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AR ERENEDERT, FRESREMBOFRRL — KA, LRI MEEHREY
SRy, [ B 69 2 26 eat T Mt 7 ik, VAR SIAE W B T M0t FAEB 6yt 2 bk,
[ 7] BB B A BY4741 H A5 st %, @l ABC 2% 4 . &M RAEAR KB A4 T 4%
B ey KA, F R et BRIE B SR B AT M) B ok, FFaB i T BRUE B AR an R 4T 2 @ BIAL,
Ji ikt AR B A BB BE R R B AR, [4 R ] £ akid kX ABC 4432 % & (Yorl. Sng2. Pdr5. Pdrl5
#= Pdr18). ROS #4548 X B (Gre2. Cttl. Yhbl. Gpx2. Trrl. Trx2 #= Gsh2)Z 4% i 4= H F (Ino2.
Yapl. Yap5 A= StbS)JF T 66 242 Z BRIE B FH A AF bk, AR AR ARGE DML AR T RAF T PIAR
it 2 PR 0 BB B A R AR, WA ) BRI M 430 mg/L R 53] T 645 mg/L vA . #—
BT ERAENF NPT TIMARR T4z L. L+ YBRO74W. YBRI72C. YHR0O07C #=
YMR275C ZE 4 MAR @R A ey RHEH T L¥m. (48] AR A LS T EZRAR
2 T BB B AR S ARBR 6T M, A S R W AR G BF R AR T A, AR 6 R AR
AT R R .
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Engineering of Saccharomyces cerevisiae for improved
tolerance to linalool

LI Yan, DA Xinyi, ZHANG Yuchen, FANG Xin, ZHOU Pingping*

College of Bioscience and Biotechnology, Yangzhou University, Yangzhou 225009, Jiangsu, China

Abstract: [Background] Having special fragrance and various biological properties, linalool has
become an important feedstock for food, pharmaceutical and cosmetics industries. With the development
of synthetic biology, metabolic engineering of microorganisms has become an influential alternative for
biosynthesis of linalool. However, the strong toxicity of linalool to host cells is a key bottleneck for
microbial production of linalool and other monoterpenes. [Objective] This paper aimed to develop
effective strategies for improving the tolerance of microbial host cells to linalool. [Methods] In this
study, the ATP-binding cassette (ABC) transporters, reactive oxygen species (ROS)-related enzymes and
transcription factors were overexpressed in Saccharomyces cerevisiae BY4741 to identify their roles in
the tolerance of S. cerevisiae to linalool. In addition, adaptive laboratory evolution was adopted to
obtain the S. cerevisiae strains with increased fitness towards linalool. [Results] Individual
overexpression of ABC transporters (Yorl, Snq2, Pdr5, Pdrl5 and Pdr18), ROS-related enzymes (Gre2,
Cttl, Yhbl, Gpx2, Trrl, Trx2 and Gsh2) and transcription factors (Ino2, Yapl, Yap5 and Stb5) in
S. cerevisiae BY4741 failed to improve the tolerance of S. cerevisiae. Furthermore, S. cerevisiae with
improved tolerance (lethal concentration of linalool was increased from 430 mg/L to 645 mg/L) were
obtained via adaptive evolution and the SNV/InDel genes were analyzed by whole-genome
resequencing. Mutations were found in YBR0O74W, YBR172C, YHR007C and YMR275C, which enhanced
the tolerance to linalool. [Conclusion] The tolerance of S. cerevisiae to linalool was improved by
evolutionary engineering, which laid a foundation for analyzing the mechanism of S. cerevisiae to
tolerate monoterpenes and provided an excellent chassis cell for heterologous synthesis of

monoterpenes.

Keywords: Saccharomyces cerevisiae; linalool; ATP-binding cassette transporter; reactive oxygen
species; tolerance; adaptive evolution
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SETERRIP ) v 20K T B AR R IR 0 5 R i 5
B, JFF MET3 J53h+ T I8 1 & 06 6 i
(Erg9)Ff-1d %35 H 2 ] iR (mevalonic acid, MVA)
wAg 3 Ak-3 HIL-HiE A 0 5 A AL X
B(tHmgl), o P e b vh 5 A it 1) 7 i ik 3 1
95 pg/LU"". Deng 453 1o H4 BRI B K U 1)
TR G N AaLS1 5k We It £E B R 5 I
Erg20 7ERRHEERE P JEATRE& R35, JFfE 3 L
R ERE T HEAT T oAb AT, D R I Y 7 A F
240 pg/LP', 2017 4, Cao %38 i 78 fift N HE I
P BE b ok 33k MVA 3R 42 rp 1 B il A R g
I35 Erg20™ VNV ge ARk i Dy R i
KE T 6.96 rng/L[H]c> L, Peng 5 i F#AIE
Erg20 W T 8 Erg20 36 1P, {8 55 R i =
HIRE T4 18 mg/L" . FEA IR iy i )
FEH, IR Y R A AT RE ) R A O
BT — BRI kB Y AR AR AR R |
FIF SKIK AR ik — P4 & 1 05w i i i)
Fikit, Jfsd RIAD Ml RIDD % fikFe 514
t670McLis™ P 1 Erg20" VNV k4T T A
WG B %, P 1 05 R G B %o iy 44
GPP MW3EPRCR, feJa AN [E] 5 55 I 3l %
BRI EERE N YR Erg20 #EAT TR IA, {0y R R
U= Ik F] 80.9 mg/LM ) X H i AR I8 A 7E
PR P B o DA Sk RO o T ) e g 7 L SR T
P B AN R Tl AR AR P TG

WEEE, XTIFRR Y& O
BAR PR [FR P07 e G N R A2 4 L R
F IR it 110 TR A B A AR R R SE T T AR
1M, —LeHIF 5 3R B Bl 2y Jo 2 B D 400 i 1
ZERUS S AN RE R S RED S L I R Al P TS
P4 (reactive oxygen species, ROS)AFH B8
BT Py RE AR, BT (i P At i
WARSR A EEERY I, A TR R A
5 RIS 7 o, e AU i 200 X D5 T Y T 52

