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plant extraction, which is difficult to obtain in large quantities over a long period of time due to the
scarcity of natural raw materials. Therefore, it is necessary to develop a simple and cost-saving
method for producing resveratrol. In this study, the genes encoding key enzymes for resveratrol
synthesis (HaTAL1, AtPAL2, AtC4H, AtACL2, and WSTS) were introduced into the wild-type strain
of Scheffer somyces stipitis to construct strain Ss05, which achieved the resveratrol yield of 55.28 mg/L.
Subsequently, the supply of p-coumaric acid and malonyl-CoA precursors was enhanced by
overexpression of the feedback-insensitive 3-deoxy-D-arabino-heptulonate-7-phosphate synthase
mutant SSARO4%?2!L and chorismate mutase mutant SSARO79'3% knockout of the pyruvate
decarboxylase gene (PDCl), and overexpression of the acetyl-CoA carboxylase mutant
SSACC15630A. 11324 "Op this basis, the copy number of key genes was increased to create the
engineered strain Ss17, which achieved the resveratrol yield of 150.56 mg/L. Finally, 558.40 mg/L
resveratrol was produced by fed-batch fermentation of glucose with strain Ss17 in a 5-L fermenter
for 128 h. In this study, we employed synthetic biology to construct an engineered strain of S
stipitis for the synthesis of resveratrol from a simple carbon source and then scaled up the microbial
fermentation in a bioreactor, providing an important reference for the biosynthesis of aromatic

compounds in S stipitis.
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Figure 1 Schematic diagram of Scheffersomyces stipitis to accommodate resveratrol biosynthetic pathway
from glucose. Blue is heterologous pathway genes and metabolites, red is mutants and endogenous genes.
G-6-P:  Glucose-6-phosphate; PEP: Phosphoenolpyruvate; PPP: Pentose phosphate pathway; EMP:
Glycolysis pathway; PYR: Pyruvic acid; TCA cycle: Tricarboxylic acid cycle; ACD: Acetaldehyde; ACE:
Acetate; E4P: Erythrose-4-phosphate; DAHP: 3-deoxy-D-arabino-heptulonate-7-phosphate; EPSP:
5-enolpyruvylshikimate-3-phosphate; CHA: Chorismic acid; PP: prephenate; SSARO4%?!L: DAHP synthase
mutant; SSARO791%%5: Chorismite mutase mutant; SSACC15930A4S11324. Acety]-CoA carboxylase 1 mutant;
AtATR2: Cytochrome P450 reductase 2 from Arabidopsis thaliana; SsCYBS: Endogenous cytochrome b5.
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Table 1  Strains used in this study

Mraf)il B FaBTH T A bR B A BR A .
Foki /NI & | il PCR =4 alifbik ) &5
T N W 5 e (ol a0 G 1 R AR A AR (b
HOA BRAF] . R ORI R BOA ) & B b
oA SRR A AR [RUR EE AL
0 B A YRR B A
1.1.3 EHFE

LB 5373 10.0 g/L BEE A, 5.0 g/L %
BEREY, 10.0 g/L NaCl; FHT A 35 3wt
BAMIIA 2% (AR R ) BB AR A, T RTAR
T EAR PR

SD K53k 20.0 g/L #j%ibE, 6.7 g/L L&

Strains Description

Source

Eescherichia coli E. coli K-12 F-A-ilvG-rfb-50 rph-1
DH5a

Lab preservation

Saccharomyces  MATa, leu2-3, 112; trp1-901; his3A200; ade2-101 Lab preservation

cerevisiae

MaV203

Scheffersomyces CICC 1960(CBS 6054) China Center of

stipitis Industrial Culture
Collection

Ss02 CBS 6054, Atrpl This study

Ss03 Ss02 harboring pYBY08 This study

Ss04 CBS 6054, Atrpl::Ppiri-HaTAL1-T1erF1, Peno1-At4CL2-Taox1, PTer1-VVSTS TeLn This study

