E)
Genome editing technique.
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Fig. 2 Metabolic pathway of B vitamins. (A) Riboflavin biosynthesis pathway in Bacillus subtilis. RibA: GTP cyclohydrolase
II'; RibB: 3,4-dihydroxy 2-butanone 4-phosphate synthase; RibD: diaminohydroxyphosphoribosylaminopyrimidine deaminase;
RibH: 6,7-dimethyl-8-ribityllumazine synthase. (B) Vitamin By biosynthesis pathway in B. subtilis. AroH: chorismate
mutase; FolE: GTP cyclohydrolase 1A; NudB: dihydroneopterin triphosphate diphosphatase; FolB: 7,8-dihydroneopterin
aldolase/epimerase/oxygenase; FolK: 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine diphosphokinase; DfrB:
dihydrofolate reductase. (C) Vitamin B; biosynthesis pathway in E. coli. NadB: L-aspartate oxidase; NadA: quinolinate
synthase; NadC: nicotinate-nucleotide pyrophosphorylase; NadD: nicotinate-nucleotide adenylyltransferase; NadE/NadF:
NAD" synthase. (D) Thiamine biosynthesis pathway in E. coli. ThiC/ThiD: phosphomethylpyrimidine synthase; ThiE:
thiamine-phosphate pyrophosphorylase; ThiL: thiamine-monophosphate kinase. (E) Vitamin B, biosynthesis pathway in
E. coli. BioC: malonyl-CoA O-methyltransferase; BioH: pimeloyl-(acyl-carrier protein) methyl ester esterase; BioF:
8-amino-7-oxononanoate synthase; BioA: 8-amino-7-oxononanoate aminotransferase; BioD: dethiobiotin synthetase;
BioB: biotin synthase; FabD: S-malonyltransferase; FabG: 3-oxoacyl-(acyl-carrier protein) reductase; FabA:
3-hydroxyacyl-(acyl-carrier protein) dehydratase; FabF: 3-oxoacyl-(acyl-carrier-protein) synthase 1II ; Fab I :
enoyl-(acyl-carrier protein) reductase 1. (F) Pathway for de novo synthesis of vitamin Bs. ilvBHCD: increassd the
transcription levels of the ilv genes; PanDBEC: pantothenate biosynthetic genes. (G) De novo biosynthesis pathway of
vitamin Bg. PdxB: erythronate-4-phosphate dehydrogenase; SerC: phosphoserine aminotransferase; PdxA:
4-hydroxythreonine-4-phosphate dehydrogenase; PdxJ: pyridoxine 5-phosphate synthase; Dxs: 1-deoxy-D-xylulose-
5-phosphate synthase.
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(PABA) ML I35 B A% Ly, — 1] LAE A i) 5
IR, DR — Al 2R AR RIRTIR &
B Z RN AR MWL AEAE, HAEYTEEIE LR
PUSM IR, 75 —HE RS RO Hh e 40 T fE
Z 5B R M SER A A . L-5-H 0 A R
(5-MeTHF) 7£ 2005 4F i C 9k R HEE o i
BN, = R 2 S ST A i 21 B R AR
B/, 50 AR i % I 4 A v A% o
5-MeTHF RS E B4R P AEAL 5 T 1T, A AR
5B B R PG BB 4, A s R
5-MeTHF % 2R, SCmiBCR A HIAR

Vi 2 Nl TR LR T s I B TR PR A Sy i Ak
MER I A2 77 1R, BIANFLERFF A Lactobacillus Fiig
PEEEKRTR Streptococcus thermophilus 45 ZL R & 7]
S AR PRI IR, DRI 0 & e 2L i ) R
K-, Gerstad 25 % FLAE B. subtilis H7, 3330
HIRY LR, - FLRH B 5- B 3 PO &0 R 1) 43
REZG, 5-MeTHF 7 it ik %] 952,05 ug/LH,
FHk, A. gossypii JE—FZORELE, RIRE=4iE R
B,, M HR AR MG e — L R A FTA S
H-5-=WfR (GTP), M A. gossypii 1 BERMFERIY)
R4 ¥ . A. gossypii Al ARG AL 40 pg/L Hyit
iR, 2 0 RS 8 6 595 pg/l, & 24H)]
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I3 1 e e A 7 R

i T B4 2R Bo BIIb2= G BUSATRAR, BRAE
RG22 B A B o P IR A AR 5, AR
WG RAEAE R Bo 2l — s A T RE £
1.1.8 %44E By,

YerE R Bro XA E R (Cobalamin), J&iE—
— MO HGEIOTR LA R o T NN R A
Bl R 1A ORI AN R A A i R
YEREH T2 5M RN . fEARAT, 44t
£ B H AR Wil i Dk B BB AR BOANRCG iaE
RAA, (AR shy MR YIARRE A B A WP, 1
SRTE 19 e, CAMRE TSN T 44K B 4fk
ARG (BB T A O TR A A I,
D] s A 3ok 2 A 1 R A2 i B T ) R ke A
Yir % B, HHT, 4id2 By, TE0E T IR
FF# Propionibacterium freudenreichii. i G2
¥F T Propionibacterium shermanii L4 K it {1 5 g
B Pseudomonas denitrificans 25 #E47 KA 4 T
Al A B2 L AR R R By 1 R K E
>k 200-300 mg/LI,

