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Stable integration sites in Saccharomyces cerevisiae:
identification and application in the biosynthesis of valencene

CHEN Dongying, ZHU Chaoyi, CHEN Hefeng, ZHOU Jingtao, LI Shuang*

School of Biology and Biological Engineering, South China University of Technology, Guangzhou 510006,
Guangdong, China

Abstract: Valencene, a high-value sesquiterpene with a citrus aroma, is widely employed in the
food and cosmetic fields and the industrial synthesis of nootkatone. In this study, 16 genomic loci in
the intergenic regions (IGRs) of Saccharomyces cerevisiae were identified. A Ypet expression
cassette was successfully integrated into various genomic loci by CRISPR-Cas9, with an impressive
integration success rate of 87.50% and exhibiting expression variations of up to 1.91-fold depending
on the insertion site. The study demonstrates that the positional effect exhibits relative stability in
gene expression, and is essentially unaffected by changes in promoters and reporter genes.
Furthermore, a high-expression element combination, Prpns-Tprci, Was selected. The iterative
integration of the valencene synthase gene VSm from Callitropsis nootkatensis at the selected loci
increased the valencene yield to 254.67 mg/L. Overexpression of key genes tHMG1-ERG20 with
multiple copies increased the valencene yield by 93.49%. The engineered strain L-13 achieved the
valencene yield of 9 530.18 mg/L by two-stage fed-batch fermentation in a 3 L fermenter. This
yield represents a nearly 100-fold increase compared with that of the starting strain, highlighting the
significant potential of the screened genomic loci in optimizing valencene production.

Keywords: Saccharomyces cerevisiae, position effect; CRISPR-Cas9; valencene; biosynthesis
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(Saccharomyces cerevisiae) [K H: i i 19 1€ 15 kg
2% . AH T LD TR RAE DL R R — iz N A)
M4 1 (generally recognized as safe, GRAS)f
A= i A P B R A i v e T R R
1% (mevalonate, MVA)JZ: R 2 HE 5 B 5 28
LBV EZ LY A BGERED, ZE7R LB
WG A R AL, A G I A A A S
V)R HT AR W B, BRIk JE 4R B R (farnesyl
pyrophosphate, FPP), Frb @ 4E 1 JCHERE, 5140
3-FRHE-3-H LR eI A I8 B (3-hydroxy-
3-methylglutaryl-CoA reductase, HMG1) 17k J&
FLAEBEIR G A8 (farnesyl diphosphate synthase,
FPS, Hi ERG20 J:[F %ifith). A4 5 FPP Rt
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Table 1 The plasmids used in this study

Plasmids name Description Source
p4l4 p414-Prgr-Cas9-Teyey, Cas9 Addgene
p426 p426-Pgyrs2-gRNA.CANL.Y-Tgpqg Addgene
YEplac181-CnVS YEp181 derived, Pppci-VS Tsact Lab store
YEp181-tHMG1-ERG20 YEp181 derived, Prer1-tHMG1-Teyci-Pppci-ERG20-Tsag1 Lab store
YEp181-URA3-TRP1 YEp181 derived, Pyraz-URA3-Tyraz-Prre1- TRP1-T1rp1 Lab store
pl81-V1 YEp181 derived, Peno-VIM-T scor This study
pl81-V2 YEp181 derived, Prpps-VSNM-T scor This study
pl181-V3 YEp181 derived, Prgro-VSM-TapH1 This study
pl81-V4 YEp181 derived, Prero-VSM-Tprer This study
pl181-V5 YEp181 derived, Prpp3-VSNM-Tprer This study
pl181-Ypet YEp181 derived, Prgro-Ypet-Tenaa This study
p181-GUS YEp181 derived, Prgro-GUS Tgnag This study

http://journals.im.ac.cn/cjben
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Table 2 The integrated sites and strains information used in this study

