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Abstract: The p-carotene ketolase gene (bkf) and B-carotene hydroxylase gene (crtR-B) from
Haematococcus pluvialis were codon-optimized and transferred to Synechocystis sp. PCC6803 genome by
natural transformation method. HPLC analysis showed that cells transfected with bkt gene produced
canthaxanthin, while echinone decreased, indicating that the exogenous B-carotene ketolase gene converted
echinone to canthaxanthin; the cells with c#R-B gene produced adonixanthin, while zeaxanthin was reduced,
indicating that the exogenous f-carotene hydroxylase converted zeaxanthin into adonixanthin. In this study,
we utilized metabolic engineering strategy to extend the carotenoid biosynthesis pathway in Synechocystis
sp. PCC6803, which laid a foundation for astaxanthin production in Symechocystis sp. PCC6803 with

metabolic engineering.
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Fig.1 Synthetic pathway of astaxanthin in Synechocystis sp. PCC6803
The solid arrow refers to the carotenoid biosynthesis pathway that actually occurs in Synechocystis sp.
PCC6803, and the dotted arrow represents the putative carotenoid biosynthesis pathway after integrating of the bkt

and crtR-B.
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2.1 &P PCC 6803 BIIEF

FHBE PCCO803 W H 7 [F B~ B vk K AN, %5 FACHB-898. f#/H] BG11 5773k
B IR MU PCC6803, 7RI EH 30£2°C, SR E N 50 umol photon/m?/s, /i JE
N 12h/12h,
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{# Ff Plant DNA Isolation Reagent (Takara, China) &7l & #2HU4E ffi7E PCC6803 )3
K20 DNA. fH K% DH-5a (Invitrogen, China) 47 DNA wfE MG R M EE, FHA1E
37°C, 160rpm $& K+ 1% 5% . {8 ] Rapid Bacterial Genomic DNA Isolation Kit (Sangon, China)
FEHUK W #F B (1 5 R 41 DNA

R4 4 M 3 PCC6803 %5 i 1~ M 4 ME AL 1K 1 W A ZE 3K 1) bhr H£H] (GenBank:
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2.3 £PE PCC6803 RIFE L FIRTHRAYIEHE



B EEAL T X BRI Ui PCC6803 #ERE (OD730> 0.6), K Lk 45 21| ) i hir i b
ARG R0, AL 5 I E % PCC6803 1E & A Sug/mL K K& Z M 25ug/mL K I
BRI BG11 B4R 773 FIHAT IRk . B E AW 46 FURL p5S1285UDIIAT pSKT1T2HOIf#) 58
AR RR L R X HE 2
2.4 EEHRAIIE

DNA /KFEHE, $EHUEEHLSE PCC6803 B AE BYFN AL bk HL (K 41 DNA, J#id PCR 4
H B3 [ ANTEOL, 1% 1.

f§H Plant RNA Kit (Omega, China) FEHUEEMIEE PCC6803 B A= Y I T8 A% ik 5 [F 4H it
RNA, JfH Takara PrimeScript II 1st Strand cDNA Synthesis Kit (Takara, China) ¥ 5N
cDNA, Ll cDNA 1F A%, H 514 bkt-RT-F/bkt-RT-R F1 crtR-B-RT-F/crtR-B-RT-R #: 56 bkt
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Table 1 Primer sequences used in this study

EIk/EZ S AT 5(5'-3") P&

psba-F CTTCATATGCCGCGGATGACAACGACTCTCCAAC 41 psbA2 T ilfe [FIVEE
psbaz-R AGTGAGCTCTTAACCGTTGACAGCAGG

Ppsbar-F GATGTCGACGCTTTAGCGTTCCAGTG 18 pshA2 RENT
PR CATTTGGTTATAAT TCCTTATGTAT

Pepesso-F GATGTCGACGCTTTAGCGTTCCAGTG F 18 cpe560 REhT
Pepesso-R CATTTGGTTATAATTCCTTATGTAT

crtR-B-F ACACCTCGCACTGGACCCT ¥4 crR-B #: A
crtR-B-R GTATAGCGTGATGCCCAGCC

bkt-F CAATCTTGTCAGCATTCCGC 18 bkt FEIH

bkt-R CAGGAAGCTCATCACATCAGAT

1285U-F ATAGAGCTCTTTAGTGAAAAAAFATTGAC 1285 |/ T3t [ 9 R A )
1285D-R ATAGAGCTCGTCATCAGCCAGCAAAATTGC

BIt/RT-F GGAAGCAGCAGCCTATTACA KD bkt (%% 5%
Bkt/RT-R ACTCGTCTTTGCCCTGAACC

crtR-B2-F TCGGACCTCCTCCTCACCTACA K crtR-B [R5
crtR-B2-R GACTCGTGCCAGATTGCCTTGT

TIT2-F TCAGGTACCTTCGATCGTTAGCGCCAA Kl T1T2 4151

TI1T2-R TCAGTCGACATGGGGATCAGCGCTAAAT
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pSKT1T2-crtR-B
7kb

