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Abstract: p-carotene has a wide range of application in food, pharmaceutical and cosmetic industries. For microbial
production of B-carotene in Saccharomyces cerevisiae, the supply of geranylgeranyl diphosphate (GGPP) was firstly
increased in S. cerevisiae BY4742 to obtain strain BY4742-T2 through over-expressing truncated
3-hydroxy-3-methylglutaryl-CoA reductase (tHMGR), which is the major rate-limiting enzyme in the mevalonate (MVA)
pathway, and GGPP synthase (GGPS), which is a key enzyme in the diterpenoid synthetic pathway. The B-carotene
synthetic genes of Pantoea agglomerans and Xanthophyllomyces dendrorhous were further integrated into strain
BY4742-T2 for comparing p-carotene production. Over-expression of tHMGR and GGPS genes led to 26.0-fold increase of
B-carotene production. In addition, genes from X. dendrorhous was more efficient than those from P. agglomerans for

-carotene production in S. cerevisiae. Strain BW02 was obtained which produced 1.56 mg/g (dry cell weight) p-carotene,

which could be used further for constructing cell factories for f-carotene production.

Keywords: p-carotene, Pantoea agglomerans, Xanthophyllomyces dendrorhous, Saccharomyces cerevisiae
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Fig. 1 MVA pathway for isoprenoid biosynthesis in
yeast and heterologous B-carotene synthetic pathway.
Abbreviation: HMG-CoA, 3-hydroxy-3-methylglutaryl
coenzyme A; IPP, Isopentenyl diphosphate; DMAPP,
Dimethylallyl diphosphate; GGPP, geranylgeranyl
diphosphate.
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28 A 3 R A A A L 2R L 3 4 B IR
(GGPP); GGPP RE4kZidk CreB. Crel F1 CreY %5
B 285 R g 0 1 A AL TR B B-E T MR
(Kl 1), Yamano %57 W5 5 70 MR SCEC TR 9 B-i5H
B NRA BRI, 7E AR B R b AR
A 0.1 me/g AT EA TR Verwaal
SGH L R B R B-# B b R A R AR AR
B, EARE L A R A2 ™ 5.9 mg/g T EE 4
PR TARE S Li S5 R R P g X vk
RKEELE B-#HE N R G BIEEM XdCreBY H
XdCrtl FER A E RS T A, 454
ERE MVA BRI 3-5838-3-H 88 k4
fitf A 05 (HMGR) JE[R A S5 , JRA5 7 it
0.39 mg/g TEAMMH THEHP.,

F AT AT A AE K M 41 & b 51 A RNz T
B-HA S bR A MR, I 1k x K A
MEP. B-81% MR G . RGN . BERR O
WA ATP &% 5 D IIRERI AL A i,
B-THE MR AR T 74 £, IR B-HA
BN RIL 2.1 g/L, fEik 60 mg/g TEHA
Ml FEAHET h, RATH CME T —
GGPP [1)JIE SEFERI Pl BE AN M, 7E LA F, Hhis
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MR, AR B-EAE DR BRI LR TR
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1.1 #hH
111 THEES5EH

PrimeSTAR HS DNA R & fil RNA S % 53
1 f & (PrimeScript 1st Strand cDNA Synthesis
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B HEE Axygen A H]; BERE DNA $#2HUA
& A B 2 A YR A IR\ DNA
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RWA B4 TAY TERARAE; FEEERE
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FEAE (e SN A FH A R A A F/ATLLR bR
fh. B-#1 B b R AR AL AL 5-FOA Hily A 3¢
Sigma-Aldrich 23 r]; HAb Y R 4B 4di
1.1.2 &S5 RE

PCR #"##{%, Eppendorf Mastercycler gradient;
4 H shiEE e A% & 4t , Bio-Rad Molecular Imager
Gel DOC XR; U m# & .0 4L, Eppendorf
5415D ; 55 4 AT UL 43 O O% 3, Shimadzu
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e IR AL . 0.8% MW BE kR 5 R A (IO,
Ura-Trp-Leu-His), 2% %54, 0.01% His, 0.01%
Trp, 0.01% Leu; SM-HIS i pEd; 7555 0.8% [
e PR FRAE (PUBR, Ura-Trp-Leu-His), 2% i
ZjBE, 0.01% Trp, 0.01% Leu, 0.01% Ura; YPD
BigRdk. 2% M, 1% BEEEE, 2% 406
SM-5FOA fiii tERr = 4. YPD H53R3, 0.1%
5-FOA. FiRMEMARIEFRIEI 1.5% A AT g [
R IR