Integration sitess  PAM sequences (20 bp+NGG) (5'—3’) Strains Description

IGR I-1 GAAACTATAAGGAAAATACGAGG P-IGR I-1 PK2, IGR I-1::Prgro-Ypet-Tenag
IGR I-2 CTCCCACTTATAATGCACCGAGG

IGR I-3 ATAAATCTGTTGTCTTCCCGAGG P-IGR I-3 PK2, IGR I-3::Prero-Ypet-Tanaa
IGR IV-4 TCAATTGGAAGAAATGACAGTGG  P-IGR IV-4 PK2, IGR IV-4::P1ero-Ypet-Tanaa
IGR IV-5 GAGAACAAGAAATGCCAAGGTGG  P-IGRIV-5 PK2, IGR IV-5::Prgro-Ypet-Tenaa
IGR V-6 GAGGAACAAATCCTTCCTCGCGG  P-IGR V-6 PK2, IGR V-6::Pero-Ypet-Tenaa
IGR VI-7 GGTCTGGAGAATGGACACCAGGG P-IGR VI-7 PK2, IGR VI-7::Prgro-Ypet-Tenaa
IGR VII-8 ATACTGAGCTACTTACTTGGGGG P-IGR VII-8 PK2, IGR VII-8::Pgr,-Ypet-Tenag
IGR VIII-9 TGGAACTACTACACTTCCTGGGG P-IGR VIII-9 PK2, IGR VIII-9::Prepo-Ypet-Tenag
IGR IX-10 AAGTGTGTGAACGAATTACGCGG  P-IGRIX-10  PK2, IGR IX-10::Prero-Ypet-Tanag
IGR XII-11 ACAGTGAACAGTGAACAGTGGGG  P-IGR XII-11 PK2, IGR XII-11::Prgro-Ypet-Tenaa
IGR XII-12 CAAAAACGACAATCTCCAGGCGG

IGR XII-13 GTAGGCATCTAACTATGGAACGG P-IGR XII-13 PK2, IGR XII-13::Prepo-Ypet-Tenag
IGR XIII-14 AATCGCCCACTCTAAATCAGCGG P-IGR XIII-14  PK2, IGR XIII-14::Prgr2-Ypet-Tenasa
IGR XIV-15 AGACATTTACAAAGTAGACGGGG P-IGR XIV-15  PK2, IGR XIV-15::Prgro-Ypet-Tenag
IGR XV-16 AGACTGCCCATATATTCCCACGG P-IGR XV-16 PK2, IGR XV-16::Prgr2-Ypet-Tenas

x3 FKMRFAAEN
Table 3  Strains used in this study

Strains Description

Source

Escherichia coli DH5a

F-p80 lacZ AM15 A(lacZYA-argF) U169 recAl endAl hsdR17

(rK~, mK") phoA supE44 L™ thi-1 gyrA96 relA1l

Saccharomyces cerevisiae

MATa trpl-289 leu2-3 leu2-112 ura3-52 his3A1

TaKaRa, 9057

ATCC® MYA-1108™

CEN.PK2-1Ca

PK2-12 PK2, erg9::A220-176, rox1::mut, Leu::Pppc1-VS-Tsact Lab store
PK2-00 PK2-12, IGR XIII-14::Prgro-tHMG1-Teyes This study
L-01 PK2-00, IGR VIII-9::Penos-VSM-Tyscor This study
L-02 PK2-00, IGR VIII-9::Pypna-VSM-TLscor This study
L-03 PK2-00, IGR VIII-9::Prgro-VST-Tever This study
L-04 PK2-00, IGR VIII-9::Prero-VSM-Tprer This study
L-05 PK2-00, IGR VIII-9::Prppa-VSM-Tpre1 This study
L-06 PK2-00, IGR VII-8::P1pna-VSM-Tprer This study
L-07 L-06, IGR XI-11::Pppa-VST-Tpre1 This study
L-08 L-07, IGR XV-16::Prpn3-VSM-Tpgrer This study
L-09 L-08, IGR V-6::P1pH3-VSM-Tpre1 This study
L-10 L-09, IGR XII-13::Ptpy3-VSM-Tpre1 This study
L-11 L-10, IGR IX-10::P1epo-tHMG1-Tcve1-Prpci-ERG20-Tepg1 This study
L-12 L-11, IGR IV-4::Pgro-tHMG1-Teyer-Proci-ERG20-Teac: This study
L-13 L-12, IGR I-1::P1gro-tHMG1-Tcye1-Pppc1-ERG20-Tsact This study
&: 010-64807509 B<: cjb@im.ac.cn
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FERH