PE o H RO T R I Rk X 5 A W i 52 PR AL )
S TR AR SR AR T D (A 5 o
PHIL PR 2H 7 S f 7n 1 e e 2 ) Jo 5 TR e B
AR HAE I 2 FHLBE, FE CO Fl C10 fiks
AR, SAMIERR . BB R . A LR
FAOC LD Bl B EcE R R
iz )i TH , ABC ¥eiz S AL AN rorl | snq2 .
pdr5 Fl pdrl5 23 FRAEHE =Y s 24N, A
T8/ L P9 AT 7 R R R R v
SRR IR Grosmannia clavigera i) ABC ¥
B 1(GCABC-G1), A R HIAR 55 1 TG 1 £ %o
3-ERME . AP B-URMR RO 32 P2, (AT
WA BL, 1%k ABC-G1 X a-JE M AT 32 1
S e A AR T, BURL R G
KHFEIA skn7 ., yapl | yap5 . stb5. gpx2 Fl gsh2
oML FE R 22 5 RIE, TR AN NS MR
ARRLER DTS84 56 240t (bt g P B 0 1S 0 B
T R, AR A R S R
Ino2, mILDAEIEF 45 5AMESE . A AL, 40l
BB S ARG SE Y JRGlE, Li S5l g HI G
WERRRE S 2 o T R B, TEUS PRI 82 4>
BN BRI, XERNZHSBEEE . i
PEA O, ool FRik 8 ANSER(YALIOF 19492
ftr. mucl9. bama. wars. ndk. ant 1 phc)n]
AN [ 42 535 AV A7 i IS D3 B A 55 Ay A s B
I B v ) A K A T
R 1 X8 T 52 A 2 260 A R O B DAL AR A S o 8
TRBGES, ARAGE DRI AR #2841
A5 (atmospheric and room temperature plasma,
ARTP) 35 £ A H A =1 Sl AR 40 240 M if 52 4
HUyE, WRGEE T TR B i S AR AU B
T A ARG T AT I T 52 M 4 v ) TR T
GRARKR, Jf ) A R ZH Iy A B Y Teb3
B F(tTeb3p' ™% 2848k, LR Teb3 21T N i
1-989 {3 2 FE IR ) WF 1R 11 1 B i 52 M i 28 i 1
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FEEAEHAPY, Tcb3 IR T tricalbin & 1%
— O, FREE AT R TP J A - S5 R fi o7
R, AR R N T 5 R A 0 SR
JEEE I IIRE , 45 50 tTeb3p' " Bk T C2 B
oA A R I, (A5 A 5T JEE e T ok O Aor
FE A% JE PN IR R S PN R I B Rk
tTeb3p' ™% ZE AL M PR TEG 1 3 41 B 25 4 114 4
FRFe 52 B B 52m , S ER 9 bR X D-#7
B . TR A R IX 3l G 4 R A it 2
SEARES T 911 8 £FPY. 1 HEkAEE L ARTP
ERTREEE ARG R AT T
BEMLIEAS , 0 S AR TR X IF T 2 Py it 52
JEHRE R 3 £,

RS R, A e X i A2 R O R £
S )R A B o A 0 A0 R A 1) WA 2 ]
PER RN Z Mt FASFEL S Y45 A
a5, MR O AR AR K22 0P, A
T 5 38 2o 76 FRA 1 B 43 il R ik ABC #ia
#HH(Yorl, Sng2. Pdr5. Pdrl5 #1 Pdr18), ROS
PEHE A /E(Gre2 . Cttl, Yhbl, Gpx2. Trrl,
Trx2 Fi Gsh2)&§§§<"iﬁ?§%(ln02\Yapl .Yap5
1 Stbs), %% H X R IR 55 R It i 2 M 11 52
W, JEXTERPEERE BY4741 HEAT T ABACE 1
Yk, LA FRAT Y R B 52 1 48 oo A TG P Bk
RAFKR, BRIG 8 a3 DR ZH 5 43 B R G A
GEAFAN A5, B A7 P B R 0 A AT AL

WEERE

1.1 #8
KA 7 DHS o FHF 5 41 R o 33
LB WG BERHEH 5 g/L, N
i 10 g/L, NaCl10 g/L, BEAg([E AR F=IIMA)
1520 g/L, F 1 mol/L NaOH ¥ pH &% 7.0,
0.15 MPa 2 # KB 20 min, LB 8 FHELH TR
AT R I B %

YPD (yeast extract peptone dextrose)}sF
. BEREE K 10.0 /L, B 20.0 g/L, %
B 20.0 g/L, R (EAEEFRELMA) 15.0-20.0 g/L,
7£ 0.1 MPa /4 F KB 21 min, FH TR i)
MRS

10xYNB BF : F#REL 17.0 g/L YNB F150.0 g/L
(NH4),SO4 ¥ T ddH,O H, Ji] 0.22 pm JopE 20
i g AR IR A .

SD-URA H5 37 5 : #i % b% 20.0 g/L, 10% (f&
B E0OR) 10xYNB BE, L-ZH %2 20.0 mg/L,
L-FEZ B 20.0 mg/L, L-=% 8 100.0 mg/L, B
JIE (AR FE 50 A ) 15.0-20.0 g/L.

DNA FR N VIEE . R EE DNA 45
fii (Prime STAR™ HS DNA Polymeras)fl T4
DNA R, Ki%EFEY) (TaKaRa) A Al ; %R
HLKADGIRT]  PUAERE N EER . FIBER.
G418 L8 ) MEE R SL R A R &, 4B T
A TR A AR R 5 4058 Bk k4t
F4x . PCR =¥ 4lifbial i £ F1 DNA B alifh 55
BN &, ZRHEAEYEARGHNARA A Iy
FEbR R, IR T A bR B dn A BR A w o