Table 1 Strains used in this work
Name Description Source
Pantoea agglomerans Be uesed to clone the gene of pagCrtB, pagCrtl and pagCrtY CGMCC?
Xanthophyll
LI Be uesed to clone the gene of XdCrtBY and XdCrtl CGMCC
dendrorhous
BY4742 MATo,his341,leu240,lys240,MET15,ura340 [14]
BY4742-T Prexi-tHMGI1-T py; cassett integrated into 0DNA site of BY4742 This study
Ppgii1-SaGGPS-Tpy; and Ppgg-tHMGI-T, py; cassettes integrated into .
BY4742-T2 . This stud
SDNA site of BY4742 B
BWO1 PPGK'pagCrtB'TADH{s PTEFl'pagcrtI'TCYCI and Prpys-pagCrtY-Trpy This study
cassettes integrated into trp! site of BY4742-T2
Ppgii-XdCrtBY-T py; and Prerp;-XdCrtl-Teyc; cassettes integrated into .
BWO02 . This stud
trp1 site of BY4742-T2 18 SHEY
BWO3 PPGK'pagCrtB'TADH{s PTDH3'P11.8C”Y'TTP11 and Prgp;-XdCrtl-Teyeg This study
cassettes integrated into trp! site of BY4742-T2
Ppgii-XdCrtBY-Tpy; and Prgr;-pagCrtl-Tcyc; cassettes integrated into .
BW04 . This stud
trp1 site of BY4742-T2 18 SHEY
BW-CK Ppgii-XdCrtBY-Tpy; and Prerp;-XdCrtl-Teyc; cassettes integrated into This study

trpl site of BY4742

* CGMCC: China general microbiological culture collection center.
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Table 2

Primers used in this work

Primer name

Sequence (5'-3")

Sacl1-pGK1
Ascl-HMG1
SexA-CrtBI

Ascl-CrtB

SexA-Crtl

Ascl1-CrtB/I
Pacl-PagCrtY
PagCrtY-ASC1
SexA-XdCrtl
XdCrtI-ASC
SexA-XdCrtYB
XdCrtYB-ASC-2
SexA-SaGGPS
Asc1-SaGGPS
X1-M-pEASY-r-t-F
X1-r-t-R-Trp1
1-M-pEASY-PGK1-F
3G-1-M-ADHt-TDH3-R
3G-3-M-ADH¢t-TDH3-F
3G-3-M-TPI1t-TEF1-R

3G-2-M-TPI1t-TEF1-F
M-CYCI1t-pEASY-R
X2-1-t-F-Trpl
X2-M-pEASY-r-t-R
1-M-ADHt-TEF1-R

2-M-ADHt-TEF1-F

GCGCCGCGGACGCACAGATATTATAACATC
TCGCGGCGCGCCTTAGGATTTAATGCAGGTGACGGAC
GCGACCWGGTAAAACAATGGAGGTGGGATCGAAAAGTTTTG
GCGGCGCGCCTTAAACGGGGCGCTGCCAGAGATC
GCGACCWGGTAAAACAATGAATAGAACTACAGTAATTG
TCGCGGCGCGCCTCAAGCCAGATCCTCCAGCATCAATC
GCGTTAATTAAATGCCGCGGTATGATCTGATTCTGG
GCGGCGCGCCTCATTGCATCGCCTGTTGACGGTGA
GCGACCWGGTATGGGAAAAGAACAAGATCAGGATA
GCGGCGCGCCTCAGAAAGCAAGAACACCAACGGAT
GCGACCWGGTATGACGGCTCTCGCATATTACCAGA
GCGGCGCGCCTTACTGCCCTTCCCATCCGCTCATGACC
GTGCGACCWGGTAAAACAATGTCATACTTCGATAACTACT

TGTCGCGGCGCGCCTTATTTTCTTCTTCTGATAGTGA

CTTGCAAATGCCTATTGTGCAGATGTTATAATATCTGTGCGTTTAATTAAGGCTC
GTATGTTGTGTGGAATTGT

GCAAGAATACCAAGAGTTCCTCGGT

CTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCC
TTAATTAAACGCACAGATATTATAAC
CCTCCGCGTCATTAAACTTCTTGTTGTTGACGCTAACATCAACGCTAGTATTCG
GCATGCCGGTAGAGGTGTGG
CAGGTATAGCATGAGGTCGCTCTTATTGACCACACCTCTACCGGCATGCCGAAT
ACTAGCGTTGAATGTTAGCGTC
AGGAGTAGAAACATTTTGAAGCTATGGTGTGTGGGGGATCACTTTAATTAA
TCTATATAACAGTTGAAATTTGGA
GTCATTTTCGCGTTGAGAAGATGTTCTTATCCAAATTTCAACTGTTATATAGATT
AATTAAAGTGATCCCCCACAC
CGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTG
GCGCGTTGGCCGATTCATTAATGC