2 p551285UD-bkt FA pSKT1T2-crtR-B [RHRIEIE
Fig.2 Plasmid maps of p5S1285UD-bkt and pSKT1T2-crtR-B

oy 8 3 75 #i AR p5S1285UD-bkt Al pSKT1T2-crtR-B 11 2 iz, p5S1285UD-bkt & 45
1000bp 37 [RIJEE (1285U, sir1285 J:[H (&R Hik34) (GenBank: NC 017277.1))
A1 1000bp T FIJEE (1285D), M pFastBacl Jii i (Invitrogen) % [ IR K8 R Pk R . 7F
pSKT1T2-crtR-B UKL H, Ppspaz S 81T FIEH 514 Ppspar-F / Ppspaz-R I 1) psbA2 ORF E N L
NUEFEE . 356, 1E pSKT1T2-crtR-B H LA R IR = PR R ik b BN . et 4%
R AR RS, @ik PCR G0 E H S R R N O, F5 Joll o I B A Ak R R AR ok i R 4.
DNA AN 52 BT YRR, FH 5149 1285U-F/1285D-R X B4 [RIJR A ¥ A Be b AT 46
B, 1F bkt-Gm FEASKR A4 16 H 7 TR 4.9kb 4547, 10 E X BRZEL AP A 38 H 2.0kb 4577 (]
3a), R bkt-Gm ALK Gm I bkt FEF AR R R R IA B O A R4 2L R 4H DNA
W [FIRE, WK 3b, A5 Possar-F/Ppspar-R 0T HEAN R A # -y BE b AT AL 5%, 7E ortR-B-Kan
RARR Y T 4.1kb 2647, X A B H 1.5 kb 267, XKW crtR-B-Kan
RARRP IR K 4 DNA th B4 %84 T A5 crtR-B M Kan 3E R I ANEIE R Rk & . BN, W
JPa BRI T crtR-B F bkt R V&4 FI4E I3 PCC6803 FE A4,
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B3 DNA KELE
a: bkt-Gm FRAZHRI PCR %55E; b: crtR-B-Kan RATHRI PCR %5E . B AIEFTRERR 155 FXTIE ;. WT:
DA A= T G i 35 PCCO803 FE[KIZH DNA AR [¥) PCR 774 HLIK
Fig.3 The identification of mutants by PCR amplification
a: PCR identification of bkt-Gm mutant; b: PCR identification of c7¢R-B-Kan mutant. Negative: blank control
without adding any templates; WT: Electrophoresis of PCR products using genomic DNA of wild-type
Synechocystis sp. PCC 6803 as template.

N T BE— B IRAIE bkt M creR-B R (G KT F2RAE , WP A RN SR A KR 52 HUEL RNA
Wikl 4 ffr7x, £E bkt-Gm il crtR-B-Kan H1 43 5ll4 34 1A bkt F1 crR-B FE R K2 410bp
A 258bp 5T, TAEXS R T A MBI 50T . IXLegE AR H], RS BRI AL 1) bke A
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Fig. 4 The identification of mutant in RNA level
Control 1: mutant transferred with the original plasmid p5S1285UD; Control 2: mutant transferred with the

original plasmid pSKT1T2.
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N T REIEEN bt A1 crtR-B & R 506 Bk (0 A A e, AR SEIR el 1 RARKR 5 B
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Fig. 5 The growth curve of wild strain, bkt-Gm and crtR-B-Kan mutants under normal condition. Error
bars indicate standard error of triplicate

3.3 FEHKMRTHNEEER

Wil 6 i, AR HPLC Al bkt-Gm 7= 7 M35, N 1.38 +£0.07 mg/g, HEAHE
2NN 7.72+029 mg/g, B-HHE MRS E TN 13.12+0.49 mg/g (R 2), crtR-B-Kan 1
Rl T 4 %R, S5 0.98 £0.04 my/g, HFKFE FHA 4.18+0.09 mg/g, PHE

