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Production of limonene and its derivative in Saccharomyces
cerevisiae via metabolic engineering

HUANG Yao, YANG Haiquan*, SHEN Wei, XIA Yuanyuan, CAO Yu, CHEN Xianzhong*

School of Biotechnology, Jiangnan University, Wuxi 214122, Jiangsu, China

Abstract: Limonene and its derivative perillic acid are widely used in food, cosmetics, health
products, medicine and other industries as important bioactive natural products. However,
inefficient plant extraction and high energy-consuming chemical synthesis hamper the industrial
production of limonene and perillic acid. In this study, limonene synthase from Mentha spicata
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was expressed in Saccharomyces cerevisiae by peroxisome compartmentalization, and the yield
of limonene was 0.038 mg/L. The genes involved in limonene synthesis, ERG10, ERG13,
tHMGR, ERG12, ERGS, IDI1, MVD1, ERG20ww and tLS were step-wise expressed via modular
engineering to study their effects on limonene yield. The yield of limonene increased to
1.14 mg/L by increasing the precursor module. Using the plasmid with high copy number to
express the above key genes, the yield of limonene significantly increased up to 86.74 mg/L,
which was 4 337 times higher than that of the original strain. Using the limonene-producing strain
as the starting strain, the production of perillic acid was successfully achieved by expressing
cytochrome P450 enzyme gene from Salvia miltiorrhiza, and the yield reached 4.42 mg/L. The
results may facilitate the construction of cell factory with high yield of monoterpene products
by S cerevisiae.

Keywords: synthetic biology; Saccharomyces cerevisiae; limonene; modular engineering;
perillic acid
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Table 1 Research progress on synthesis of limonene by different microbial strains and biotransformation of
limonene to perillic acid

Host Products Substrates Time (h) Cultivation mode Titer (mg/L) References
S cerevisiae Limonene Glucose and ethanol 120 Bioreactor; Fed-batch 918.00 [10]
CENPK2-1C

S cerevisiae Limonene Corn hydrolysate and ethanol 72 Shake flask; Batch 23.76 [11]

AY 120

S cerevisiae Limonene Galactose and raffinose 144 Shake flask; Fed-batch 167.04 [12]
BY4741

Y. lipolyticaPolf Limonene Glycerol 144 Shake flask; Batch 165.30 [13]

E. coli DE3 Limonene Glucose 84 Shake flask; Fed-batch 1290.00 [14]

P. putida DSM Perillic acid  Limonene 168 Shake flask; Fed-batch 31 000.00 [15]

12264

Y. lipolytica Perillic acid ~ Limonene 48 Shake flask; Batch 855.00 [9]
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Figure 1
Acetoacetyl-CoA thiolase gene; ERG13: HMG-CoA

Synthetic pathway of limonene and perillic acid in Saccharomyces cerevisiae. ERGI10:

synthase gene; tHMGR: HMG-CoA reductase gene;

ERG12: Mevalonate kinase gene; ERG8: MVAP kinase gene; MVD1: MVAPP decarboxylase gene; IDI1:
Isopentenyl-diphosphate isomerase gene; ERG20: GPP synthase gene; LS Limonene synthase gene;

CYP71A76: Perillic acid synthase gene.
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1.1 w4y
L1.1  EARFN AL

S cerevisiae BY4741 . E. coli IM109 FH A 5L
=317 s pESC R4 Fkill F Agilent Technologies
Nl pMDI19-T (Simple)ly  TaKaRa 2w ; &
$i pUCS57-ERG20Ww . pUCS57-tLS H 7 M 45 i
AR BR A wl Al . B el Sy Y
PR AR AT AN BRE 26 1 Fn 2 e R E R 2= E
IR =R G L, %58 . NMDCX
0000234) [t 7~ 5 5 R o [ LSO A4 2 T FH 5 1 40
k& 3 frR .