AR B, YR Bio BWHIT CHE 4 g
W R, BT LR A B By BRI R
Cai %7€ S. meliloti W A F T A% 05 & oo,
BT T i = A0 AR o R O R G, IF RS
THEAER B witk, H/EAA RS, mmHYE4:
% B HS AR RRRRE b Bk T4 37 B 1 4 1),
Jioh, FIHBEALEAE ik, @il A . WAl
BIC (NTG). WA J FHBE IR AR 30 e 5 725 e g g
Y % By, WHKCO®®, HadiiH, P. denitrificans
Hi 4k 3 Boo W9 B 200 mo/LPY, w2
i Ny, FERAR KRBT, X TR ™
R 1) 72 8 AT RE R ik 300 mg/Lo A R 7E R B
IR R B BRI 110 t, By R T
i, R 2018 4F, PEILAIUE T 13 kYA R
B I RIFAEZHITE (GMP) IEH, T4 4l
A AR, X4 RAANRE . P U A b
A 90% A AT, Hididl £ 2 A Y TARA R H
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HAEBRE R AR B R, HerkgEAER
B, PR T 0% (3 &ilE),

12 #5%E%HC

YErEZ C MFR L-BURImR (L-AA), AN ZFH
Tt sy s ) B B B R - AT AV Ak
TR 1 P 2 R A A, A PR e U
TS AUKIR, =4k R C &5 RS .
P C R N E R A ST AR,
R R RIAEAE R . B R C MHATAEY)
Y LERTIT LU 15 7 VAR, 4E7{E# 80 {27t

A C ey Tl B ik B3k Rk, 2
—BIIR A A T OO 5 v o ARG R I R 0
AL ) BEBR AT 1E Gluconobacter oxydans 3 [r] 4
7 2-f-L-t AR (2-KGA), 2-KGA JEHidkif
W 1 T B AR 000 R SRR b A5 3 4 & C.
e R CIR B AL 2T 20 el 70 4R
2l AR AR R o Y SNATE LA A e A
Ry, REE O TS RRREA T, I
1t 1986 49l di 1% FBefin A7 FR w1 2L 550 1 3600
MR RO, Bl T AR R R DALY
il sk . HAE ™ FEAKIH G oxydans, EOREF
MEAT T Bacillus megaterium 13838 A= i 3 5 g iR
I Ketogulonicigenium vulgare ZH i i £ 1 =7 —
kL (B 3), 2O kx S kAT T ik,
At T A BN, T H AL,
WHRR AL 1L R IR RR A R e se i, Horh ™ /g
BRPRNE, AR S, Rk, AR
R, BARRHENE AR L BRERN . H
R R Z R AR T A T, (HR IR G A%
XA TR A A a0, PR R A AR B R AR
SOWzES, Wi, REABEARREEZE . &
ZAR, XA TR C M TAlkfkA . AT
fif e AR )@, WL IR AETE T T (—
36.3 kDa fRRYEE F) AR, MR T REE
Mok, SCEL T R R, BT L RRE A SR
w YRR R COR IR IR HL G R R O
Sugisawa &5 B UCHE 41 T AT DL L- L0 BB
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- [\.L/’ ~
Ghiconobacter sp. Protected oxidation
| ———> L-sorbose 2-KLG |
AN e
B Engineered G. axydans
9 noba Esterification
ovvdans Lactonisation
Hydrogenation R =\ | » ——> L-ascorbic acid
D-glucose ——» D-sorbitol —— | L-sorbose ——— L-sorbosone ———2-KLG
N —~/
Engineered E. coli
C
2-keto- 2.5-diketo-

— > D-Glaciduconic —— p-gluconate —> D-gluconate —> 2-KLG

3 L-iiRMER & RERIE

Fig. 3 L-ascorbic acid synthesis pathway. (A) Classical Reichstein process: the seven-step Reichstein process
involving one fermentation and six chemical transformations. (B) Two steps fermentation by three bacteria: G. oxydans,
B. megaterium and K. vulgare. (C) 2,5-diketo-D-gluconic acid pathway: mixed or two stage fermentations with Erwinia sp.
and Corynebacterium sp. or other species for the direct synthesis of 2-KLG from D-glucose.