NE &R T 12.80+0.14 mg/g (£ 2).
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[ 6 HPLC #ul5k B 5% PCC6803 FF4E R, bkt-Gm 1 crtR-B-Kan REMKHIEAE &
1, W EE 2, FOKEE, 3, AT 4, SRALHET S, MR a6, WHE, 7,B-8% b&R
Fig.6 HPLC analysis of pigment production from the Synechocystis sp. PCC6803 wild type, bkt-Gm and
crtR-B-Kan.
1, Myxoxathophyll; 2, Zeaxanthin; 3, Canthaxanthin; 4 Adonixanthin; 5, Chlorophyll a; 6, Echinone; 7,

B-carotene.
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Table 2 The content of pigment



PRI B-#1% ~E (mg/g, DW) TK#EE (mg/g, DW) HEEET (mg/g, DW)

A= 1Y 14.80+ 0.24" 5.39+0.07" 9.53+0.38"
bkt-Gm 13.12+0.49" 5.12+0.03" 7.72 +£0.29"
crtR-B-Kan 12.80+0.14" 4.18+0.09" 9.35+ 0.34"

DW: dry wight, . *FIR p<0.05,** KK p<0.01.

4 1 i

£ PCC6803 &4 crtO (GenBank No.: NC_000911), f&—Fhp-HA% N & FfH A
B LR, CRTO WIZhfg WA (O WA 7 RE CoAiRIB-tH% &I, CRTO
BHEKB-THE bR A BGEIEEERY,  BKT #IA N EA 5 CRTO MHERITIRE, & —FfAB-H %
NG RN R OCHERE . EAR BKT F1 CRTO #2&B-51% b & Elg, (H7edt b - BKT #AH
L CRTO ANFRY, HoAdt BKT #&7EB-HEY b2 M ANB- 5820 22 i B o 4 A\ PR N Bl 2220, 1
CRTO J&7ER-THE N ZH I /NB-K D Z WA 2 — i\ — N 2 DL & g AR 21 231, AR SCAE A
S5 IR K H MY AR LR BKT R DAE AR e b ) B g IE i 32— 20 & RO 300

LM PCCO803 H & B-HHE  ZH A ALEEEL A crtR (GenBank, NP_440788.1), 71k
—ANRIEGINB-THEE D RMIB-L T L HFR24Y, CRTR REUSHEALP-THE N BRI KER, I
P PCC6803 H1 & /il Wi #5 2. CRTR-B (B-#HE b R ¥Libiig) f2— Mok 3w AL 20 5k
MRS KA RIS R h EEEE, AN RIS NB-EAE R, RIS R A R R,
crtR-B 3R B-TAEE D RIWONB-FE T, O TR, AR5 N A R A R
H a3 . B CRTR-B Ml CRTR #B#AR NB-tHEY N2 FR 4B, >k B A M B B- s 2
FARMEGH crR-B FER Ymhd 25200, 5 EER- TR N R orR RIS, HRAGKE
+5 erR-B RPN, ARSCHEFUEE R Won ok H W AE LR CRTR-B 7] DLEAE MU TR A &
K EH— D E e RN

ASLIGUE I T AR R = A AR SR 2% N R AR e LI Re 288 M &R
R OE . EAE TR AT AE SRR N3, IR TR EATINAEY &2 L 7R . A
LI A BT BRATE L B SR A S N R A A LS. A, R RO 2R
FE A RARPUEA TR PURE ], XSS N RS LA BRI T ks
BEE AT SR 247 A PE RS o [RIHEA N — B /e SR & R 7 38, AP fE
Mo R AR B e, X H S TAER 4R SR N I H A

54 ip

AL FEAE S PCC 6803 H 43 il e N RS A2 LLBREERVR K bkt FEDIF creR-B HE A,
I HPLC A €5 2 2 R, R I 27105 35 R %) £ i 8E PCC 6803 2REHEE MR IM& e A4E 1 52l
BN bkt FERIA0 M= A= f 3 0T, [FIRIGRE &/ R R, REHZAMRIIB-HHES N Rl T g2
DRIK W HEL R 5 A N B0 3% N ortR-B BRI = AR & R AC T, AR FRE R S| T
R, RURAINEIIB-TAZE b RIS A E RS RIGE . ASLIUEY ToREWA
ZLERPEAR HAE M EE PCC 6803 1 B-#HEY D REMLEGFIB-FHE b RN EG A AR DiRE,
WEI 7 AU EE R I AL MU PCC 6803 1) B-HHEE M EALEGANB-THEY b RER A ok & BUF
HER. ALA T EMRE PCC 6803 K% &R AREHLH], A Rp-THEY b &%
WA N PR . (RIS, TR HARGEE N bkt BERIRT creR-B BEIR|, BRI K
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