ASSZEG BT 2xPrimeSTAR Max Premix I
H TaKaRa /A #]; Tris-HCI pH 7.5 1 PBS Z& i
WA AT AY TRERCEE) RN ABRAA
ClonExpress® MultiS 2 {7 & W [ 5 50k
e VIR R A BR A W] 5 PCR a4k i)
BRI O & W B Magen A H]; S c
EasyComp Transformation Kit IlJ F Invitrogen 2
Al FERERMG . XTRE AR . XY AL -B-D- A A b
FERRTY . Al brrEsh A 5-3FLI% IR (5-fluorolactic
acid, 5-FOA)¥JI H Sigma-Aldrich 23 .
113 EEERESRR

KGRI H LB 85383E, MR LA
YPD.SD/AUra,SD/AUra-ATrp . SD/5-FOA-ATrp
Verduyn K553 B BCHI U222 3CHK[2] 100 mmol/L
Xt A IR B A7 L 1 /L %o il 35 - B-D- 8 4
M BRTF A A7 . 0.4% NaOH VAW (M BL il .2 %
SCHR[14].
1.2 7%
1.2.1 AEFRIEFHAFEE

L YEplac181-CnVS MaiAR™, L5 #y%t
VSm-F/VSm-R 4" 3% 15 31| FLAE PG X045 55 il & I

1.1.2

x4 FMRFASY
Table 4 Primers used in this study

(VS from Callitropsis nootkatensis, 1X040471),
afifp s A A R B 4 S PR B s, ik R
J&& 2 75 41 M K W #F % (Escherichia coli) DHSa
o, AR R IR A, LR TR IR 4
FI7R o

DL p426 AR, EIBUSRE F— B P SIAE R
18 5% (tong-F/R), Lk IR A ) gRNA
FEANEG IS R AN BTt 519, FF 0 2 PR 2 A7 o
B gRNA FHIE AL 20 bp [RIEE, 81 [
HARAGE AL gRNA FIB TR
1.2.2 E#HREEE

20 PR R 2 H ] CRISPR/Cas9 4%
AR, LLIGR I-1 f 88 5 Ypet Rik &m0 LA
p181-Ypet H#i#k, LA Donor-IGR I-1-F/Donor-
IGR I-1-R S5|¥pxf, il PCR #RA5 Misili A
IGR I-1 o s [al IR A9 F B, 4lifb ) 4R A5 IR
DNA JBt. #H Sc. EasyComp Transformation
Kit, f%HRULHI 4 Cas9 B FRIL TR pdl4,
gRNA FikJFok itk DNA A B[R 5% Ak 5
Saccharomyces cerevisiae CEN.PK2-1Ca'®, 52y
HPIESE AR o 183 TR 7% PCR 9 B8 LA I
XT PCR ™yl 17, A4 0 e 285 SR o 5 380%

Primer name Sequences (5'—3") Size (bp)
VSm-F ATGGCTGAAATGTTCAACGGAAATA 25
VSm-R TTAGGGAATAATCGGTTCGACAAAG 25
tong-F TAATAATGGTTTCTTAGTATGA 22
tong-R ACTAAGAAACCATTATTATCAT 22
Penoi-VSm-F CACAAACACTAAATCAAAATGGCTGAAATGTTCAACGG 38
Tpre1-VSm-R GCCTACACATACACGCTTTATTAGGGAATAATCGGTTCGA 40
Prgp-VSm-F CGAACTATAATTAACTAAACATGGCTGAAATGTTCAACGG 40
Teycr-VSm-R TTACATGACTGCAGGTCGACTTAGGGAATAATCGGTTCGA 40
Prpus-VSm-F CATAAACAAACAAATCTAGAATGGCTGAAATGTTCAACGG 40
Trsc2-VSm-R CTCTTTTGTTTTTCTCGAGATTAGGGAATAATCGGTTCGA 40