HYEE R C, HE5 R, 7ERE &1 T Ko vulgare
DSM 4025 f] L4774 1.37 g/L 1 L-AALT Kim $i2i
FRE B B 28R Candida albicans 11 S. cerevisiae
FIBEAAAEARSNAT LI D-BrThiffssE bk D-Faffr
fEBE-1,4- NG, 101 AW LR LB by L-oF
FUBE-1,4- B0 A Sruh R, MEE R IRN
UaYE D-FiThrfFTKE-1,4- N B AL REFT L2 2L
Tit ) 1 2 P RE A0 I AT LA 2R 2 100 mo/L 1Y L-BTdR
1 Rt

5 10 A 3 3 A T e L AR /1L A A G A
L %3k E. coli BkE, IFLfufitfb ks R
IR R (PQQ), TE5 L AR i, LA
L-IL SRR Y, W A di i fb i A2 ™ 2-KGA
ik 72.4 gIL, IR ALASFNAE 0 B 53 )
7 71.2%H1 1.57 g/(L-h)PH. B 4N, et T —Fhh
G. oxydans FIE 4 E. coli ZH Ik sE 2%, @

&: 010-64807509

HZAERE IR R G, L AUREEE G 2-KGA, 2-KGA
PRl 16.8 g/L, Bk N 33.6%7,

FIRIEAE G2 G i E R C B
W, WAEARWHIMGE M. =R R EEE R
Wt B SR R A - ik 2, = H
ATENT R EERHAN Y, B—2RELHT
HR TR S A BB IR TRE T B AR e A =
C Tk A1y =

DL AT B WA W R vk e K B AR R
B S an 2 1 TR o

2 REBMELR

21 HHEZA

e R AR B E R A YEEN B-5 5T
TIEEIGRR, WREgEER AL A, AR A
Rpal e, ey 3AE . s mE . LB BERSTR &
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Tl RFIBEFKBHEEEZNHAR
Table 1 Metabolic engineering of microorganisms for the production of water-soluble vitamins

Vitamin Species Method Main culture Yield Reference
substances (mg/L)
VB; B. subtilis AthiN; AykoD and Ayual MM 1.27 [73]
E. coli thiCCE; thiE®E; thiFSGH®E; and MM 0.8 [18]
thiD%®
A. oryzae thiP°, thiA®E, and nmtA°E CD-Dex medium (5% 4-fold>WT  [74]
dextrin)
VB, B. subtilis ribA®E and ApurR gene MM 826.52 [22]
E. ashbyii MM 2.45 [75]
molasses and peanut
seed cake
A. gossypii Amlls and acr268C°E YD; YR; 700 [76]
rapeseed oil
C. famata seF1°Fand imH4°F YPD; 1 02650 [25]
fluorophenilalanine
Lactic acid bacteria ribA°F ribB°F ribC°F ribG°F ribH°E Nisin induction 24 [23]
(promoter related genes)
VB; S. cerevisiae Anrtl, Anrkl, Aurhl, Apmpl 2x YPD; 8 [28]
nicotinic acid
VB; C. glutamicum AilvA and ilvBNCDCE gene and MM 1 000 [29]
panBCCE
B. subtilis ilvBHCD®E, panBCDECE, serA°E and MM 80 000 [77]
glyAOE
VBs E. coli epd®E, pdxJ°F and dxs°F MM+YE 78 [39]
S. meliloti epd®E and pdxJ°E MM+YE 1300 [24]
B. subtilis E. coli pdxA®E and S. meliloti pdxJ°E MM+AAs 65 [78]
VB, Agrobacterium/ Overexpression of a modified biotin MM; betaine; 110 [43]
Rhizobium operon from E. coli; bioBCE diaminononanoic acid
E. coli Natural overexpressing plasmid MM; 11 [79]
biotin operon H-medium
B. subtilis AbioABFCD and AbioH MM 21 [47]
VB, A. gossypii Amet7; Aade12; Arib1; fol°E MAZ2 rich medium 7 [50]
VB, E. coli SUMT feedback suppression. CM 0.67 [51]
S. meliloti hemECE and Acobl MM; DMBI; 156+4.20 [55]
cobalt chloride
P. denitrificans cobF°E-cobM®E gene cluster and Betaine; beet 214.30 [80]
cogA°E and cobE®E genes molasses;
choline chloride
P. shermanii Overexpression of related MM; DMBI 206 [59]
biosynthetic genes
VC S. cerevisiae & Igdh®E and alo1®E MM 100 [70]
Zygosaccharomyces
bailii
E. coli ssdA1°F and ssdA3CE LB; TB; 72 400 [81]