Ss05 Ss04 harboring pYBY 11 This study

Ss06 Ss04, dade2::PapH1-ARO4X?2IL_Tg Ny This study

Ss07 Ss04, Aade2::Ppkc1-ARO7C139S.Taox1 This study

Ss08 Ss04, Aade2::PapH1-ARO4K22L_Tg N1, PrrG1-ARO7C1395. Taox1 This study

Ss09 Ss08, 4pdcl This study

Ss10 Ss08, 4arol10 This study

Ss11 Ss08, 4pdcl, 4aro10 This study

Ss12 Ss08, Apdcl::Prer1-AtPAL2-Taint, Peno1-AtC4AH-Taox1, Priri-AtATR2-TrerF1, This study

PaApH1-SSCYB5-TxyL2

Ss13 Ss12, Aleu2::Prer1-SSACCLSB0ASISA TG g This study

Ss14 Ss04, Axyl2::Ppiri-HaTAL1-Tter1, Peno1-At4CL2-Taox1, PTer1-VWSTS-TaLnt This study

Ssl15 Ss08, Axyl2::Ppiri-HaTAL1-T1erF1, Peno1-At4CL2-Taox1, PTer1-VWSTS-ToLnt This study

Ss16 Ss12, Axyl2::Ppiri-HaTAL1-Ter1, Peno1-At4CL2-Taox1, PTer1-VWSTS-TaLnt This study

Ss17 Ss13, Axyl2::Ppiri-HaTAL1-Tter1, Peno1-At4CL2-Taox1, Pter1-VWSTS-ToLnt This study

Z&: 010-64807509
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Fz2 AMRFABRK
Table 2 Plasmids used in this study

Plasmids Description Source
puUC57 AmpR Lab preservation
pRS414 AmpR CEN/ARS2, ScTrpl Lab preservation
pYBYO1 AmpR, SSCENG, SsSARS2, PoLe1-Hpt-Txvi2 This study
pYBY04 AmpR, Ppiri-Cas9-ToLni, Psursa-Trpl-sgRNA scaffold This study
pYBYO05 pRS414, SSCENG, SSARS2, PoLe1-Hpt-Txvi2, This study
Ppiri-Cas9-TeLni, Psvrs2-Trpl-sgRNA scaffold
pYBYO08 pRS414, SSCENG, SSARS2, PoLe1-Hpt-TxviL2, Priri-HaTAL1-Trer1, This study
Peno1-At4CL2-Taox1, Prer1-VWSTS-TeLnt
pYBY09 pRS414, TrplHA This study
pYBY10 pYBYO09, Ppiri-HaTAL1-Tter1, Penoi-At4CL2-Taox1, P1er1-VWSTS Tene This study
pYBY11 pRS414, SSCENG6, SSARS2, Prer1-AtPAL2-TeiN1, Peno1-AtC4H-Taoxa, This study
Ppirt-AtATR2-Trer1, PapH1-SSCYBS5-TxyL2
pYBY18 pRS414, Ade2HA This study
pYBY20 pYBYOS5 derivate, Psnrs2-Ade2-sgRNA scaffold This study
pYBY22 pYBY 18, PapH1-ARO4K?L_Tg This study
pYBY23 pYBY 18, Prkai-ARO7C39S.Taox: This study
pYBY24 pYBY 18, PapH1-ARO4KZL_Tg N1, Prk1-ARO7C39S. Taox1 This study
pYBY26 pYBYOS5 derivate, Psnrs2-Pdc1-sgRNA scaffold This study
pYBY29 pYBYOS derivate, Psurs2-Aro10-sgRNA scaffold This study
pYBY3l1 pRS414, Pdc1HA This study
pYBY32 pYBY31, Prer1-AtPAL2-TGin1, Peno1-AtC4H-Taox1, Priri-AtATR2-Trer1, This study
PapH1-SSCYB5-TxyL2
pYBY33 pRS414, Leu2HA This study
pYBY34 pYBY33, Prer1-SSACCI1S50ASIS2A T g This study
pYBY35 pYBYO0S5 derivate, Psnrs2-Leu2-sgRNA scaffold This study
pYBY38 pRS414, Xyl2HA This study
pYBY39 pYBY38, Priri-HaTAL1-Trer1, Peno1-At4CL2-Taoxi, P1er1-VVSTS TeLna This study
pYBY40 pYBYOS5 derivate, Psnrs2-Xyl2-sgRNA scaffold This study