EIHAHSIYERRE 1, iAETAYT
PRI A R w6 i
1.2 BE#HRSRAE

PA Prer-R (BamH 1 )# Prgr-F MEIY . R
Wil EE BY4741 JE[H 4 DNA NHH, PCR ¥
Prers JA B F HBEs LA Puyrs-F Fl Pryr-R (Not 1)
o5 Yy R B RE BY 4741 JE PR 2H DNA SHAAR
PCR Tfiﬂj PHXT7 El@h?#l‘&, %}E [)/{ PTEFI'R
(BamH 1)1 Ppxr7-R (Not 1) 519 \Prgp F1 Prixrs
Ja s+ R B, @G PCR Jriky g
Preri-Prxry MUa) R s B, K A BEFH BamH 1
M Not T #E47 3G Y 5 5 [5] A XU U] (1) 5T kL
pUMRI-15PE A7 1%, SR 5 5 AL 2K 9 4 1
DHS5a ', #EUS 2 ik pUMRI-18,
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ML ER I 8% £} S288C Ay yorl . sng2. pdrs5 .
pdrl5. pdri8. gre2. cttl. yhbl. gpx2. trrl.
trx2. gsh2. ino2. yapl . yap5 Fl stb5 (¥ F&H 7
SIS 1), FELABRIE I F: BY4741 J&[H
ZH DNA it PCR ¢34 HAGHE , 4 Bk K
KRB BamH 1 /Xho 1 8534 Not 1 /Sac 1 XL
Y1, #E#F) pUMRI-18 kL |, HAbZE KB
W DHS5o 2540, $RAGAHN A pUMRI-
18-yorl . pUMRI-18-sng2 . pUMRI-18-pdr5 .
pUMRI-18-pdrl5 . pUMRI-18-pdrl8 . pUMRI-
18-gre2 . pUMRI-18-cttl . pUMRI-18-yhbI .
pUMRI-18-gpx2 . pUMRI-18-trr1 . pUMRI-
18-rx2 . pUMRI-18-gsh2 . pUMRI-18-ino2 .
pUMRI-18-yapl . pUMRI-18-yap5 #1 pUMRI-
18-stb5 B 4H FkL, ¥ pUMRI-18 K 5 2H ik JH
Sfi 1 RVEAb I, FHBSER 14 b ik P ae 4 31 g
WEEE BY4741 BEDIZ v, RASAH IV A9 R I 5%
BE TR BE

K H51% ¢gYBR172C-F (Esp3 1)#1 tRNA-R
(Esp3 1), 3 LA M3-T ki A P PCR § 3 H
gRNA 8 BL, F Esp3 1 dEATYI, RG-S
Esp3 1 WY1 H) TYPE3-M Jiukr P8 47 it 42
fk, tE TYPE3-M-gYBRI72C JFiki, SRJG%

R1 KARFAASY

FHl YBR172C-HAF/YBR172C-HAR H51¥1%F, LA
ScM6 T B i [ 44 DNA Ky B Al § 88
HAYBRI7C [RIERE T 5 o Ky g %) S5 A A1 [] Y5
AL ELAL B EOH B BY4741 ERkP, IR
F£ SD-URA Al I, $2 I B 5% fb bk I R 241
DNA, il PCR 4 3P 5k ybri72c FH 7
H), G H &k A: YBR172CKMQ g8 28 ik, 3F
fir %4 °h BYA4741- YBRI72C*™Q | [d] k¢ #y 2
BY4741-YHR007C® | BY4741-YMR275CF*¢
BY4741-YBRO74W™*N 1§ ¥k K& [F] i} # & 4
YBR172C""2  YHRO07C*% | YMR275C"7%¢
YBRO74W'™ N X 4 AEENZEAEH) BY4741-M4
PRI PE
1.3 1EFRFH

TSR BRI B T ARTE YPD [ AP i
ik, JHCE 30 °C H55% 3 d Ja, PRI o
FE] 5 mL YPD {4 H, F 30 °C. 220 r/min {8
TP R REFE 12-15 h 247 SRJG # HE 0.5% (I
FUMBOMHERE 4525 8 mL YPD #5575
) 25 mL I, T 30 °C. 220 r/min {HIGE
FEIR G SR 72 ho H05REEEA T DMSO g i
PSR B, 4 BT BN 40 pL AN[H]
WeE A RE & 8 mL YPD R 35,

Table 1 The primers used in this study

GIEZEA s BlE 2]

Primer name Primer sequences (5'—3")

Pregi-F CCTGCATACCCCTCATTTCCACGACCGCGAATCCTTACATCACAC
Prep-R (BamH 1) CAGCGGGATCCTTTGTAATTAAAACTTAGATTAG

Puxr7-F GTGTGATGTAAGGATTCGCGGTCGTGGAAATGAGGGGTATGCAGG

Pyxr~R (Not I)
yorl-F (Not 1)
yorl-R (Sac I)
sng2-F (Not 1)
sng2-R (Sac 1)
pdr3-F (Not 1)

GTTGTTGCGGCCGCTTTTTGATTAAAATTAAAAA AAC
GAAGAAGCGGCCGCATGACGATTACCGTGGGG
CGGCGAGCTCTTAACTTCTGTTCTCGAAATC
GAAGAAGCGGCCGCATGAGCAATATCAAAAGCACG
CGGCGAGCTCTTACTGCTTCTTTTTCCTTATGT
GAAGAAGCGGCCGCATGCCCGAGGCCAAGC
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pdr3-R (Sac 1)
pdri5-F (BamH 1)
pdri5-R (Sal 1)
pdrl8-F (Not 1)
pdri8-R (Sac 1)
gre2-F (BamH 1)
gre2-R (Xho 1)
cttl-F (BamH 1)
cttl-R (Xho 1)
yhb1-F (BamH 1)
yhb1-R (Xho 1)
grx2-F (BamH )
grx2-R (Xho 1)
trrl-F (BamH 1)
trrl-R (Xho 1)
trx2-F (BamH 1)
trx2-R (Xho 1)
gsh2-F (BamH 1)
gsh2-R (Xho 1)
ino2-F (BamH )
ino2-R (Sal 1)
yapl-F (Not 1)
yapl-R (Sac 1)
yap5-F (BamH 1)
yap5-R (Xho 1)
stb5-F (Not 1)
stb5-R (Sac 1)
tRNA-R (Esp3 1)

gYBRI72C-F (ESP3 1)

YBR172C-HAF

YBRI172C-HAR

gYHR007C-F (ESP3 1)

YHR007C-HAF
YHR007C-HAR

gYMR275C-F (ESP3 1)