D-sorbitol medium
V: vitamin. MM: minimal media. YD: yeast extract and glucose. YR medium: yeast extract and rapeseed oil; YPD: yeast extract
peptone dextrose. CM: complete medium. YE: yeast extract. AAs: amino acids; SUMT: S-adenosyl-L-methionine: uroporphyrinogen
III methyltransferase; DMBI: 5,6-dimethylbenzimidazole. LB: Luria-Bertani medium. TB: Terrific broth medium.
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B LI AR AT itk 2 A, B 3-BE A B
fit, HAEFRVEPERAEA R A 40%. B-EHE bR
HAYEA R A JRIEYE, SERRI A R A 1 A AR
BB, 38 o B i O LA T A R A
o — i AL Bl N U e LR
N2 v L NI TR R 2B U RNTINEAS N DR 95 A
TR (iR A), Ml p-igs &
Bohde R A PR, Pl g R
A CEEFORE,  H R4 ERIUA 7 3 R A
) R UBA A R BRI H AR G234t AT AR
SRR A R ERE, BT REN 53 T YAE, B
Wk A FEMAER, feBk 70%LL EryTig
W, MAEER A SR LG R B-5% 240,
FE Tl RS AR 7 rp 2 A A ke B SRR A
DR EAFAT IR O AR R A AR 7= 1 RS
HHCER , BRI PIZRT i B R e A R A
) R4 BB A BR A\ BRI 25 U A
YR A, T R Roche (C15+C5) AY4 M T.
2., J5#% %M Roche (C14+C6) &M T, &
e AR EEAE R JEE T AR
WA , BRAEAE DI BB AR T L ZE WAk 275 i T
20, A E AN I AR 5 A AR BE &2
ek R AP HARESHER AR XN HEA B-
BN o-BE DR B-Ra R 3 AL d
N2 B BRI — LA . EEI A A Li
ZFIH CRISPR/Cas9 )5 ik%t E. coli Hr 453
AT IR A R, -0 % b R 5k 3|
2.0 g/L®%); Roukas ZEikNy, 7E =016 P
Blakeslea trispora Ho -t u] DA A5 448 g = f: Y 5 8
h P E i i AL (H00) A1 2,6- LT Sk
Xt H LR (BHT) 55 B. trispora j=E 4 L)
WO N, SRR R A A L (Sod) Fad4Afk
AW (Cat) ML, FEI R E I N Er
St o AT R IR JBT I T A S B B D 3R R TR B
AR, T H R, IR R R TR
g (CSL) & BHT, #1% M EWHRES

=

&: 010-64807509

HA[LF] (2 021£75) mg/L B (49.3%0.2) mg/g
DCW, Hr, B-#% NE 5 74.2%07, Larroude
SEAE AR HR FC B2 £F Yarrowia lipolytica Hrid % ik 5+
VEEE N RS (Crt) (K 4), fiHE ™ -
N iSRG 24 A R TR R
RN 15 g/l i@l ik & AR AR 3
R, K p W PRI RIR R
6.5 g/L 1 90 mg/g DCWEE,

22 HHZED

e D RIS SIS E Y,
BEEAT Y, AT IR B 0 kA, RRBU M %
AR o AR D AR ILOEE 25 # 1R TR T AT
D,. D3, D4, Ds. Dg#ll D; FEZ MK, H,
EHE R FEAFERER D, (EMSILEE) g
% Dy (IA5ALEE)®), 4 % D; 3R b2y
G WATFT R BN, 2G4 R D,
PRREZIN 1T vAE, HrvlE st 75%0 7 e AL T
[l BB 24 i 4 A= 26 D 19 Tl A 7 BT SR R A 77 T
ZFRBEAPRN: BRI IR A SE A R
17 52 0 3 A5 8 SR R GAE Db AT B, AR
A=A R TE A I R AN 7 A H R AR AR T
{ERHA = H AR AR REIR ] Tl kK, H kb
A B — B S F S

Yert 2 D AR LA Ak kA AR
40 22 £ [ 2 4k A= 3R Do IHTIRYI . H b,
FEl P A0 77 27 i T A RN 3%, — i R R R B
KW, Pl 75 85 % L i 22 AR O
R P A AD RO EERE 27 A R R A i
PR S L2 LAY o VT ) WIS AN TR 22 £ T e 4
B H— ok v 7 2 A [ T ) S A Y i
2T, FINANEER R, Zead A ik /79
VR G MR Am 25 dh, AT ARAS R 2 A (S mEAL S . U
SRS T, AR, rEE, H
R 28 B BV U 25 W S, 4l TT A 3] 98% L I
Tan %538 %22 A R S EGHTT Tk, 45
SRR B e AU P A I BRI 534 R T 1) UK
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S8 U AR TITE 12%(x1%) I, Rk
R, & A SRR CR AT I F) 1160 mg/L,

HER D ENgEA R D WEEEHIEL,
MNE A FSERee G, AR B2 K & A — Rl IR
B, ZPHCHRG S, S T 4E4 R Dy, (HEESh
2 B I A Ok Y Bz R T DL R A R TS Y S )
B, AR T4 % H B AR R Kb, SEia
HRIERI NG R DIEB 2= 4,
Pk 5 B HA IR AR R, 4E2E R Dy e AFISh
YHANIFASRE EH R A e 28 A G ™ A=
25-F2 K4k £ D (25-OH-VDs3) KM,
25-OH-VD; W 24E/E R D RN R AFIE
LB HAET, 25-OH-VDs By 124 F 8 A 1bF
A SRR Lk eE RO AR BRI B