FL TR 1% B} FL R A U (yeast nitrogen base without
amino acids, YNB), 1.3 g/L @ IEMREE K,
P pHAE R 6.5; JH T WIAARE S 5L i &S A
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I B Z R R S PR

YPD }:373£:10.0 g/L FERERE U ,20.0 g/L
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#3 PCRIYIF7
Table 3 PCR primer sequences

Primer name

Primer sequence (5'—3")

CEN6-F
CENG6-R
ASR2-F
ARS2-R
OLElp-F
OLEIp-R
XYL2t-F
XYL2t-R
Hpt-F
Hpt-R
Cas9-F
Cas9-R
PIR1p-F
PIR1p-R
GLN1t-F
GLNI1t-R
N20-Trpl-F1
SUPt-R
SNR52p-F
SNR52p-R
Cas-CEH6-F
Hpt-Sc-R
Trpl-up-F
Trpl-up-R
Trpl-dw-F
Trpl-dw-R
TALI1-F
TAL1-R
4CL2-F
4CL2-R
STS-F
STS-R
PAL2-F
PAL2-R
C4H-F
C4H-R
ATR2-F
ATR2-R
SsCYBS-F
SsCYBS5-R

TTGCGTCTCTAAGTTTCGACACCCAGAGAGTAG
TGTCAAATCTGAATTCAATATAGCCGAC
ATGTCGGCTATATTGAATTCAGATTTGACAGAATTCAGTATAGGATATGGTGTTTAGC
TGTCAGAAAGAAGATCTTCTGCGGTGTCTAC
GCAGAAGATCTTCTTTCTGACATTGGTGCGTATG
TGGCTTCTTCATACTGAAATCGAAATAGAATCAGAAGTTGAAG
CTAAGGAATAATGGCCCAAAGTGAACCAGAAAC
GGGGAAACTTGATGAAGAAGTTGTG
TCGATTTCAGTATGAAGAAGCCAGAATTGACTGC
ACTTTGGGCCATTATTCCTTAGCTCTTGGTCTAGTAGATG
ATGGACTACAAGGATGACGATG

AACTTTTCTTTTCTTCTTAGGATCGTC
TTGCGTCTCTAAGGCTCTTTGAATTTACTTTGCC
TCGTCATCCTTGTAGTCCATTGTAAATCAATCAGGTTTATTGTAGATAGCG
CGATCCTAAGAAGAAAAGAAAAGTTATGTCTGGCTGGTTTCCTTC
TAACGAATAATGAACATTAGTACCACC
ACGTACTATTCAAGAACCAGGTTTTAG
CTCCGTCTCTAACACACTAAGAGATGCTCGAT
CATTATTCGTTAGTTTAAACTGGAGGGAATCCTAGGAT
CTGGTTCTTGAATAGTACGTGAAATAAATGTATCTTGTTGGAAACGAACC
CGAGCATCTCTTAGTGTGTTAAGTTTCGACACCCAGAGAGT
TTCGCCTTCCTTGGAGTTAGGAGTAGGGGAAACTTGATGAAGAAGTTGTG
GCTCACTCTAGATGATGGTACC
TGAGAGCCGTCTCATACACTGCCCGATTGGGTACAAGAATTAC
AGTGTATGAGACGGCTCTCAG