YMR275C-HAF
YMR275C-HAR

gYBRO74W-F2 (ESP3 1)

gYBRO74W-HAR3
gYBRO74W-HAR3

(L& 1)
CGGCGAGCTCTTATTTCTTGGAGAGTTTACCGT
CAGGGATCCATGTCATCAGATATCAGAGACGTAGA
GGAAGTCGACTCACTTCTTGGGTTTTTCGG
GAAGAAGCGGCCGCATGGAATGCGTTTCAGTAGA
CGGCGAGCTCCTAAATGAAACCGAAGTTTCTC
CAGGGATCCATGTCAGTTTTCGTTTCAGG
CCTTCTCGAGTTATATTCTGCCCTCAAATT
CAGGGATCCATGAACGTGTTCGGTAAAAAAG
CCTTCTCGAGTTAATTGGCACTTGCAATGGA
CAGGGATCCATGCTAGCCGAAAAAACC
CCTTCTCGAGCTAAACTTGCACGGTTGAC
CAGGGATCCATGACCACATCTTTTTATGAT
CCTTCTCGAGTCATTTACTTAACAGGCTTTGG
CAGGGATCCATGGTTCACAACAAAGTTAC
CCTTCTCGAGCTATTCTAGGGAAGTTAAGTA
CAGGGATCCATGGTCACTCAATTAAAATCC
CCTTCTCGAGCTATACGTTGGAAGCAATAGC
CAGGGATCCATGGCACACTATCCACCT
CCTTCTCGAGCTAGTAAAGAATAATACTGTCC
CAGGGATCCATGCAACAAGCAACTGGGAA
GGAAGTCGACTCAGGAATCATCCAGTATGTGC
GAAGAAGCGGCCGCATGAGTGTGTCTACCGCCAAGA
CGGCGAGCTCTTAGTTCATATGCTTATTCAAAGC
CAGGGATCCATGGCTCTACCTCTGATAAA
CCTTCTCGAGTCAGTGGATGATGGACCG
GAAGAAGCGGCCGCATGGATGGTCCCAATTTTG
CGGCGAGCTCTCATACAAGTTTATCAACCCA
ATCGCGTCTCAAGCTTTGCGCAAGCCCGGAATCG
ATCGCGTCTCTGCGCAATACAAATCGACCACTATGCGTTTTAGAGCTAGAAATAGCAA
TAGTCAAACAGATGAATCTCACAAGCAAGAATACAAATCGACCACTATGCTAGAAAAAG
GGAAGAAGGAAAAAT
TGTGTCCTTTTTTGTCTTTTC
ATCGCGTCTCTGCGCACCATACTTACCTTTCGGTGGGTTTTAGAGCTAGAAATAGCAA
AGAGACGAATACTTCCCTAA
TGGAAGAGTAACCATAGATG
ATCGCGTCTCTGCGCAGCTAGATGTCACTTGTAAGCGTTTTAGAGCTAGAAATAGCAA
GTAAAAGAACGATTAAACGG
TATTTATCAATACCAAAACTGGGAGGTAACAAACAATGAGAGAAATGCTCTTGCTTACAA
GTGACATCTAG
ATCGCGTCTCTGCGCAGCATAAACTTGATTTCGATCGTTTTAGAGCTAGAAATAGCAA
TCATGTTTTACATAATAACCGAAACTCAACAGAGAGATCTCCTTACGAACCAATAGTTG
CCATCCGTCAAAAGTTTTGGAAACCACTGGACTCCGATATGGTAAGTTTCTTGATCGAAA
TCAAGTTTATG
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1.4 BE#HRENEERYIML

DIBRIB I RE BY4741 i & TRERE . LA 172 mg/L
1) 5 AR R ) v BE A TR A L AR AR AL
Tl 15 AE A, B M4 i D A vk J3E (258 1344
430, 516, 602 F1 688 mg/L)# 41144035 i E Y
b ¥ I e ARG AR, 2 Blik
ATTER I T AN [F) 5 f Ptk B (645 860, 1 075
A1 290 mg/L)# YPD [EARF-H . 8 ad 1 7%
KANK A T 3 T 22 P B8 v ) PR R P B 5 AR
PR, PR 1.3 ARG IR A5 AT T
1.5 &ERAAENF

SR TRV e 56 R A i B 7] 6 i B R VY
WEREJEN 20 DNA, I3 EUW LA 41 DNA %
2N MR AR A PR ml A T AR
LU P50 H1 - 225 FE IR 410 https://downloads.
yeastgenome.org/sequence/strains/BY4741/,
1.6 EHRHIRERE LS

PRECEATE 753 5 mL YPD 55 35 KL
30 °C. 220 r/min #5355 12 h J5, W 50 pL &%
ERVH 5 mL YPD i Ri R ip b AR 3%
B —RVE R — AR, IFIELLHT 20 1%
fRo ¥F26 10, 15 F1 20 B RE Y04 746 B IR
A, PRECRER T, 543 5 mL YPD i B,
30 °C K5 5% 12-15h, SRJ5HR 0.5% (RFL4-50)
HEER RS 254 8 mL YPD K535 5LA% 25 mL
BE R FERE 22 2 P RN 430 mg/L 19 95 BRI,
7 AR AR TR R 19 D5 A A T 52155 O

2 BREM

2.1 ASiEEE N B B A A KB 20

TE7 8 mL YPD ¥iap H At s i
AN 107.5, 215.0, 322.5 i1 430.0 mg/L
O R, O 4 A B A YR [ BE BY 4741,
R AR KA B . RN 1 R, TEE SR
RN 107.5 mg/L DL BRSO R, R AR K

30 r—=—0
+—107.5 mg/L
25 | —=—215.0 mg/L
—e—322.5 mg/L
—+—430.0 mg/L

/!

S —— Aﬂ—.i///i/f/’. L

0 ‘ 10 20 30 40 50 60 70 80
Cultivation time (h)

1 FiEfex iREE S KF
Figure 1 Growth curves of S. cerevisiae strain under
different concentration of linalool.

BT ANFFEEERIBR A  2SEshn 322.5 mg/L 1905
FREE, R R ZE YR NI T 55.5%; @i
430.0 mg/L HYIF MM, BERRA K23 1"
AR o o S I S A X R 2 i EL A
R EEE
2.2 TSR ERE R TFIE