Glucose/

IR B AR, I H RO A AR 2 AR AN
BEMR, ArExERE R, DRt ek 2 A3 BOGIE
FIR AR R e - 4R R Dy b A A
AWRITERMMAMEK FLOQEALKER
Rhodococcus. H5%F K )& Streptomyces. iR Ik
W Pseudonocardia sp. .53+ % J& Mycobacterium
&, (HHEIMR A A#HE, 4R Dy Bl
(vdh) (Bl 4) Z—Fhauif a2 P450 SN, &
AL EAE 2R D3 (VDs) HIPA FR A R, AR
25-OH-VDs3 fll 1-0,25- - F2 34k % D;. Yasutake
G —Fh R IR AE D TG PP K- FLIREE BRI R, Ab
S A LB ZUER A, AT R IR LA AR
573 mg/L 1 25-OH-VD5**, Sasaki &% H[r] = 7552
B EE ik 7 300 MERE AR AR, KIH AW

‘ Glycerol G3P  Pyruvate ‘ Glucose/Glycerol
‘ dxs ‘
DXP ‘ mvaK ,K,D mvad HMG- mvas Acetyl
|PP<—=<——Mevalonate<—— — 0
| m-f-l CoA -CoA
| , ispDEFGH | *
| MEP pathway MEP——>—» Cidi
-~ A
S v
DMAPP
- T \ e menl’DHCER \
| . P EAP —— Shikimate ——>——>—, .,
3C0,30 NADP NADPH, | o .
Al 2 L - hepS/hepT — Menaquinone-n
[ Ereosterol «<=“Lanosterol «—Squalene «<————'  Fpp HPP menGs
- ~ - e
— — — — crtE - - L = - -
l crtY \ l 4 Phvivl y  2-methyl-6-  7-tmt A
-carotene «——Lycopene Phytone < > - ytylhydroqu————> «-tocophero
L Ph GGPP. _I;PS —»phytylhydroqui pherol
L ‘ hpt none Mt/Cyclase
- .
B4 HEZEA. D. E. KRFMEKRRZ
Fig. 4 Metabolic pathways of vitamin A, D, E, K. Dxs: 1-deoxy-D-xylulose-5-phosphate synthase; Dxr:

1-deoxy-D-xylulose-5-phosphate reductoisomerase; IspD: 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase;
IspE: 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; IspF: 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase;
IspG: 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase; IspH: 4-hydroxy-3-methylbut-2-enyl diphosphate
reductase; MvaS: HMG-CoA synthase; MvaA: HMG-CoA reductase; MvaK1l: mevalonate kinase; MvaK2:
phosphomevalonate kinase; MvaD: diphosphomevalonate decarboxylase; Idi: isopentenyl diphosphate isomerase; IspA:
geranyltranstransferase; CrtE: GGPP synthase; CrtB: phytoene synthase; Crtl: phytoene desaturase; CrtY: lycopene
cyclase; HepS/HepT: heptaprenyl diphosphate synthase component 1 /II; MenF: isochorismate synthase; MenD:
2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase; MenH: demethylmenaquinone
methyltransferase; MenC: o-succinylbenzoate synthase; MenE: o-succinylbenzoate-CoA ligase; MenB:
1,4-dihydroxy-2-naphthoyl-CoA synthase; MenA: 1,4-dihydroxy-2-naphthoate heptaprenyltransferase; MenG:
demethylmenaquinone methyltransferase; y-tmt: y-tocopherol methyl-transferase; Mt: methyl-transferase.
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Tl B R (6 A 2R 72 2 25 7.0 mg/(L-min), (B
RIGSERFTE R I, S AERIFE G B LA /N
AL BRI AR I, (FL I IR] SR ALk
BB, W IR 7T A2 R R 7 )
L BRI, A KA ) 25-OH-VD;,
S S R AL AL R A ) B, (E AR
K, BEE AR T BRI Bk ¥k, 25-OH-
VD3 I A= PTG — AR T 2Bt Sk, 2
SR IBURLAAI A1 T 95% (NF ) A AR et
PO R AK B 7 LA B D AT S