ATCCCACCTAACGCTTGAAC
TTGATTTACAATGTCTACCACCTTGATCTTGAC
ATTAATCAGCTTAACGGAACAAGATGATAGAACGC
CGCACTAACAATGACCACCCAAAACGTTATCATC
TGAGCAATTCTTAGTTCATCAAACCGTTAGCCAATC
AGTCTATCTACAATGGCTTCTGTTGAAGAATTTAG
AGCCAGACATTTAGTTGGTAACCATTGGGATAGAG
ATCCAAATTATCATGGATCAGATTGAAGCTATGTTG
AGCCAGACATCTAGCAAATAGGGATGGGAGC
CCCGCACTAACAATGGATCTTCTCCTATTAGAAAAGAGTC
CCTGAGCAATTCCTAACAATTACGAGGCTTCATGAC
GATTGATTTACAATGTCCAGCTCTTCTTCTTCTAG
AAATTAATCAGCCTACCATACATCCCTAAGGTATCTAC
AGTCTATCTACAATGGCTACTGAAACCTTGAAGAC
CTTTGGGCCATTAGTTGTTTTGCAAGAAGTAGTAGG

Z&: 010-64807509
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(B3 3)

Primer name Primer sequence (5'—3")

In-ARO4-F
ARO4-Mutup-R
ARO4-Mutdw-F
In-ARO4-R
In-ARO7-F
ARO7-Mutup-R
ARO7-Mutdw-F

ATCCAAATTATCATGTCCCAAACACCAGTACC
CCATACCATTCAAGGTAACACCCATGAAGTGG
TGGGTGTTACCTTGAATGGTATGGCTGCCATC
CAGCCAGACATTTATGCCTTGAGGGCTCTTCTAG
CATTCACATCGCTATCTCTACATAATGGATTTCACAAAGCCCGA
CAGAACCGAAGACAAGTTCTCCTGTTGCTCTC
GGAGAACTTGTCTTCGGTTCTGACTCAGGAC

In-ARO7-R CCTGAGCAATTCTTAGTTGCTCTCACCGACCCTC
Ade2-up-F ACTCTAAGAAGGTTAGCACTTCCG

Ade2-up-R CATGGACAAGATCGTCTCCTCCTCAATGGAAG

Ade2-dw-F AGGAGACGATCTTGTCCATGGCGCAACTATC

Ade2-dw-R AGACTCCAGGCTCTGTACTTG

ACCI1-F1 ATGTCAGACACATCCAAAGATTCC

ACCI1-R1 CACCGTCAGCTAATTGACGAACTCCAACAATACCTC
ACCI-F2 TCGTCAATTAGCTGACGGTGGATTGTTGGTT

ACCI1-R2 CGAAAGATAAGTCTGAAACAGCGGCAGCTCTGTTCATTTGTGG
ACCI1-F3 GCTGTTTCAGACTTATCTTTCGTTATCG

ACC1-R3 CAGCCAGACATTCATTTAAGCGATTTCAAGAATTCAGC
Leu2-up-F AAGGATATCGCCTTGTCTTCAGG

Leu2-up-R ATGGCAGCACCTCCAATTAAATG

Leu2-dw-F TTAATTGGAGGTGCTGCCATAATTGCCACCATCTTGTCGG
Leu2-dw-R CGAATTTGCCACTTCTAGGAATC

PDC1-up-F GGGATAAAGTATATAAAGGCCATTGG

PDC1-up-R GTAACCGTCAACCCATTGGAGTGACAAATACTG
PDCI1-dw-F TCCAATGGGTTGACGGTTACACCATCGAGC

PDCI1-dw-R AGTAGCGAAATCCTGGCCAT

Xyl2-up-F TCTTGGGGTCAGGTGAAGTCG

Xyl2-up-R AAGTAAATTCAAAGAGCCTTAGCTGGAAGAGGGCAGCTG
Xyl2-dw-F TGAAAAATTACGATCAACTTTTACTCTTTTCCATTG
Xyl2-dw-R CTTACATAAGGTACCTGGTGGGTTTGG