WFFEEEL T 5 4~ ABC %1z A (Yorl .
Snq2. Pdr5. Pdrl5 Hl Pdr18), ¥ Zhdix H62E
B B T 9R5 BhF Pree; 30H Puxry T HETER
Ko AP A AR DT R AN 32 HOR
AT pUMRI-18 Jik: /) Xt BE Ak BY4741-CK
K EHAB M BY4741-yorl. BY4741-snq2.
BY4741-pdr5. BY4741-pdr1515 F1 BY4741-pdr18
TE T 322.5 mg/L )5 RERERY YPD 3557 Jerp k17 8%
F5, AR, RmE 2A For, 5
XTHE TR Pk BY4741-CK ML, 430l %35 Yorl |
Snq2. Pdr5. Pdrl5 Fil Pdr18 & [ N REA iR
o TR P X AR D A2 1 o O R A
— BN K 535, AT REAETE 75 A B EE IS L]
AWK, RaERY 25 KN ROS 1)
LRV R, AHIFSE 40 500 e TR e B op ol 3
i T Gre2 (W2 A ) . Ctl (Tt 4
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LA HF) . Yhbl (—% LA AL ). Gpx2
(BERE 1 AL E A T R S AL ) . Trrl (L
JER AR R IR SR ) . Trx2 (B 480E 2 11 524
fit)) A Gsh2 (4F BT BRG BLE) X 7 1~ ROS 3
A SLREE, 158 322.5 mg/L J5 A BEHE BE i 1%

T P X0 5 o B () i A2 4 o b, AR I
HUT Ino2 (B%iz . ROS 5. MG I AH ¢ A
SRR ) | Yapl (B%iz2 DU ROS #H 5 1Y s 5%
W T). Yap5 (ROS HMHCHHE £ H 1)
F1 Stb5 (ROS AH G i s R 45 Rl ) iX 4 A 5f

FERP U TR SR, ARG INE 2B FoR, Hl
1 FEIR X LA ROS 45 AH 5 A4 il 5 R £ = TR

PPN T, BFFE O O R S MR R . 2R
I, ZEASIN T 322.5 mg/L J5 Rl 55 37 Fk v

—=—BY4741-CK
—*—BY4741-gre2

181 —=—BY4741-CK 181 & BY4741-ctt]
161 —*—BY4741-yorl 16 F —+—BY4741-yhb1
——BY4741-5nq2 ~4-BY4741-gpx2
14} —»BY4741-pdr5 14+ ——BY4741-trrl
—+—BY4741-pdrl5 ——BY4741-trx2
12| ——BY4741-pdr18 121 —e—BY4741-gsh2
210} 210F 7 =
o 10 Q ——
S 8t S 8t :
6F 6r
4t 4r
2r 2r
0 1l0 2'0 3'0 4'0 5'0 6i0 7'0 8'0 2 100 20 30 40 50 60 70 80

Cultivation time (h) Cultivation time (h)

C 18 -
—=—BY4741-CK
16 L~ BY4741-ino2
——BY4741-yapl
14 F —v—BY4741-yap5
—<—BY4741-stb5

1 " 1

It s 1

10 20 30 40 50 60 70 80

1 . ]

Cultivation time (h)

2 @FRiEZ ABC ¥iE2EH. ROS AIEAXERERIFIZEFXREESERKMNEZE A 20T
ik 54 ABC ¥ iz 8 UM TR R AR A 5200 5 B 2303 238 7 4> ROS JR4AHH S T X0 R 8 B 2E K
AISENE 3 C: o3 llid ik 4 AN s a1 X P R AE R . R BE RSN 1 322.5 mg/L D5 1
Figure 2 Growth curves of S. cerevisiae strains overexpressing different ABC transporters, ROS-related
enzymes and transcription factors. A: The effect of individually overexpressing five ABC transporters on
S. cerevisiae cells growth; B: The effect of individually overexpressing seven ROS-related enzymes on

S. cerevisiae cells growth; C: The effect of individually overexpressing four transcription factors on
S. cerevisiae cells growth. The medium was supplemented with 322.5 mg/L of linalool.
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PEATRE SR AR KR4 . 25 R WA 2C o,
EiXf Bk BY4741-CK A EL, Bd kX
4 AN SRR R T RO OR R B AR KA
23 BEENUHARERSREEINFTIE
g 52 14

H T R BB i AR I AR A AR
TGP P B D5 R B A T 521, AL i — 20 3l 3o T
Wl AL ORGSR, 7E ) AR A J5 R e 52 1
P& PRI BRI bR . FEX D AR, HOET
AN BRI . KRR, 5
I 860 mg/L A5t it 1) [E1 A S AH L, RS 1 B
TR PR TEAS 35 D7 RS R AP AR P AR R B L TR TR
R 3), BRI AT LU T o8 7 /N e i 52 1 4
o Y R R

YR, DIFRERELE BY4741 SH
RERR, LA 172 mg/L 575 5 85 W) 6 e EA T
B AR, BFE 15 A, Bl m oy
BV (258, 344, 430, 516. 602 Fil 688 mg/L)
PEATAEAGE VR s IR i Je AR ARG 5 )

TRV R B, 0 0 Ak A E 5 A S [ D A e vk 2
(645 860, 1075 Fl 1290 mg/L)) YPD [& {4
Mrrbro AL VR KN, W02 O AR AR
WA RR ScM2 Fll SeM6., BFEFAE AL | ScM2
I ScM6 TR bk HEATFR B AR S5 . [l 4 45
WoR, FERAREFRFESUIN 1075 mg/L J5H#
Pt i P A R AN BEAE K, T ScM2 il SeM6 &
1290 mg/L ARERERF-H iR REAE K o
HE— B B AR A SeM2 il SeM6 Rk AT
TR I . 76 8 mL YPD R5 L4
ORI T 0, 322.5, 430.0 Fl 645.0 mg/L
JFREEE, JFHERNX 3 BREE, IR SR 24, 48 HI
72 h, K ODgooo Z5HRANEL S FI7R, TEAE I5HR
FERYTEDL T, 2845tk SeM2 Fll ScM6 5874tk
AR AL, TAEASIN T 322.5.430.0 F1 645.0 mg/L
FFREBERAE LT, X MR ZE AR R AE K B R A 5
FET 430 mg/L WJFREERET, BPAE RARAE BT R
48 h WL ALK, MRk ScM2 Fil ScM6
Ki 3% 24 h B ODgoo 435138 %] 6.7 F1 7.5; ZEGIN

B3 MEBBESIRSEREREFLRPEZ XN
B: EHHEANT 860 mg/L 5t i s I B 1) A K1

A SRR AN N5 AR I PR B AR O 5

Figure 3 Colony size of S. cerevisiae on plate with addition of different concentration of linalool. A: The
growth of yeast on the plate without addition of linalool; B: The growth of yeast on the plate with 860 mg/L

linalool addition.
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A WT ScM2 ScM6 B
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10°¢

WT ScM2 ScM6

107!

10°?