23 HHEZEE

YR ER—UERLAY, B5ET G
FEAAE B AL 8 F HARIES, 5 ol By M
SAEFTWMIAK o, By Ml o-4EFH =KlE, Hd,
oA T W R A W M B ) A AR Rk A
WAL B OSCAVE A DLA (A SEEY
M—e s W) Fod, AR sz i AR
EAERBPUAMN . A4, EEBHEEANLEN R
JERNL . MMAES . B . PUBEMERLG M %
i EABMRER ., 44 % E R E Rk
K gerk KI5 fhz—, W HYEA & E mTRkd
AR, Ak, PEXEA R E MR
KAIE 1%-8% /A8, RIRGEAE K E T8 Ae e Tl
RHEDI R KA P lg b, b U 07 kS
Rl Sm g SR b SR 2, & H AT
TP RIRGEAE R E Y FEEORIE, EANRRYEER
E 4RBUT 28 i, T8 R by S yuss
MRS BN RRYGEA R E WIREUY
TR L SR 4 v %) B U R P AR G A T e
b, SRIGHEATHRL . B EIZ, ok AR5 B A i
KRG R E W45 .

ol ANWIR R, AT RBRIR AT B ek
RE A . B2 N R Y R A L
3k Rt R Ak & 4R R E AR
B, A g R B, EiE 7 EANERIL T4
ML F B AR, FFEMIILE A AL T 4

&: 010-64807509

BRIRIGEE 2 E R B IR 0L ke
St SIS B, FEAE ) b5 18 TR
FNEEAEH . ke mEAY h &R RAL, o
BRI AR oy o X Fifidg, Bk,
VA B FR 0 JE A 1R 24 ey e A 77 R 0L )
RKEGH E. coli VENH K R IEAT L & 1k
T, I e G B A G Ik R A T A L
b5 R “ARANE A BUCHHA R T H R IR
fRiEfe (MVA B4) & UL eI & & 0 mfE
L], A P e, HEBR R AR N
R 28 X% B ARt R i 2 148, 158 Hiris e
L RS E, DL RS AR 1R RR
AR E O (AT AL e, AT A i J B ] P R
B R 5 v SR R T 205 vk LR A R Y
FE R AR AL A A % AR Rk i A
A HARM, SIS AR, Sk
Jesm R B R 1 g/l Kb, TEARYIHOR
WA T A KA R A R R R AL A

Albermann 553 1 2 & 38 ¥ 528 P9 i i s
A (Hpd). FFitmtEsERRGEE (CrtE). 7 mifE
BEERIA I (Ggh). B M ILEE (Cyc) (B 4)
S5, (A E. coli 3Rk, MG M4iAE=R E 1L
B 84T SR (15 pglg)®®, Shen ZEZ54
FHB B R HRE RS, WS E R
AT T RR R R A 20 A= i AR B A B AR LR
BB BEE ], A AE S L RBERE P B AT =
TS ik 5 320 mg/LPY, RSl KR4 Z E
P4 e VA AR P B T AR A .

o, EMEY SR ERENGELER
ECON A o — K2 HA K RE R T e
MAY, ERewr KRR AL A A Y BTaE, XX
THE RN YGRS EEEN.

PEAEN, 4I/NEPE Euglena gracilis # 55 £ b,
N T E AR 5, P SRR . B
iR %5 . E. gracilis i3 A S0 o-A4E & B i il A
e, HAERKEM oA B EERS, o EF7mH
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ol AR B R AR Y R 979 IO
E. gracilis fE R —F0t A 3% Ot R M FIRFAMT
AR, ATARPEAS [A] B AR R IR B AR A AN 2%
774 -tk B ERIO1% Tani Z:4E E. gracilis 4K
BRI R AR R - 2 IR A T AR 4 S
a2k F AR ZRAF] 143.6 mg/L = 5.1 mglg
DCWI, Grimm %3 T 3 FloA [ A9 5 FR A
SkXig% E. gracilis, &G RIRRG H IR
T, PR EE ARG, IR a-4: B IR
REA—ENEWRAEN . SRR 4 R IEA
TERRAN Y A R A Rl A B 35 7 R K
W - BW, AMURKTTE TASFBENE, 1
FLR R T AR ) Vismara 455X 1)
Tetraselmis suecica, ¥[G£ #: Dunaliella salina #I
E. gracilis 47 T HLAMIR 5 & B, f H IR ENVE
h E. gracilis fURR I, E. gracilis 914 & B % 1
%, Euglena B Fh AT RER AR TAEH T
M ARAE = I — VPRI, H R DR SR 1
T Ty Z B A K A Ry s g, 8
JRRE S E. gracilis A B i i 55 14 LK 6 $R5E 1Y
FESE, 15 E. gracilis 7E2E K . A R )
TZEEY,