Donor-IGR I-1-F AAAGCGTACTTAAATTAGCAGCAAAAAAATTTTTAATAACAGACAGCGAGCCACCATTA 59

Donor-IGR I-1-R ATGTCTCAAAAATGAGAAACGGGGACTCTCATAATCAGTAGCCATTTTGATCCATTCTT 59

The complementary sequences are underlined.

http://journals.im.ac.cn/cjben
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1.2.3 SN

B PE R b FRE AL A 200 pL
SD/AUra-ATrp 5537311 96 FLA ', 30 °C 800 r/min
BigR 24 h, FE 1:200 FEE 2SR, [RIETEA
KAl i) Saccharomyces cerevisiae CEN.PK2-1Ca
YR BTEXTIE, 500 uL SD/ AUra-ATrp 355,
30 °C. 800 r/min }557 8 ho FHMAR A IO 25
[ (ODgoo) 1 Ypet AWK : 517 nm; W
WK . 530 nm) Fe I 20 A RN 2GR B
1.2.4 B-BEHEFBELES(B-glucuronidase, GUS)
B AR

YR . B EA R ERZSA 10 mL
YPD f# 50 mL i, 220 r/min. 30 °CHi¥:
48 h; 3 000xg B0 5 min WCERMA, #H
Tris-HC1 PE¥% 2 W ¥ HAK E & 2 Tris-HCL H1,
FE il ODeoo 7E 0.6-0.7 Z[0]; £ 96 fLAH A
200 pL =77, A 10 U/mL zymolyase,
30 °C. 220 r/min Z4f# 6 h, FRAF40 AR -
BTG I« 7E 96 FLAR A 80 pL 1 g/L X fiFf
FEFEBMEW . 90 uL PBS 1 10 L 40 i 2L 5
37 °CJZ ¥ 10 min J& , filA 20 pL 0.4% NaOH £
1S 5 B FRACIN 22 ODayoso i 15 546 FE
TR 118 X i 25 19 - B~ D- ] e M 18 2 1 s o 5 2 b
HERNZR , TR GUS MBS v,
1.2.5 EHFHRAAE

PR : K EARMRIEYI IR ODgo=0.05
HREESA 10 mLYPD /9 50 mL #8HH, B
20%1E+ 4%, 25°C. 220 r/min ¥ 35 48 h,

KRR P 10% R BEREMES LA
i, 5 20%IE+ ke, 6l pH 5.5, 25 °C,
P 400 r/min, RHEE 2 vwm, 24 h 5L
4 mL/h BEEEIN 500 /L HiAwE, R BTHE
50% Hf H Fh AN B B 2 20 mL/h, TR B A
ODj00=200 Fs}, P>k 30 mL/h ) Z B AL,
ok % A - A B IR BE (dissolved  oxygen-feed
strategy, DO-STAT)$% il £ Ak 3 2%

&: 010-64807509

RBIHREE R FE8N

KB E, BUE T ki HLAH 500 uL,
HEKROR OTRIRG R IR 28 10 min,
14 000 r/min &5.0> 5 min, B FJZ2ABK 800 uL
22 0.22 pm A PLIEB L U8 2 A% R SOM
e

GC-FID Faill : FH A AH €2 i 4SO il 25 B F
KMARFESEATRI ,, SAHE IS Agilent HP-5
(30 mx0.32 mmx0.25 pm) , K0 75 Ay & KA
73 (flame ionization detector, FID); #X< A Na.