FUH, S Cas9 BREGEA gRNA [k
A& pYBY04 DI N &5A TRPL JEH F R R A
B RIBEAK pYBY09 45

KT 10 kb (R IBEAR— MR I RE 4 4
(75 2 e 20V i 40 Cas9 JiT ki pYBY 05 A4 2 .
WA 40-50 bp [FVEE 519, §71 CEN6-
ARS2-Hpt marker., Cas9-Trpl-sgRNA scaffold
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G e B B BCR KA. S TR S
R ER A AL, BCIER RS R B
TERRBAR b, RGBT, &
W AR B, A T I R AR, ]
T B NI 36 %y 6 P A R TR A B
(5001 000 bp), HRJE¥ T A1 Bk R IE AL
AR AR,
1.2.3 WFERBEESEHEKREE

AHF5E 8l CRISPR-Cas9 K 4B+ A%
Bl B iR 0 5 G DR g 21, il 2 TR
DIAE g Ss02 WM MG, B SeH ) Trpl £ a5
f) Cas9 JiHi 5 TRPL B DK Bk A v il 5 4L 2
itk iR 1 A1 — A% 75 A 7 (dithiothreitol, DTT)7% il
%) S stipitis B2 S, RFH&A
400 pg/mL {7 R PUIERY SD [F 48RS 77 H i %

K WG, 7T LLEE FE % PCR AIA LR
FREY SD “FHuk— A0k, SRR ERE

GATR BB TR
1.24 %XBE75*%

PERRE I : R EAR 3  FR T Pk 422 Fh 3]
%A 3mLYPD KSR EE H, 7E 30 °C.

220 r/min £50F FEG3E 12-16 h, 183 —%Fh+
W B — WP 5] 5 mL B YPD £y 57
Herp, IR PR KRR SR 1216 h, 155
WRPFU; F7IE ODeoo=0.1 KNI &, F#%
TR R IR 35 50 mL & Bk R
) 250 mL itk =i, 7E 30 °C. 220 r/min
SN RBERE SR 120 h, BEFE 24 h BUREKG I
Pl A=) 5 ODgoo BRME L™ AR BAE Bl o

KEEHERIE: KA S L 4 A shifdek ik
AT REE, REEPVIGE RN 1.8 L, ¥
DL 10% 2R i B fh 22 R Wedh Fe b b, R BRI
h 30 °C, HEFFWIEA%ELE 220 r/min, #A 100%
Jol Tl ST R EE, o AR RN 500 g/L 45
0 | A 3 VR R R N S R A R A
W 30%40%, WidifiimaE/KE pH 4EFrrE
6.5 Zidi, KIEZE 144 h 455, B 8 h BUREAG
RESR AR RYITEFE S P B O
1.2.5 M *E

YRV AN . AR ML BE SR W, MR E
ODeoo A 0.2-0.8, i 1:f 58 4435 6 B T H
TEE K 600 nm A 1R

TRPI gene  Trpl-dw ——

Genome —| Trpl-up ‘

Gene to be deleted

Trb]-up Donor DNA ‘?Trpl-dw \
Donor-trp1-500 bp Cas9 protein
20 nt
—> I |
Genome - Trpl-up NGG- Trpl-dw —_
pRS414 Caso gRNA o;’
— ”ﬁ{pt -
CRISPR-Cas9
Homologous
recombination
Genome —‘ Trpl-up H Trp]-dw _—

[

l- Trpl-up Donor DNA

Successful genome integration

 Trpl-dw ——

@KK

| _Trpl-up  Donor DNA  Trpl-dw

J

2 W EEFREEE T CRISPR-CASY #iB) TRP1 (i m &4
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Figure 3  Fermentation results of resveratrol-
producing strains. A: The Ss03 strain with free
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strain with integrated expression of HaTAL1l, At4CL2

and WSTS C: The fermentation results with the addition
of 200 mg/L tyrosine in the fermentation medium.
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Introduce the L-phenylalanine branch pathway to enhance the supply of p-coumaric acid (p-CA).