SkUL, AT e S N, BEiENAE
WH ARG AE R E 9 A7/ k. A wm, I
B A AT A . A R R R BT
YerE R E W EZEA I, BIZEARTIRAATEIR
ZIng, BIanG B RE A . BORBER S . A
L, HARARER R s, HAZ e X
BMRAE, Wik, JFERELR S, BARMA . &K
RIE YL R EFHOR, BUNBCEE4EER E B
SR A iR D 1) v M B (R R, 5 BUAE A S T 2%
SRR, H H R T RV 24T Kk T
Fg TEEE, JF BT Z R RRrE, Hag
A 2 TUA B HOR S RE 75 Wb ST FE 0 BE &2 i
G gL EE T, BT gEAE R E Lk
AR TR AL
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24 HEHEEK

iR K RIBH AL R, BT EA R
MR BESS . T B B AA SF T fRe, Rk SRR Ry
M 20 i % K APRIER . iR K,
(M-SR S 3 H 250) g B K, (FF 251 .
kR Ky EHE TS R A A St iR ) S A )
G, AR Ky &M E R, 454 -
F ZR TR 2R S 18 s I e 2 o AR A S 3G s
B EIIT2E, Hh, MK-7 A& 44
F Ko s BAEYNE MR 20, B B 03 T i
Fa g W ML KO 4EA: 3 Ko AR & R 18 32 %
WIEHRER (EMP) 848 BEIR K (PPP) i&1% .
2-C-HIJL-D- IR eE R -4-BE R TR (MEP) &A%, H
Bk (MVA) &z (Bl 4) MR ZEEA R (MK)
ARl

0 A T O R 2 I T RRR) (FDA)
NUE B ST H e A TR, 9 S o i
AN, EEGNAR L, SRS, 98 S A0 T HH A
A AT SR MK-7 BYRE . $RIRIE, MH
AALGE AN S A B Y B, subtilis AR R
AR, ZEER I 52 19 B. subtilis 2875 [ # K3-176
AL R BB SRR AR Z 5, MK-T 1™
iK%k 35.0 mg/L. Fifi )5 , Al i 145 F B bk D200-41
PEATHIFGY, R BLER AR IR S P E A SR A T
DU 3RS MK-7 7 a6, R R s g2 i
YA T A8 . [FIREHL, PRfbRE TR LA,
MK 1 55 Rk BE 15 512 60 mg/L .

Zhou %A M AE E. coli hid 23k ispG A,
A LA/ 20 A N R AR S R IR 5 RR  (MECPP)
AN, TR 0 S — s g A D0 53 4
Liu 255 2635 nudF. ispG HI dxs LK, Dikfbk
A FF B KSR MEP 3845, B 20 51 s 7 hc i
2155, AT HORKEE, £ 5 L st g,
7 69 mg/L Y Sk st

Cui i &K —1HTF Phr60-Rap60-
Spo0A [ RIIRE QS R4 sl AT H s/ ¥ &
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S AR Z R JE R, 2 Sl A A 2
FLFF I MK-7 B B MK-7 77 548 55 T 40
TEREI AP =& M 9 mg/L 27+ % 360 mg/L, £ 15 L
AW R RS TR AT I ] 200 mo/L. TEAH B AR
ESR IR, YT A R T4 8E fE
IRIRT W MK-T, Sl LG %, RILAEY)
FEE AR T LR H A% 33 R A i MK-7 5 B E 2 1]
.o Wl RIAE S FEN TatAD-CD A1 AL
Ty 4 i (0, K AT S QerA-C, T Lk it &k e
J&, MK-7 8325 3 410 mo/L, %12 H ik

F2 RPIREFEARTEERNAR

B R T MK-7 S i T,
LUz 2t MK-7 8k 2 5 00 76 4 T i i S 3R
KR4 A MK-7 B AR 7702 U A 3 1ok 40 TR
WA KR, B e W B % U B i IR Y P —
PCT LRI HEAN KB T2, % TR 4
KA, WL 2R ds 1.2, T,
Fi5Ye, 7EM B R ®, AT A
) 25%-95%) =\ MK-7, Hy=hism, JeiiE D,

Ph A B AE W R ek e T Re s AR R
SN 2 BER .

Table 2 Metabolic engineering of microorganisms for the production of lipid-soluble vitamins

Main culture

Vitamin Species Method Yield Reference
substances
VA Y. lipolytica carS °F; Aku70 and ku80 YPD and SC-URA 0.41 mg/g (DCW) [112]
media
B. trispora sod °F and cat °F MM; WCO; (2 021+75) mg/L [87]
CSL; BHT
S. cerevisiae Sequential control strategy SD-URA media 1 156 mg/L [113]
VD S. cerevisiae The DO was kept at 12%(£1%) MM 1 160 mg/L ergosterol [92]
and pulse fed-batch was used (VDy)
R. erythropolis vdhy1o72°F MM 573 mg/L [93]
VE E. gracilis KH medium; 5.10 mg/L [104]
homogentisate and
L-tyrosine
Stichococcus bacillaris MelJa; Algal 0.60 mg/g (DCW) [53]
culture
Nannochloropsis oculata F/2 medium; (2 325.80+39) ug/g (DCW) [31]
ammonium
chloride
VK B. subtilis Resistanced to HNA, pFP, mFP  MM; biotin 1719 pg/100g natto [108]
and BTA
B. subtilis BS20: Pey-kinA-APAS-A; AkinB; LB 200 mg/L [114]
Aspo IT A; Aspo0 11 E; menF°E;
menB®E; menECE; entC®E; AdhbB;
Prps-tkt; ppsACE; AptsG;
aroG°E::1ox72; arok°F; ispA°F;
hepS/T®E; kdpGC°E; dxr®E; dxsCE;
fni°%; menA°F; P.-Rap60;
Pnative'Phreo::hag; Pabrb'pyk::pyk;
Pabro-UppS::upps;
PspoiiA-ispH::spo Il E;
PspoiiA-hepS/T::spo Il A
B. subtilis BS20-tatAD-CDCE, gcrA-CCF LB 410 mg/L [111]