Rl Ak 1 pL RESARVERE, Sy
15:1; PERETTIEEE 250 °C; K296 350 °C;
FEIR 100 °CAR-EF 10 min, F L) 20 °C/min FHE E
200 °C, 200 °C{#4F 5 min, ALH}E]H 20 min,

2 BER540

2.1 ESSRITHIE

AWFRIET S cerevisiae LA F], *t
16 P AR IGR 47 T ik . IGR W 4 H 4
DURRHIE: (1) 84 22 b4 20 kbs (2) i
Bk NI 10 kb (3) IGR B9 E KT 5000 bp
(LA D X6 7 53 T 44 0 i 8h 1 28 1k F I 52 ) .
WX S cerevisiae A4 LK 4 e 564743 #7
MHEARE(D)—-(3), FiEH 1T 16 Mk IGRs,
FHXFEATIAT TN RIE T, DL E AT
SETIE A VE AN DNA 4 X, Ak, B
NV 2 19 IGR 5 B8 98 58 2 (a1
HE, MM http://chopchop.cbu.uib.no/ i i 4E
A~ IGR WM i 1) eRNA FEAIAE J g 4o 19,
iIENEE LR
2.2 EES[SRIFHE

FIH CRISPR/Cas9 # K¥f Ypet £ik#&
(Prer2- Ypet-Tanag) m A B T L (G075, . A
IA PR IEH, BT IGR I-1, IGR 1-2, IGR
V5, IGR XII-12 Z 4k, HAMEHEH T

1.2.6
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100.00% AR (E 1A), B4 IRk
87.50% i 2L XT 14 AR AL AR UEAT 268 B 1Y)
W, Z5RER, PrA RS X B A L3
I IEFAKE 1B), XERIEFEHESN
RARXT AN A K= A AN RS2 FE X SE P RE
WK IGR VII-8 KiksmE i, IGR VI-7
FEIRTR BRI, EE L DA RR A X D B 2
9 1.91 £5 (& 1B), 3ok & BH 5 P 20 25 4 s o7 1 v
AE 23X FE R Rk ™ AL e
23 EBEHSRFHEA SR AR E MR
AU ET — RIVEH M, &5
5 B R Bl RN [R5 R, B TETR AR
GETE T RE Hh IR 44 5 1 J3E RN B 48 41 1 3 R o)
AL I SE IR o S W53 6 R R 0 Bk PR R A
HI5IA , e T IGR IV-4 . IGR VI-7 . IGR VII-8
IGR VIII-9 H1 IGR XII-11 iX 5 M S A TR 5T,
A HATR A R R B . BB IRR T
G RN EOE e VAL = L G = 85I R A = O R VA
BN T R . 2 fd SRS 3 F PDC1 B, i
MZ AR 2E S 1.6 £i%, Ml 555 o+
ADH2 J&5, e RES N 5.9 4%, RS
TR DA/ S 2 A 22 5, RV 22 AR Bk AR

A B
100

r
N

\'\\9’\?1\ 'bi\ ?\ 'b«\f.\«\%i\?’ ,\QA .\§ ,\r)’ ,\G? ,\?‘ i’.\b

Bl1 BESMUSKFESH
Figure 1

7220 000 r

TREA, (BN 2 ) 28 S AR AR AR
(B 2A) . HE—25PFAG T 8 4 SE DR G 4K
NS, R T AR RS TR GUS 5
- GUS J2— MR i B 1, B RIARRE |
TRAERBA . Ik . TR A LA S G e i 1
s GUS RIBEMT NS 2 ik 5 M, 45
RFEW, GUS FHG 5 Ypet Fik 5% FE AR S 1E
FHIE(RP=0.84) (& 2B), AN[RIHR 4 5 PR X7 B R0
PR /IN, 2R B SN HAT BT e et
24 BaF. RIETFHERESEM VSm
¥ DI BUHE B Ag I -

e 55 10 A 8 00 O g PK2-12038 R 1, i
1 ik MVA B2 CHEE tHMG1, SRISIEE
PR PK2-00, 7EI% R FEE IGR VIII-9 03 5 43 5
SIAAREE s F &I T A VSm KK &,
R BN, Props-VOM-Tprer #2158 £ (L-05) 3615
B R, 15 79.22 mg/L, KFILESE
I FEAR YR A L-05>L-02>L-01>L-04>L-03, % T
Prons-VSM-Terer A RImAE, x4
G ATF RSV . ARIWE s T2k 1
HAE B ER GG, RSP ER
5 TR F(E 3A).