A: The map of vector pYBY11; B: L-phenylalanine branching pathway; C: Fermentation results of strain

Ss05 fortified for p-coumaric acid supply.
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Figure 6

Enhancing precursor supply to promote resveratrol synthesis. A: Fermentation results of

recombinant strains with PDC1 and ARO10 genes knocked out and integrated expression of L-Phe branching
pathway. B: Time course of production resveratrol by the engineered strain Ss13. *P<0.05; **P<0.01.
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Figure 7

Increase the copy number of genes to promote resveratrol synthesis. A: The map of Integration

fragment; B: Fermentation results of recombinant strains containing double copies of HaTAL1, At4CL2 and
WSTS genes; C: Time course of production resveratrol by the engineered strain Ss17. *P<0.05; **P<0.01;

P<0.001.
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Table 4 Production of resveratrol by different microorganisms

Strains Precursor/scale Genetic modifications Titer References

Eescherichia coli Glucose/flask  SeTAL, Sco4CL, AhSTS

5.2 mg/L [31]

304.5 mg/L [32]

58mg/L  [33]

AtPAL, AtC4H, At4CL, WSTS SeACS AtATRZ2; Overexpression 812.0 mg/L [16]

4.1 g/L [34]

430.0 mg/L [35]

225¢g/L  [17]

97.2mg/L  [36]

237.6mg/L [15]
1076.0 mg/L [37]

558.4 mg/L This study

C41(DE3)

E. coli Glucose/flask  TcTAL, Pc4CL, WSTS, RtmatB, RtmatC;

BL21(DE3) Overexpression of tyr A" and aroG™";
Down-regulation of fabD, fabH, fabB, fabF, fabl

Saccharomyces  Tyrosine/flask  RtPAL, At4CL, AhSTS; Overexpression of ACC1

cerevisiae

W303-1A

S cerevisiae Glucose/

ST4990 bioreactor of ARO4™r ARO7™" CYB5 and ACC1; Aaro10

S cerevisiae Glucose/ RtPAL/TAL, AtC4H, Pc4CL, WSTS, AtCPRL1, EcarolL;

BRT10 bioreactor Overexpression of ARO4X2%L ARO7%141S SCARO2 and
&ACClSGSQA/SﬂEﬂA; Apdc6

Yarrowia Glycerol/ 2 copies integration of (Fj TAL, VVPAL, AtC4H, At4CL1, and

lipolytica T2P2  bioreactor WSTS)

Y. lipolytica Glucose/ FjTAL, Pc4CL1, WSTS AtPAL, AtC4H, CaFPK, BsPTA,

ST890 bioreactor multi-copy integration (Pc4CL1-VVSTS fusion); Overexpression
of YIAROL, YIARO3K??5L | YIARO4K??1L and YIARO7413%S; Adgal

Ogataea Tyrosine/flask multi-copy integration (HaTAL1, At4CL2 and VVSTS)

polymor pha

Scheffersomyces  Glucose/flask  HaTAL1, At4CL2 and VWSTS; Overexpression of

stipitis Molasses/flask SsARQ76G139S

Ss-T4V-aro7m

S dtipitis Glucose/ 2 copies integration of (HaTAL1, At4CL2 and WSTS), AtPAL2,

Ss17 bioreactor

AtC4H, AtATR2; Overexpression of SSARO4K221L SSARQ7C139S)

SsCYB5 and SSACC1S650A.S1152A; Apdcl

Se: Saccharothrix espanaensis; Sco: Streptomyces coelicolor; Ah: Arachis hypogasa; Tc: Trichosporon cutaneum; Pc:
Petroselinum crispum; RtmatB, RtmatC: Two malonate assimilation genes from Rhizobium trifolii; RtPAL: PAL from
Rhodosporidium toruloides; SeACS: Acetyl-CoA synthase from Salmonella enterica; SCARO10: Transaminated amino acid
decarboxylase; CPR1: Cytochrome P450 reductase; Fj: Flavobacterium johnsoniae; Ca: Clostridium acetobutylicum; Bs:
Bacillus subtilis; SCARO2: Chorismate synthase; YIARO1: Pentafunctional AROM polypeptide; YIARO3: DAHP synthase;

YIDGAT1: Diacylglycerol O-acyltransferase 1.
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