1073

10

10-5

106

B4 #HFSARSCI0 50 I AR E B B S AR X 5 AR BE BT 57 RE A ANUSINIFFERE ; B: ¥ 860 mg/L
F5RERE; C: WA 1075 mg/L J5AERE; D: WA 1290 mg/L S5 R, 107107 F /R B A%
Figure 4 Detection tolerance of S. cerevisiae variant strains to linalool by spot dilution assays. A: Without

addition of linalool; B: With addition of 860 mg/L linalool; C: With addition of 1 075 mg/L linalool; D: With
addition of 1 290 mg/L linalool. 10"'=10® represents dilution multiple.

A 30 = BY4741 B 250 —=—BY4741
o ScM2 r —+— ScM2
25 L ——ScM6 ——ScM6
20+
20+ [
& 15 5]
) Q 1
S ot
10+ |
5t 3
0 i 1 L 1 1 1 ] 0 1 1 L 1 1 L s
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Cultivation time (h) Cultivation time (h)
C 250 . Bya7sl D 251 . By4741
—o—ScM2 e ScM2
20F —*ScMoé 20 —*ScMé
s 15F 5 15+
Q Q
© 10+ S 1ot
1 .,_"/ B
0 . § ) " . 0 , L A . . )
10 20 30 40 S50 60 70 80 10 20 30 40 50 60 70 80

Cultivation time (h) Cultivation time (h)

El5 EMEFIRNERERERTRMSEENTZEN
JFREEE; C: WS 430 mg/L FHiEE; D: W 645 mg/L J5 A
Figure 5 Detection tolerance of S. cerevisiae variant strains to linalool by liquid cultivation. A: Without

addition of linalool; B: With addition of 322.5 mg/L linalool; C: With addition of 430 mg/L linalool; D: With
addition of 645 mg/L linalool.

AR IDFREEE ;B4 322.5 mg/L
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645 mg/L J5 fa BB BRI I BE BY 4741 © &0k A
K, 1M SeM2 il ScM6 iR ek LA K, FIRSLE
TR, ARACTE I I 2 e R ey s e i
AR MTFB @ PR AT BT O R T
PRI P P e 1 BOAE MR BE N 430 mg/L #2531 1
645 mg/L VL I,
24 RTLTEEERBENFDH

# ScM2. ScM6 K BY4741 47 T HL N &

Wy, JEatreflzilrzERi N, 2551 8N,

5 BY4741 M, ScM2 [FERAIH 5 AFEH %
A T AR CPRAZ TR AR 5 (non-synonymous  single
nucleotide variations, nsSNVs), ScM6 J&[K 4
4 ANFER A T AR SCERAZ TR A s A8 5. FEIX
Beg AT, 5 BY4741 FEH4IALE, ScM2 Fil
ScM6 H 4 KL K (YBRO74W . YBR172C . YHR007C
M YMR275C) & AT IR 54, HARINER 2 Fioi.

F2 ScM2 F1 SeM6 EFERIBXIEFRN EXRERTRIHE RSN

Table 2  Analysis of nonsynonymous single nucleotide variations in the coding region of ScM2 and ScM6 genomes

ScM2 Fl ScM6 F:[H] ZEAFHL A itig GRS A
B AR Mutated gene Function Mutational
The common or site

specific mutation in
ScM2 and ScM6

S ez YBRO74W (pff1)  #its Z 5 HaE B Al ; XML IHER, ZERSE/RE TS38N
The common EI A M28 KR RIR ; B T 0] IR i 2 S A, 7R A B
mutation 2erhE AR
Encoding multi-spanning vacuolar membrane protease; Glycosylated
transmembrane protein bearing homology to the M28 family of
metalloproteases; Has a lumenal-facing protease domain; Plays role in
vacuole physiology
I [w] 2245 YBRI72C (smy2) % GYF S5 ;25 COP I BT 5 Sec23p/Sec24p K404Q

HAWHEAEM

The common

mutation Encoding GYF domain protein; Involves in COP II vesicle formation;
Interacts with the Sec23p/Sec24p subcomplex
eI YHRO07C (ergll) %l ~F-BH B 14-0-2 F AL, J& T40/M1 (43R P450 FRM 51, G466R

32 4 55 I A R P A 16 8 C-14 5 R SEALIB R
4,47 RS-, 14,24- = Hf5-3-B-; 22 A0 £ Wtied ik At

Encoding lanosterol 14-a-demethylase, a member of cytochrome

The common
mutation

P450 family, which catalyzes C-14 demethylation of lanosterol to

form 4,4'-dimethyl cholesta-8,14,24-triene-3-B-ol in ergosterol

biosynthesis pathway; Transcriptionally down-regulated when

ergosterol is excess

Y7 17 R % B0 Bull, RspSp B3 12 REHMIE G WS ; F384C
Z5A MM 2R EB R, 0. ATP Rl . A BZ RILE

Encoding ubiquitin-ubiquitin ligase (Bull) that is a component of the

Sl

The common

YMR275C (bull)

mutation
Rsp5p E3-ubiquitin ligase complex; Involves in several processes,

including ATP export and protein ubiquitination and so on

GPI #iEFe R I IE , J2Bk GPLAIE (S 5 I GPI (WEIEBEARENL A160E
)32 122 1) A5 I+ 19 2 B

Subunit of the GPI: protein transamidase complex; Removes the

ScM2 Ay RKAZ
The specific

YLROSSW (gaal)

mutation in ScM2
GPI-anchoring signal and attaches GPI (glycosylphosphatidylinositol)
to proteins in the endoplasmic reticulum
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R WEsE Bk YBRO74W YBR172C . YHR007C
FYMR275C 1% 4 - BE DK ) 98 A8 J2 15 55 TR Y 1 1
Iy FEEMT 52 V3R = A ¢, ffiH] CRISPR/Cas9
B RGN R BY 4741 HEN4H
YBRO74W. YBRI72C. YHR007C F1 YMR275C
FER AT T AR, k1S T BY4T741-
YBRO74WT™N  BY4741-YBR172C**%4Q
BY4741-YHRO007C“*® FiI BY4741-YMR275C"**¢
X 4 BREEAS TR . AP A TRIRR BY 4741 Jxf BEAH
B ScM6 225 kk L f2 BY4741-YBRO74W 83N
BY4741-YBR172C****? BY4741-YHR007C5*%}
I BY4741-YMR275CVHC R AE & A 430 mg/L
JFREEER) YPD Bi Ak gR, ME ODgoo IF
el AR g . 5K 6 iR, BY4741-
YBRO74W'™*N  BY4741-YBR172C***4Q F11
BY4741-YHRO07CH® TRk Xif 557 1 W Ay it 2 1:
0L S BY4741 AL, 7EXEFE 60 h J5 Wtk A It
G4 K s BY4741-YMR275CT%C itk 5 BY4741
AH PN 32 PR A BT8R e, TR 1 A R SE i D I

—=—BY4741 —e— ScM6
—a—BY4741-YBR172Ck%0¢ —o—BY4741-YHROQ7CG6R

—s— BY4741-YMR275C"%¢ —a—BY4741-YBRO74W
—o— BY4741-M4
10 -

0 10 20 30 40 50 60 70 80
Cultivation time (h)

El6 RN430 mg/L FEEERT REEIRAIE K2
Figure 6 Growth curves of S. cerevisiae mutants
with addition of 430 mg/L of linalool.