112 FERFFMITAEEAE

ARG {E FH Y PrimeSTAR R A7 . R
TN U LA K2 Solution 1 Ligase % #2410 3
T TaKaRa 23w ; — 2 salEiA70] G0 T rE st i
AR PR A 5 S o I el 2 i I By Al
B%E) % Bl (yeast nitrogen base, YNB)IE H OXOID
NHE; RN HEZRIWA Sigma-aldrich A R F
PR AN R B ) 3 DA 22 S i I K
1.1.3 EHEE

Luria-Bertani (LB) (g/L): BEERZ2EY) 5,
fge2E 1 10, NaCl 10,

M BF 5 ) 28 1 A B B IR AL (yeast
extract peptone dextrose medium, YPD) (g/L):
BELEK 10, #7420, BEEE R 200 [EAR:
FEHEANN 2% (AR BOBRIEHS o

Femb B3I (minimal medium, MM) (g/L): i iR
B 10, YNB 6.7, %k 20, HilEH 20,

PEPER 7% B (selective media, SM) (g/L): #iliR
B¢ 10, YNB 6.7, #i%ihh 20, Bilgky 20, FRug
IE 0.06,

G R UM L Al B 57 3 (synthetic  galactose
minimal medium, SG) (g/L): (NH4),SO4 10, YNB
6.7, *FFLBE 205 ZILRRAMFEH] 10 mL/L,
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RAIEMRAN A (g/L): AR 10, AW 10,
& 10, &R 10,
1.2 A&
1.2.1 EHFFAZE

PSSR . M OREE T PRI — IR TR
WAE YPD [E{A$ 553 FRIZEib, BF 30 °C
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B0 10 min ZRECEHLZ . WINTC /KB IR £h 5
B 1-2 h BRok, ISR 1 mL B2+ 4
A HLAH 28 08 B2k U8 F T A0M 3 BT s Bk
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Ty

DI M 5 T (tLS) A 2 S AL ) A5 5 ik
FIB LW A A5 RR ePTS &2 — MK EN
27 bp ) DNA F B, 7EREH (LSH s
T, 7E 2 R30S 1 HT s in ePTS i Bedid 25
Y1 tLS-R2. F|F54 tLS-F1 A1 tLS-R2, VA
pUCS7-tLS WA PCR #8475 5] H Bt tLS-ePTS,

P S cerevisiae BY4741 F1 LA LPP1 (4
% U s FR i) . DPPL (4 A5 — k3L H i A2 w iR
i) A1 HO (Gt i [ 955G N YD AR R & 45 r
M, WA RPUE S RBE.

(2) BRI R Rk & i 2 (1% ERG10,
ERG13 fil tHMGR)

DI S cerevisiae BY4741 LK 41 DNA
¥z, ERG10-F1 Fil ERG10-R1 514y, i PCR
P it ERG10 2K, SR J54H AR BTk pHOL H i
Not I F1 Sac I MU s kb, FRAT 45w
pHO1-ERG10;

%2 (1)h 5% , ERG10-F1 F1 ERG10-R2
J519), 75 ERGL0 JE [ (1) 30 i {5 5 Ik
ePTS, &M JFki pHO1-ERG10 AU &5 vk, 4k
98 4 Ji ki pHO1-ERG10_ePTS;

DL S cerevisiae BY4741 JL[K4H DNA Jh#i
#e, tHMGR-F1 1 tHMGR-R1 ~514¥), i#id PCR
P15 tHMGR 2L A, 28 5 i A 2 BTk pHO1-ERG10
tiY BamH I #1 Xho I i)z si kb, k45 H4H i
¥i pHO1-ERG10-tHMGR;

Z % (1) K B, tHMGR-F1 #l
tHMGR-R2 J 5[4, 75 tHMGR J£ [F () 355 45 i
5K ePTS, 2 M Jik pHOI1-ERG10-
tHMGR 9 #4 & 5 i, K13 E 41l ki pHOL-
ERG10 ePTStHMGR ePTS;
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FH51%) ADH1-FO, CYC1-FO 435I %F 5 41 J&i
#. pHO1-ERG10-tHMGR, pHO1-ERG10 ePTS
tHMGR_ePTS #£47 PCR 473, k1% F Bt Prerr-
ERG10-Taor1-Prors-tHMGR-Tever 55 Prer-ERG10
ePTS Taon1-Prons-tHMGR ePTS Teyer s