CACGACTCATCTCCATGCAGTTGGACGA

CGAAGGCTTTAATTTGCAAGCTGCGGCCCTGCATTAATGAATCGGCCAACGCG
CCAGGGTTTTCCCAGTCACGACGTTG
GGAGTAGAAACATTTTGAAGCTATGGTGTGTGGGGGATCACTTTAATTAATCGG
CATGCCGGTAGAGGTG
GGTATAGCATGAGGTCGCTCTTATTGACCACACCTCTACCGGCATGCCGATTAAT
TAAAGTGATCCCCCA

http://journals.im.ac.cn/cjben
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Table 3  Plasmids used in this study

Name Description Source
pEASY-Blunt Cloning vector with multiple cloning sites, Amp, Km TransGen Biotech
pEASY-Blunt Simple Cloning vector for blunt ligation, Amp, Km TransGen Biotech
po-tHMG1 ODNA site,Containing Ppgx;-tHMGI1-Tpy; cassette ,URA3 [11]
pM3-SynPgPPDS Cloning Prgr;-SynPgPPDS-Tcyc; cassette into pEASY-Blunt simple [11]
pM11-ERG1 Cloning Prpy3;-ERGI-Trp;; cassette into pEASY-Blunt simple [11]

pLHis-ERG20/BTS1-SaGGPS

Containing PADHI-ERGZO/BTS]-TADHI and PPGK]'SaGGPS'TADHI
cassettes, CEN6/ARSH4, HIS3

(8]

pd-SaGGPS ODNA site,Containing Ppgx;-SaGGPS-T,py; cassette ,URA3 This study
pd-XdCrtBY Cloning Ppgk;-XdCrtBY-T py; cassette into po-UB This study
pM3-XdCrtl Cloning Prgr;-XdCrtl-Tcyc, cassette into pEASY-Blunt simple This study
pd-pagCrtB Cloning Ppgx;-pagCrtB-T  py; cassette into pd-UB This study
pM3-pagCrtl Cloning Prgr;-pagCrtl-Tcyc; cassette into pEASY-Blunt simple This study
pM11-pagCrtY Cloning Prpyz-pagCrtY-Trp;; cassette into pEASY-Blunt simple This study
pTrp-HIS Cloning Trpl and HIS3 marker into pEASY-Blunt [11]

1.2 7& RA AN PS5 A CAlcal 7EZ IR 55 2t

1.2.1 ZWEEERNTE ST

T YPD W AR BE SR B, 20 CHRIHFRLLE
FePERE: X, dendrorhous , 10 000xg &5 UyCHE TR A
WRBTEE IS , ] Trizol 32U RNA FIH] RNA
S ¥ 558 R & (PrimeScript 1st Strand c¢cDNA
Synthesis Kit) #1341 KB AE cDNA B!,
S0 F 51 9 414 XdCrtI-ASC/SexA-XdCrtl ,
SexA-XdCrtYB/XdCrtYB-ASC-2 ¥ #§ 3k 1%
XdCrtI #1 XdCrtBY H:H

T LB ARG IR, 37 CHRE HE IR A
1Z W P. agglomerans, 10 000xg 25 WCHE A,
JH DNA $2 U] G e IRy B AR SL R 20, 7351
5144 SexA-CrtBI/Ascl-CrtB., SexA-Crtl/
Asc1-CrtB/I il Pacl-PagCrtY/PagCrtY-ASC1 #~
WaARTS pagCrtB. pagCrtl F1 pagCrtY J&[H

P RAF I LLIE R EERE R AZ TR B-H 2 b

(http://genomes.urv.es/CAlcal) 115 % i+ 1& L
#5%1(Codon Adaptation Index, CAT)!'®),
1.2.2  RiATHREME A 2