125
o L LLLLLL LU L LELLELELELELLELAT
PORNERE 2 AT IN EN SR NI

Analysis of characteristics of integration sites. A: Integration efficiency of integration sites. B:

Impact of integration sites on the expression level of heterologous gene.
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30 2 9 Y B DR 4 DL 1 i R 3Rk R 4R
B R E AR BT E—
R A IR R, AT BT U 3 1Y) B PR 2
s, R RS AT ARG R 5 A
i, A9l IGR VII-8. IGR XI-11. IGR
XV-16, IGR V-6 1 IGR XII-13 {3/ j5 . #3174
X LU ORI Ve S DL, 4 Bk
BT 5 A TRERENK, ahldrsh L-06. L-07.
L-08 ., L-09 1 L-10, H: VSm iy 015043510 0 1.
2.3, 4. 5, FEEW VemESRIE AT R
P& DUECA Hs I, A 0 il 96.67 mg/L
B E 254.67 mg/L. SR, 7R Vem A
FN5 5 AN IR, WEH] L-10 AHXFF L-09 1)

PR B R AR B Y R R 2 — ]
REA A R AN S oA s 7 o =2 T BRI
25 MUK EHRFRSHEE

H T RS AR ETAY B FPP &, R
FA3E I MV A AR 842 A SC S I tHMGL /I
ERG20 IZRIKX/KTFHKmG . FI IR i b
{5k YEp181-tHMG1-ERG20, ¥ tHMG1-ERG20
Tk & B4 3] IGR I1X-10 . IGR IV-4 I IGR
-1 V8 o 83 B B 85 37 B R i . PCR A I LA
B F R, AR T 3 AN TR, B
AyASEA L-11. L-12 #l L-13, Hr, L-13 &
PR B v B A 0 e i, BTGE 492.77 mg/L (K] 4).
L-12 I L-13 FEA% 5 7 5 5 I CH B R i 22 72

A B
= >
Q E ggg Prpe-YPet-Try, 1200 1 m@’ ~
] -YPet- 3
g P o YPet-Tepy 3 ¥=0.027 S7X+573.5 E 1200
5 10000 £ o £
o = E R*=0.84 =
> ennn = = 1 nnn — = 1000 I -
2 BEhF(A)FNIREEE (B L 35 R Y F2 0
Figure 2 Influence of promoters and reporter genes on site effects. A: Impact of promoters on site effects.
B: Impact of reporter genes on site effects.
A B
100 T Site: IGR V11I-9 Py VST e 250 L
%\D 80 - Prpus-VSm-T 5001 % 200 +
g I B Py VSM-Teyey g _
o 60 _ B Py VSM-Tpaes ] 1507
é 40 | O P15~ VSM-T ppes § 100 —
s | S
S 20} S 50t
0

L-01 L-02 L-03 L-04 L-05

3 BT AR

0 1
LT-06 LT-07 LT-08 LT-09 LT-10

Figure 3 Optimization strategies for valencene production. A: Optimization of promoter and terminator

combinations. B: Iterative integration of VSm genes.
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Figure 4 The impact of regulating the MVA pathway on the recombinant strains for valencene synthesis. A:
The biosynthesis pathway of valencene in yeast. HMG-CoA: 3-hydroxy-3-methylglutaryl coenzyme A;
DMAPP: Dimethylallyl diphosphate; ERG: Farnesyl diphosphate synthase/dimethylallyltranstransferase. B:

Valencene production by strains L-11, L-12 and L-13.
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Figure 5 L-13 strain fermentation and production profiles in a 3-liter bioreactor. A: Concentration curves of
valencene and biomass during 0—200 h fermentation. B: Curves of glucose concentration, ethanol, and acetic

acid during 0—200 h fermentation.
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