#I 51 % PHXT7-F1 5 PHXT7-RI .
PDCI1-F 5 PDCI1-R A}z ERG13-F1 5 ERG13-
R1/R2 43 5%} S cerevisiae BY4741 3£ [K 20 DNA
TP AR BT Puaxrr. Z1bF Teper M3
ERG13. ERG13 ePTS, XJHififl#& PCR
15 3 i Bt Puxr7-ERG13-Tepcr « Prxr-ERG13_
ePTS Tepcis

DL S cerevisiae BY4741 LK 4H DNA Jh#i
#, LPP-F1 fil LPP-R1 A5|4%y, it PCR § 1
LPP1 4, 5 pMDI19 (Simple)i#F47 i, 155
ki pMDI19-LPP1. #]H 514 Re-LPP-F |
Re-LPP-R 47 PCR #4475 % i B LPP1-ampr-
LPP1 fER#iik. MM Xba 1Y) H B LPP1-
ampr-LPP1, Y5 gda-ura3 F Btibf7iEss, #R15
B4 Fikl pMDI19-LPP1-gda-ura3 (& 3L
RN LPP1);

gk 2 A Hind I P Jf 4 & 240 5Ok
pMD19-LPP1-gda-ura3, 43 %5 A Bt Pux-ERG13-
Teoci+ Puxr7-ERG13_ePTS-Tepcr #1714, 15
#| & 20 ki pMD19-LPP1-gda-ura3-ERG13 .
pMD19-LPP1-gda-ura3-ERG13_ePTS. ¥ i 1515
FBR BssH I AT EEYT, SRJ5 4305 Bt
Pter1-ERG10-TapH1-Prons-tHMGR-Tever « Prers-
ERG10_ePTS Tapn1-Prons-tHMGR ePTS Teyer
1ri&EdE, 153 H 5ok pMD19-LPP1-gda-uras3-
ERG13-ERG10-tHMGR, pMDI19-LPP1-gda-ura3-
ERG13_ePTSERG10_ePTStHMGR ePTS;

A Sal TH Spe IXf H A4 ik pMD19-
LPP1-gda-ura3-ERG13-ERG10-tHMGR, pMDI19-
LPP1-gda-ura3-ERG13 ePTSERG10 ePTStHMGR _
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ePTS 17 XU g 15 $ % 5 HE  LPP1-gda-ura3-
Prer1-ERGI0-T apH1-Pronz-tHMGR-T oye1-Prxr-ERG13-
Tepci-LPP1 5 LPPl—gda— ura3-Prer1-ERG 10_ePTS-

TapH1-Prons-tHM GR_ePTSTcychHXW— ERGl3_
ePTS—TPDCl- LPP1,

(3) BRI ek & M i (s ERG12,
ERG8. MVD1 #l IDI1)

DL S cerevisiae BY4741 L[N 4 DNA J#E
#z, ERG8-F1 Il ERG8-R1. IDII-F1 FI IDI1-R1
M54, iEik PCR 1 ERG8 5 IDI1 3K, S5
435t A BBk pHO1 ) BamH T Xho T ]
P AL RIS 2 JFoki pHO1-ERG8 5 pHO1-1DI1;

DL S cerevisiae BY4741 LK 4] DNA Jy#
#r, ERGI2-F1 1 ERGI2-R1. MVDI-F1 #I
MVDI-R1 Jy5|¥y, i PCR ¥4 ERG12
MVD1 A, SR 5 5354 A 2 Bk pHO1-ERG8
5 pHO1-IDI1 H#%) Sac 1 11 Not I il )43 s ik,
RAFHE 4 JFokl pHO1-ERG8-ERG12 5 pHOI1-
IDI1-MVD1;

ZZ ()P R EE, 73 l7E pHO1-ERGS-
ERG12 JfifiH ERG8 fil ERG12 FE A 1% 3 s il
5 KL ePTS, 4 4l ik pHO1-ERG8_
ePTS-ERG12_ePTS; 43 #I7E pHO1-1DI1-MVD1
JFORL R 1DIL AT MVDL 56 R 37w a8 s 5 ik
5 ePTS, 4% 41 ikl pHOL-IDIL_ePTS
MVD1_ePTS;