PLFOkL pLHis-ERG20/BTS1-SaGGPS Ayt
B, SexA-SaGGPS/Asc1-SaGGPS 5| #4451
SaGGPS 3:H FBt. H SexA I fil Asc T 435X
] ps-tHMG1 JFkL, SaGGPS 38 B, &y
12,179 3458 pagCreB 1 XdCrtBY LR Fr
B, I B R B, 0 il 4 A 3 B 2H 2
A& p3-SaGGPS . pd-pagCrtB Fil pd-XdCrtBY
(£ 3). F SexAT Fl Asc1 43 5| X V)
pM3-SynPgPPDS i ki Fll J5 i «1.2.1” H 4k 15 1Y
pagCrtl F1 XdCrel B B, I EN H ) R
B, 4y 5 15 2 4 4K pM3-pagCrtl Al
pM3-XdCrtl . H Pac 1 F1 Asc 1 53 5 B 1)
pMI11-ERG1 Jit B Fll J7 ¥ «“1.2.17 b 3R 15 )

cjb@im.ac.cn
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pagCrtY L B, IR EICH ) 1 B, 445
F A AR pM11-pagCrtY., VA EFCRI ek
R P 36 i
1.2.3 ZHERA MR

BY4742 J3%32 75 4 L ) 2% A A FH T R
J73:0 ) ps-tHMG1 H1 p5-SaGGPS 435l F Xho |
O AR I . WY JS 9 8-tHMGT JE 5 Bt
N BY4742 JRZAEHM T, ] SM-URA {4
TR FR IR 9% 48 h, PHPE SRR &3
SM-5FOA [ 1< i 1 3% 77 FE i 126 #1 PCR BiiE (5]
¥ Sacll-pGK1/Ascl-HMG1) 3k 15 T. &
BY4742-T; #—, WYUIEH 8-SaGGPS [
FBUE N BY4742-T Bz 2840l rh , 11 SM-URA
A O 6 % 2 JE B #4248 h, PHME B4
SM-5FOA [ { i 146 4% 57 B 7 46 F PCR 460 iE (51

x4 ZHEBOGRFEEHEER
Table 4 Information of the DNA assembler

¥ Sacll1-pGK1/Ascl1-SaGGPS) #k 15 T. & &
BY4742-T2,
124 = p-H¥ MERITEEWE

B-HH bR TR A b g4l 2 R B[]
FA M, B, IRE 4§ DNA B AIS]
YIF5HL )%, JH PrimeSTAR HS DNA 7 {4 EL i
PCR 4354 3 345 1 T[] 5 o 20 A R DR A
BY4742 BY BY4742-T2 JE52 2541 i FH B ik 21 7
Bl e, HEBEEE 4 Y Group A I 2A FiR
PEATHE T AL S L 7 SM-HIS i 28 5 35 B 0 16 43
HIARAS TAER BWOL A1 BWO3; %18 4 i
Group B Fl¥ 2B FrRnibfriE iz ib)s, 76
SM-HIS i 3% 1% 77 K i 3% 43 0] 3K 13 TR
BWO02. BW04 #il BW-CK, BH:va M 3 B 5
BEE HHYE (W% PRMEEEG).

DNA Template Primer Name Overlap A Cassette Overlap B
Group A

1-M-pEASY-PGK1-F
pd-pagCrtB 3G-1-M-ADHt-TDH3-R LPI-F Ppgri- pagCrtB-T py; LPI-R
pM3-pagCirtl or 3G-2-M-TPI1t-TEF1-F LPOF Preri-pagCrtl-Tcycy or PR
pM3-XdCrtI M-CYCIt-pEASY—R PTEF1-XdCrtI— Tcyc1

3G-3-M-ADHt-TDH3-F
pM4-pagCrtY 3G-3-M-TPI1t-TEF1-R LP3-F PTDH3-pagCrtY—TTPH LP3-R

HIS3 marker and the
pTrp-HIS ii:rl\_/[t-_%l??rsf_r_t_l: up-R helper fragment of Trpl T7rpl DNA -up
o DNA Site

X2-1-t-F-Trpl Helper fragment of Trpl
pTrp-HIS X2-M-pEASY-r-t-R Trpl DNA-Down DNA Site down-F
Group B

1-M-pEASY-PGK1-F
pS-XdCrtBY 1-M-ADHt-TEF1-R LPI-F PPGKI-XdCVtBY-TADHI LPI-R
pM3-XdCrtI 2-M-ADHt-TEF1-F LP2-F PTEFJ-pagCrtI-TCYCI or LP2-R
or pM3-pagCl’tI M-CYClt-pEASY—R PTEF]'XdC”l]' Tcyc1