A%, 24 h RS RAA, (HILH 323501
BT ScM6 Fkk. A2 ScM6
PRI PR TR 32 1 2 5 1T BB 24 3k R 3L [R) 28 A48 R 3
25 S, R {3 CRISPR/Cas9 4 22 48 X6 Ty
etk BY4741 SENZH Y YBRO74W . YBRI72C .,
YHR007C Fl YMR275C FER JEAT [RI I 5 %78
AT T BY4741-M4 AR 8 HAEUR N 430 mg/L
IR YPD R A TR SR, S5 R B
~ BY4741-M4 WA KBS ScM6
HRAR I (B 6)o LIRZE UL YBRO74W™ N |
YBRI172C**"  YHR007C“*** FI YMR275C"%¢
X 4 ANFER AN 32 A e B AR
2.5 HUUEHKRHBEEFRE%SH

T I A TR R AR A AR E L X SeM2
Ml ScM6 WMk AT T 1Z40SEE . 78 YPD K 4k
I T 430 mg/L J5fEREE, AL TER 1L 10,
15 F1 20 FRTEAR I AE RGO . S5 R A& 7 o,
FEAT T35S 20 IIERUS, SeM2 il ScM6
PRAKH 1 AT ARk, T B A B BY 4741

—=BY474]  —»— ScM6-1"

—e— ScM2-1" —e— ScM6-10"
10 —a—ScM2-10" —e— ScM6-15"
| —v—ScM2-15" —s— ScM6-20"
—a— ScM2-20"

0 1 1
10 20 30 40 50 60 70 80
Cultivation time (h)

7 ScM2 1 SecM6 EHRIZMETREML ST I
FEEEHVRIN T 430 mg/L 5 7
Figure 7 The genetic stability analysis of ScM2 and

ScM6. The culture medium was added 430 mg/L
linalool.
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HRRAR LA R B T B A K Ui
ScM2 Fil ScM6 B ¥ [ e e MR-, 18 i 2215 557
SRR AT R T BT B DY R T A2 RE o

3 & #

TGS T 1 R A Ay i DR 45 A 7 B 1 LA AR
Yy, TerEY)L )y e Y B 1 D Rk ik
A HM R LR, R RAR Y 5 IEG
MR AT o EAEE, s EA R T
AR TRMGE FBC 48 7 2 Mk
BN B R LR ) FEER I R T A
B B o E 2 BRI 1) RS B RS AR X TR
S e B X R A e R R e A Y
—DIRHER R, FEAMR T, AR ETEA R
W R I (AR, R DT R R vk
FESN 172 mg/L BRI EER A K O 232 352
ARSI , T 25 55 R U BE IR B 430 mg/L I TR
TRy AR 2 2] T . AR IE N AMIESRE R B Rl
E B PR T B A Y R — e R R L
e A W e B Mt B LA ML US|
A DR TR T B 5 e I 52 e e O T R 9T R
Do BT RS2 R AN ROS AR 251 0A
2 L ) 4 L ABE DA T S ) T AR A . PRt
Ry Y4 v R T B T S R RE R TN 521, A5
M N B R B AR R L IS BRI Y
ROS K55 Ak 240 W B J5E 1) B8 33X LA™ £ B2 X TR I
B AR B A2 P A T e

ABC ¥z iR — R Rz &N, Al
DL ATP SRR TCHLELY . 2R . 2Rk, bt
SRS AT MR AR IS S . 2 i 24
4 (pleiotropic drug resistance, PDR)ZE [ f1Z£ 2
5 245 P AH 5 £ I (multidrug resistance-associated
protein, MRP)/& ABC #2811 2 L%,
AT AR s AR 2R R IR, AdsEHiAE =
wlZE . ISR . AR, FEbER

i, PDR # 1 Sng2. Pdr5. Pdrl5 }2 MRP
I Yorl BE FiEPY, Ling %5 &k Pt 2R ik4h
HEZE Snq2 Al Pdrs AT LLFEAIRANME Y C10 F1 C11
ikt & e K-, N xd C10 A C11 ke
AL G 2R, A, RS R R
Ja T L Pdr18 SMEER FIERE, AT
FiEBE: 2 R 7 1 = s R A S i B0 SRR
A5, 405133 %35 Yorl . Snq2 ., Pdr5 ., Pdrl5
1 Pdri18 iX 54~ ABC #4128 H IF A RE S = TR
P B X O R I A T A2 P o S, B9 FE TR
T REREXT D-A i 52 P i 52 36 v &2 3K, pdres
yorl Fl pdrl5 555K 8K i, (Hid RikX
U ZR Pt N BE R R R AR X DRI (C 10
W I 28 ) A i 52 Y B AT T4 e W SR T
WHRE R IsEASGURY R s8R 5
FBES A BB VIR, NS s
A DA R AR 1Y) 5 R B A i 2 L BOE X A B s
e IR T4 T ol , T4 R 5B 0%
IEAk, BRI F A ABC 328 5 11 n] LU k=4
ANHE, B EEMEY AN AL SR, {H ABC
s mOE N E T, R A S
JL R AR 6