%2 JFi ki pMD19-LPP1-gda-ura3 i & J5
%, PG E A Fk pMD19-DPP1-gda-ura3 (3 &
FERfL R DPPL);

e Sal 18] pMD19-DPP1-gda-ura3, fiff
YIse53 )5 4 PCR G THIAFI & I, FAIA Spe 1
HATHEY), 153 4 Bt DPPl-gda-ura3. F|f5|
¥ ADH-F1.CYCI1-R1 43 5%} Bk pHO1-ERGS-
ERG12 . pHOI1-ERG8 ePTSERG12_ePTS i 17

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

PCR ¥, 3R15 Bt Preri-ERG12-Tapn1-Pronz-
ERG8-Tcye: 45 Preri-ERG12_€PTS Taph1-Prons-
ERG8_ePTSTcycio A Sal 1. Spel X Beitbf s
WY1, 5 Bt DPPl-gda-ura3 %, #48FkL
pMD19-DPP1-gda-ura3-ERG8-ERG12 . pMDI19-
DPP1-gda-ura3-ERG8 _ePTS-ERG12_ePTS;
Jc Ml Apa 173 5| i D) J5i ki pMD19-DPP1-
gda-ura3-ERG8-ERG12, pMD19-DPP1-gda-ura3-
ERG8 ePTS-ERG12_ePTS, V] 7t/ /i%4 PCR
TE G & El, FRH BIn LEATEED), 153
- Bt DPP1-gda-ura3-Prer1-ERG12-TapHi-Prors-
ERG8-Tcye1 5 DPP1-gda-ura3-Prer-ERG12_ePTS
Taon1-Prons-ERG8_ePTS Tever 1 J 2k 4 5
FIHG1% ADH-R1. CYCI-F1 435 % B ki
pHO1-IDI1-MVD1, pHO1-IDI1_ePTSMVD1 ePTS
#47 PCR ¥4, P15 H B Preri-MVD1-Tapmi-
Prpna-I1DI1-Teyer 5 Prer1-MVD1_ePTS Tapri-Prons-
IDI1_ePTS Tevero A Apal. Bln I H Beibfy
i Y) )5, 43 95 A Bt DPP1-gda-ura3-Preps-
ERG12-T ppn1-P1oH3-ERG8-Teye:r 5  DPP1-gda-
ura3-Prgr-ERG12_ePTS TapH1-Prons-ERG8_ePTS
Tever &, 3R1% H W K. pMD19-DPP1-gda-
ura3-ERG8-ERG12-IDI1-MVD1 5 pMD19-DPP1-
gda-ura3-ERG8 ePTS-ERG12 ePTSIDI1-MVD1;
Wik BssH IOV H #Y JSORE gE A7 BE D), 3RS
# AHE DPP1-gda-ura3-Prer1-ERG12-Tapni-Prows-

ERGB8-Tcyci-Tevei-| DI1-Prpps-Tapri1-MVD 1-Prggs -
DPP1 L:j DPPl—gda—ura3—PTE,:1—ERG12_ePTSTADH1—

PTDH3—ERG8_ePTS—Tcyc]_—Tcycj_-ePTS_I DI 1'PTDH3'
TADH]_—ePTS_MVD l'PTEFl' DPP1,

(4) BLHCID AL N R 3k & MM (g
ERG20ww F11 tLS)

LI & ki pUC57-ERG20ww &y #55 #y
ERG20-F1. ERG20-R1/R2 N5[#) PCR ¥ 475
F| L ERG20ww, ERG20ww ePTS. 4R J5 4351
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A FFk: pHO1 H1 iy BamH 1 F1 Xho 1 i1 {57
JAb, #6454 Foki pHO1-ERG20ww 5 pHO1-
ERG20ww_ePTS;