HIS3 marker and the
pTrp-HIS ii-i\/lt-rl){E?rST-r-t-F up-R helper fragment of Trpl T7rpl DNA -up
i DNA Site

X2-r-t-F-Trpl Helper fragment of Trpl

pTrp-HIS X2-M-pEASY-r-t-R Trpl DNA-Down DNA Site down-F

http://journals.im.ac.cn/cjben
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' LPI-F ‘PPGKIN pagCrtB [TADHI

| 1P3-F | Py A pagCriv [ 1, K LP3-R | -

LpagCril_|
| LP2-F )| Prgy | XdCril [ Teye )< LP2-R |

down-F \

~
Trpl DNA site Yeast Chromosome

| LPI-F )| Pog | XdCriBY | Toppy Y LPI-R |

B

down-F N

| LP2-F )| Py | PagCril [ 1o JC LP2-R |

Trpl DNA-up

Trpl DNA site Yeast Chromosome

B2 ZhERRBEHEIERERS Trol BEEMLSES B-BF MNEEYSHEZERANTERE A: S
PagCrtB. PagCrtY #1 PagCrtl (3 XdCrtl) £&E; B: #& XdCrtBY #1 XdCrtl (3 PagCrtl) £[H)

Fig. 2 Strains construction using the DNA assembler method. (A) The PagCrtB, PagCrtY and PagCrtl (or XdCrtl)
genes were integrated into 7rpl site of BY4742-T2. (B) The XdCrtBY, XdCrtl (or PagCrtl) genes were integrated

into Trpl site of BY4742-T2.

1.2.5 BIMKEET

PICTARIG A F B e T R 4 ) 9 AR
R AL P £ R R T (30 'C, 250 r/min,
16 h); BRI, 2% 10 mL YPD
PRIE R 100 mL = fJfH .8 OD %0.1,30 C .
250 r/min R 15 5% 4 d, K ODgoo Sy 1) 15 12 .
1.2.6 B-BiE DREEMRI T

2 mL BEFRMAERER T 12 000xg Bl
3min, TR/KIEVES, &R (0.5 mm)
M1 mL BRI (FEE: O - @ W k=

21 221 :8), PRIGHLHE 5 min, VKK TS
30 min, 10 000xg &.0> 5 min, B F3HR (FEEL
TR, B EER); ERERGE 0.22 pm AP
Ja AT RORAR g s P A 2L = B-i % bR
=, Kl 25 4F . DAD £l 8%, Waters
Symmetry® C18 4,3%4}:(250 mmx4.6 mm, 5 pm),
WA HEE © G« & BT - 21 ¢ 8),
Jii# 1.0 mL/min, 37 30 °C, K%K 450 nm;
BAFRMAE AT 3 NMEYFEE IR Fin
LN B-SAE D ARAES: A T i
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2 ZEREQM

21 HEF-iEHEYNIKEEREE S AR
Mg

WPk BY4742 S 5T R I BF S288C FrifE
bR, SR A YA BGER TP A TE A B Y
AR GGPP. Y Az 7Y I 1 R 40 i A AR
GGPP fIfE IR 220, DAL R, 1 Fkmy
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Fig. 3 PCR verification of strains BY4742-T and
BY4742-T2. M: DNA marker; Lane 1 and 2 are PCR
products amplified from control strain BY4742; Lane 3
and 4 are PCR products amplified from BY4742-T,
Lane 5 and 6 are PCR products amplified from
BY4742-T2. Primer set Sacl1-pGK1/Ascl -HMG1 was
used to amplify tHMGI gene (Lane 1, 3 and 5). Primer
set Sacll-pGK1/Ascl-SaGGPS was used to amplify
SaGGPS gene (Lane 2, 4 and 6).
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Fig. 4 Production of B-carotene and lycopene by
metabolically engineered S. cerevisiae strains.
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x5 EWTENEHRSH
Table 5 Analysis of Codon Adaptation Index

Genes CAI-1* CAI-2°
X. dendrorhous

XdCrtBY 0.68 0.68
XdCrtl 0.69 0.70

P. agglomerans

pagCrtB 0.62 0.82
pagCrtl 0.63 0.82
pagCrtY 0.61 0.81

2CAI-1, Codon adaption index, S. cerevisiae codon usage
database as a reference set *”; °CAI-2, Codon adaption
index, Escherichia coli codon usage database as a
reference set?%),
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