SC-URA media: synthetic defined medium with glucose as carbon source and uracil omitted; WCO: waste cooking oil. CSL:
corn steep liquor. BHT: butylated hydroxytoluene; SD-URA media: synthetic dropout medium without uracil. KH medium:
Koren and Hutner medium; MeJa: methyl jasmonate.

&: 010-64807509 B<: cjb@im.ac.cn
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3 REHRE

Yo RV A BReA MRS . 0.
A A R A T A N R R AR
A G R, AW G BT A AT 85
KAFARY T HLE AT DL DGR A A I8 B A 1
H, [RIHE T DI AR 7 R0R L B T A
B A R A A A 2R AR LA A K 4 T &
FAYME e AE W B2 24 5 T RB IR A I & b o 5o P
B T R0 KR o SR P LA W ol e AR X I i
AP RAREEA TR R S A B B AR K S AR
W, OO TR, B R FEE, S E
PR ARAS B 7 L DT Ik B2

FHFCNIE, #4R B WAEY AR AR T 4L
BCRIE R T Tl oA 7=, Hofth B 4L Z iR
TR BOA T BN g PR R, (i
(0 BL B R B 43t 17 P T Tk Ak A =0 g 2%
By AR5 Jr ) T SR R oo Tl e B ke A 7=, Hople
MUE TR R R DNA TSR . X F4EA % C R,
AT DA R . P am, AR LR T
RE, RAEA GG A T, B EA:
ML A, SeBL T A R RO, (A H AT
THOLRAGEAR C R . TN T2 4%,
TR FEAEPEEZ | RO, Xl R
bRk T RE NS i s R B 4t K C R RTE
FR ARG Z AR A AR A LR, R A AN R AR
W FEEIE YT, o A e, soR
FFeE B R ZREAS P A AR ic R ER X
1T 2-KGA & B SRR s pF R HAE RIS
AN S ECHLR DT SR 08 A

AR A FERERRT B N R AEY
B, T A A R TSR B A 34
Y& R AR B 58 2 7 RS, SR o 48
A F A RE AR TR, BT LRI T R
BRI A= T2, (R AT Tl BE 22k, AN
SR RS A R, Sk A5 R R BB SE
SXTE R XER P o 4EAEFE D FEE R Tl Ak

http://journals.im.ac.cn/cjbcn

FEETRE, REEESEE A S ER
25- 3 KL Ai A % Dy il 10,25- R 4L 2 Dy, fH
FEAE— A KA T 2SSl X OB e R, DR
FRHESR U R T 95% (NF Z051) il s
PR LATF & o Z 0 A 7, Ak A i
Z A R AR O JFOR R B — KO, 4EE R E
AP T AW AR, RABEIL T
b R A, Rt TAT I R R . HARSE
Mg, RV R A A M S KT
AP B WY, AHRR Tk AR = L MERL DAL,
T2 [E 3 E. gracilis 91 55 1 ARG FR IR 810 250
L W) I oy 7 R 5 AT RS AR B AR R A
BRI AT RIS 8], i L AT R A IR AR 4 R A
WAl fE A i AR K E I —Rh G R R . 18
W EMILHER, WEMNE—ERA AR K
AR Z— . V2 & e & i
HAY | BRI RRBE AT, AR A
DA TR AN A A T B s b e A 26 K fg ],
R SR AR ME S B AL = 7, A Rk AT 5 2R
WF2E B NS5 1. BOa e,

SR, TC MR —FP B AR, Al A
BORASE A, TR .
i} CRISPR/Cas9 SN g A | Bt dmiBH A
BT e E R E R AR
NAs . HEMESER AR SR A, WS Bir
PIRITE R & BUAE P F B R DI E T R dE
S BURACE 7/ DTW G IS E ok TSNS @ 2 NI o il - SO EA S
A AL SER MY, R YA
R bk, WGP Tk AR, g —1R
e AR B R A SR W 5 1 — BT B HE s RN R A
Mo WA, KRS BAEVHAGTB O SHRE
PR, Flan, AR R NS TRIERAN
PEZ B B2 A T A IR 2R TS AU A
WK AR R S RIS, &8
T REHIFA B R R R . AT E it
EAR, HEEGHEAREN, 7o FAHLEAR
et Bk g, e shRHE A
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