PLJE K pUCST7-tLS A 5% #ie , tLS-F1 |
tLS-R1/R2 A 5|4 PCR § #4753 8| H (LS,
tLSePTS, RJF4lid ARk pHO1-ERG20ww
5 pHO1-ERG20ww_ePTS H1fi%) Not I il Sac I i
Y fikk, A EL IR pHO1-ERG20Ww-tLS
Y pHO1-ERG20ww_ePTSHLS ePTS;

DL 4 i ki pHO1-ERG20Ww-tLS 5
pHO1-ERG20ww ePTSHtLS ePTS Mkt ,HO-F1 .
HO-R1 A5[#1%4 PCR ¥ /515 F[# A HE HO-
gda-ura3-Prer1-tLS-Tapn1-Prors-ERG20WW-Tcyes-
HO 5 HO-gda-ura3-Prgr1-tLS ePTS Tapri-Prons-

ERG20ww _ePTS-Tcyc1-HO.
1.2.5 B RAAIEE

PLJE R pESC-IDI-MVD1 bR,
Not I. Sac I 43JlfY] pESC-leu2 JiHi FlJk [
IDI1, FIH Solution ¥ L#EAT#H:, RIFHEA
E. coli JM109 &3z 75 40 ffd vh, #4925t hr
pESC-IDI1, F|J BamH 1. Xho I3 5 X i) i
k7 pESC-IDI1 FIFEEK MVD1, FIM Solution I ¥
HpEfr %R, B4 E. coli IM109 i k5155 H
) kL pESC-IDI-MVD1, &% 1.2.4 firid 5k,
WG S kRN ePTS #4## ikl pESC-IDI_
ePTSMVD1 ePTS,

1.2.6 S. cerevisiae BYBE L $R4E 1L
S cerevisiae 7£ 20 mL YPD £537 3 30 °C

F:9% 20-24 h, SRJEWRHC0.5-1.0 mL % 50 mL
YPD #5330 °CH;3EZE ODgpo=0.6-0.8.

SN, EIFAE 1 mL i) 100 mmol/L it iz 47
o BCS0 pL AR TR E Y, &5
OULTENG , BREEER AL, FIF I AL TR AT -
240 pL 1 PEG (50%, i AF340) . 36 uL i
1.0 mol/L LiAc. 25 pL [ H55% 1K DNA | 50 uL
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RUEEEHE, RIZRG & 08 2 E IR E] .
B 30 °CRIE 30 min 5, 42 °CHE 20-25 min,
A 100 uL #ALIEG WIS MM -4 .

2 EREG5N

2.1 S cerevisae B#AHITIRG S RIREEM

HAR S cerevisiae P HH MVA 4%, BES
BTG AT A AR BE R GPP, (H2{A
DAL 2 A I A A A A T, A o B A R
S cerevisiae NEA G ATERIIRE S . N T 58
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Figure 2 Module III was expressed in yeast cytoplasm to synthesize limonene. A: Strain growth curve. B:

Limonene yield of recombinant strain.
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Figure 3  Effect of peroxidase expression of limonene synthesis module on limonene biosynthesis. A: Strain
growth curve. B: Limonene production of limonene synthesis module peroxisome expression strain.
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Figure 4 Effect of overexpression of precursor modules on synthesis of limonene. A: Modularization of
limonene synthesis pathway. B: Construction of expression cassette of module I, II and III. C: Growth curve
of different strains. D: Effects of overexpression of different modules on limonene synthesis.
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Figure 5 Effect of over-expression of key enzymes on limonene synthesis. A: Strain growth curve in shake
flask with SG medium. B: Yield of limonene from strain with overexpression of key enzymes.
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Figure 7 Effects of different carbon sources on limonene synthesis. A: Cell growth curve. B: Production of
limonene by shaking fermentation of strain Saccharomyces cerevisiae HY-PER-01 with different
concentrations of galactose and raffinose as carbon sources. C: Production of limonene from strain

S cerevisiae HY-PER-01AGALSO by shaking flask fermentation with different concentrations of glucose as
carbon source. Gal: Galactose; Raf: Raffinose.
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Figure 8 Synthesis of limonene derivative perillaric acid. A: Schematic diagram of oxidation of limonene to
perillic acid. B: Perillic acid yield of strain Saccharomyces cerevisiae HY-PA-01.
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