— LA 5 3 B B 25 A A P TS PR R
FRZAUS S S SR i P B i B B R
KA G YRR, DA 3 A I B . AE
D-FFERIEAT , AR E N RGAH KN
gpx2. gsh2 FIEILE A RGEMRIEENA trrl &
SRR, MHEILEA RGN RILE tsal Fl
ahpl 2 FAFEE, W T A mEm ", 5
A, AN o A DG HE R AN grel | gre2. citl |
hsp12 Fl yhb1 W 2955 525k % ROS /K
SERU gk, #EI KT ROS 545 YRR, Yapl .
Yap5 . Stb5 il Ino2 453 S 5 i 4 K 123 45
PUEALAH DG EE R (% 5% o o Ino2 P47 Al 1B
TR A AR SCIE R AN, w] L B S A
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HEAE . BRI ACI A2 # [T B B AH G L IR A 3R
RBY AW, AR SRS 3 i Rk
T ROS JH#HH L A (Gre2 . Cttl , Yhb1 , Gpx2 .
Trrl. Trx2 Fl Gsh2) & 4 55 % E R - (Ino2 .
Yapl. Yap5. Stb5), {HTEFRIEEEEX J5 1 B
i A2 PR G, 3 S I R g B ) R I R
A B TR T P B 0 5 A T () T A2 R 000 o TR
P BTG A2 P08 Y TR A5 I 28 5 0, Sl R A AE R
NG AL N BT B R AR B DR 3 R G
MPUE IR R G, TG BRI ML N i ROS,
e dr A M A AR S P . H R TSR BRE S | R
B EEVEFLEAANIE 2, AR A9 71 #L T
HLLASE 2%, ARXMEE ) B — A AR Y 2R o
Fo GEARTI 52 Pk o Ry 1 ik v TR T T O A T )
2, A RETS ST 22 07 TH W PR G
TEAMEGE T, FRATHE— 2P R BT A5 A N
PEDIAL 53k, 38 3 PR G P B DR 2 AR 88 Je
D5 R R I BE B O e, ARAS PRt A2 1 42
) TR P B 2R AR AR o 3 o 4 5 DR EE 0 O 0
KBLIX B AR AR R ER S YBRO7T4WTVY
YBR172C***2  YHR007C**® | YMR275C"%¢
X 4 AFERRAE . FESEA TN 321 S50 5 UE AT
IR TR P B A T B B DR SR AR I, TR R T
A FE WAL I H ok TR R, H 2% 4 A
FE AT B 28 AR I, BARRILE T 5 91k A
PR—HER sz PERE . HETMJCR TX 4 NEEH
5 BERRTI 52 P REAH G I SCHRAR B , BT 4 A4 J
I D ef — & 55 . YBRO74W Zwfil i) J2&
— AN ALY 2 B WO IR AR R (PEEL), B AR
Bl sEaap oA mpiaioa ) CRe ¥ il g g b v
FEE A s A Y YBRIZ2C it & —A
GYF it r, mER S/ eERE AP
(COPINFEILITE ARG, 23 5 5T N 2] 5 /R 2
AR 340 3 B A DG 3 RAR B A DY, YHR007C %
BB 14-0-2 H 3L LI (Brgl 1), %02

—> P450 i, 7622 ff1 B A= ) 6 s 2 i Ak
FAAEBE C-14 ZHEAIE I 4,4"- = H JLJH &
BE-8,14,24- =M -3-B-T e 200 M JBE v 22 A S
A=Wy 1R R — A SR . YMR275C itz
K12 % i% P2 (ubiquitin-ubiquitin ligase) Bull,
Rsp5p B3 iz R MR Gz R 456G 157,
B TR AAEER ; S 5N 2R AR
FE, an ATP #ih . EAFIZ ZAED, aikk
Bull 2> 5S040 i A= 4 b I B kY, it Rk
Bull £3ffi Gapl [ () 1 2 SRR IE LM, S&— Tl
1 R ) 2 IR s A e 1 b, AT
SR AT BETX T YBRO74W'N
YBR172C**"*2  YHR007C*® FI YMR275C"%¢
X 4 KR DR 5 708 W TR 52 4 v ) BAR L IR A
WA, 45 AN, aflsstx 4 AN
At KR ECE T R, BP0 4 AR
PRUX i A2 P B s ma AL o A, AT k2 X
TR MR SEA T3 S22 o B, RS 32 M 8 v TR
PRAESE R 5 )oKk AR 4k, ) BT 32 1k 2
() HARBL]

AR Pk DI AN T 2275 18 5 2= m A A
FEM g, H SR A B e sl LA s
AR IF Ik H it 52 PR BR A = i H AR AE bR, X Fh
MR ma, EAMETRT, IR E A
PSRRI T BT DS pr et
TR PO i 2R RE . SR A% R I B Ak ik
FRAERT R, BED 41 1Y AL 2 H 598 722 1 )5 22
ZPEPLHI AT BTG 2 A% . ARk, BE SE
TRHEARENE, HREF AN T Z2MERA
HEAHOR RS, %% e -4 A58 . RNAI 4l
FER AL ) . 2EF CRISPR/Cas [ ] 38 B 3
R L ik 5190 Hoh 36F CRISPR R 40113
DR ZH A F AR S B ELAE X i . AR L),
PRADN T AR ARG N A B R B — e, AR T
PR A2 12 8 1 el R ANAIL T A AT . W R AL &
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s 2B AL EOR , 4 54 B R T 1
e e TR PG PR o D I 5 YL 114 T 52 M R o

ApgErh, @t K8 ABC fria
(Yorl, Sng2. Pdr5. Pdrl5 A Pdr18). ROS i
PEAH K (Gre2 . Cttl, Yhbl, Gpx2. Trrl, Trx2
1 Gsh2) S i s i 45 [+ (Ino2 . Yapl. Yap5 Fll
Stb5) A AT RUHE o PRI 1 15 0 A Pt 1) i 32 1k
SR TTT 380 2ok X P 240 L AR A 7 A A PR AL, 3k
157 PRR Y BRI 32 1 BB 77 38 v B TR e 1 28
TR, TEWAAREE TR, B 5 1o s 0l PR T o Bk
(R KRB E M 430 mg/L #2755 T 645 mg/L
DL b sl RS o, 315 T 4 KA
B RREAEMIER , Hh &Rk YMR275C7%¢
GRARSL R — o R JE b nT LR oy B O R i 37
P, AT 52 M358 I AR T 94k Hh i 6 79 SeM6
Fikk, FRXF YBRO74W™N  YBR172C%9
YHRO07CR F1 YMR275C™ %€ 1% 4 N FE N EA 7
RASG , AR 3Z 1 B g . AW N5
A AR L At B T 52 Pk OE AR TS
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