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B-caryophyllene is a terpene compound with high energy density and has attracted attention for its potential application as a jet
fuel. The high temperature and high light-tolerant photosynthetic cyanobacterium Synechococcus elongatus UTEX 2973
(hereafter Synechococcus 2973), whose doubling time is as short as 1.5 h, has great potential for synthesizing B-caryophyllene
using sunlight and CO,. In this study, a production of ~121.22 pg/L B-caryophyllene was achieved at 96 h via a combined
strategy of pathway construction, key enzyme optimization and precursor supply enhancement. In addition, a final production
of ~212.37 pg/L at 96 h was realized in a high-density cultivation. To our knowledge, this is the highest production reported
for B-caryophyllene using cyanobacterial chassis and our study provide important basis for high-density fuel synthesis in

cyanobacteria.
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Fig. 1 Schematic model of photosynthetic autotrophic synthesis of caryophyllene using S. elongates UTEX 2973, in
which the metabolic pathways marked in red were introduced or enhanced.
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1 MREFE

1.1 SRE#E
1.1.1 BEtRSER

A S0 F 2 A9 B AR R R BREEUTEX 2973 S K
i ¥ 7 Helper™®Y by v [ R 27 B 75 5 A 4 B U 5 5
FEBFFE I B Wept 78 S IS KT B DH5a
KIGFFHHBL01 DL K R ERBEUTEX 2973 t 325 =
A7 . K % DHSaH F ki i, KImATH
HB101 F FAE MG B Rk, KFFFH
Helper A F 42 & %% % %0 Bh 14 . pSIlI-tps21 |
pSII-tps23 . pSII-cscsHIpSII-ghsl A< S E6 4y 2,
HTFpBR322MIY TR ERMEUTEX 2973 w5,
NSHIAL 5 A R, FH 0 AN [R]R U 1 4 77
W 4 T, KK tps21 (NP_197784.2)M | tps23
(ABY79213)% | cscs (AAU05952.1)PY | ghsl
(AAL79181)PA% 3o X B ERHEUTEX 2973 J¥ 514k
b, madEE 2w (hE, 95H) B pSl-ispA.
pSl-gpps-ispA . pSl-gpps-ispA-idils Ky A< 52 5 #)
#, T pBR322 TNSIFE AR, LIBRITH
il 45 Hi A DMAPP FTIPP 2 FPP-& il i i 42 XF T A1
I RIS, GPPS (AF513112.1) Hi4:4E%
SHEIA L, I1spA (NP_414955) 4714 [ K M7 4T
MG1655, IDI1sc (NP_015208) 43 [ Mk 75 Ji% £k
BY4741 . pSll-gpps . pSll-ispA . pSll-idils .
pSH-idilee LA 2 pSH-idile A A 52 55 #4 38,
PBR322 F NS i i) 8 5 B 84K, T DIAR S
GPPS. IspA. IDI1F ik 5 KA R AR IR 1D11
Xt F AR R, idiled 3 H K AT R
MG1655, idils s 3 H BRI B REBY 4741, idiled”
HEH R EREEUTEX 2973,
1.1.2 EFE

KM FF T B 35 R PR HELB RS 37 3128 1 34
P 0T W TR BT AR IC WS N R AR EE & 50 pg/mL
S B % 50 pg/mL ., HULEEZE 100 ng/mLLL M &%
TR 200 pg/mL (BuA: R B Ak ) Rk
UTEX 2973 53+ R JAFriEBGLL ¥ 524, b1

% : 010-64807509

R R R R R AN 1 g/L HEPES, H
TR fFpHZE 8.5, AR F=FL &AM
Na,S,05 3 g/LLL 2 1.5%BiNg Ky, K B o U8 i 2l
KT H)CaCly2H,0 (36 g/L) 1 mL/LLL KA iRk
B (6 g/L) 1 mL/L; 520 TR 5 A8 BRAR 4 X W i o
PRGN RAREE % 25 pg/mL . %45 % 25 pg/mL .
LWL 2 50 pg/mL.
1.1.3 HH 5

SRR ZH DNA $RBGR & 3 KR4k
BHE dba) ARAFE . BRI & B
afifk R &, PCRAAL A& . 2xTaq Master
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Polymerase X f ClonExpress MultiS One Step
Cloning Kitly H F 5t i MERE LR I RHE A FR 23 ] o
FEL T4 PN DD . DNAGE 2§ [ Thermo  Fisher
Scientific, 5116 M-S MT H 44658 A w58 .

WA A TR N R i R T AR B B SR AE B TR
SPX-250B-GJ: FR B R4 b E AT, VRO BT ke 1 855
FEAE R ELER I HNY C-202T 2 i 2 6 IR IR o F
170 W5 T 1Y 9% T B IR AE IO A AT DB LEDAT 5¢
A Eppendorf BioFlo/CelliGen 310 7.5 L& BEfE
17,
1.2 RASRTHREE
1.2.1 Bkt

FORAEEL . PCREtAL . i [l ie 55 HAA AR AR
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StrainXYZ, HhX KNS S5 AR FE S, Y
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BRI 5, 0 AL RS AR
1.2.2 BERFEUTEX 2973 M54k

R SRR I AR P = &
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*F1 WMRPAIHNEK
Table 1  Strains used in this research

Strains Genotype
Strain002  NSIII::Pyspaa-tps21-kan® in WT
Strain003  NSIII::Ppspas-tps23-kan® in WT
Strain004  NSIII::Pygpaz-cscs-kan® in WT
Strain005 NSII I::P,,sbz,@-qhsl-kanR in WT

Strain202 NSI::P,,sbz,ll-ispA-speR in Strain002

Strain203 NSI::P,,sbz,ll-ispA-speR in Strain003

Strain204 NSI::P,,sbz,ll-ispA-speR in Strain004

Strain205 NSI::P,,sbz,ll-ispA-speR in Strain005

Strain302 NSI::Ppsbal-ispA-RBS-gpps-speR in Strain002
Strain303 NSI::Ppsbm-ispA-RBS-gpps-speR in Strain003
Strain304 NSI::Ppsbal-ispA-RBS-gpps-speR in Strain004
Strain305 NSI::Ppsbm-ispA-RBS-gpps-speR in Strain005
Strain402 NSI::P,,sbz,ll-ispA-RBS-gpps-Pm-idi1sc-speR in
Strain002
NSI::Pspa1-iSPA-RBS-gpps-Pyc-idiLs.-spe” in
Strain003
NSI::Pspa1-iSPA-RBS-gpps-Pyc-idiLs.-spe” in
Strain004
NSI::Ppspar-iSPA-RBS-gpps-Pc-idiLsc-spe” in
Strain005

NSII::Pepeseo-gpps-cm® in Straind02
NSI1::PgessoispA-cm® in Straind02
NSI1::Pgesso-idils-cm® in Strain402
NSI1::Pgpesso-idile-cm® in Strain302
NSI1::Pgpesso-idilee-cm® in Strain302
NSI1::Pgpesso-idils-cm® in Strain302

Strain403

Strain404

Strain405

Strain422
Strain432
Strain442
Strain352
Strain362
Strain342

Ferpo AN A K BB (ODgoo 2974 0.5) I,
W 2 mLBEFN KGR AR B0 SR R A, I
1 mL#fE (LB) KEFRERUEM 2k, LARBRITA BT
HEE, RIFEET 01 mL LBE;FRIEd, RAE1E
—ig, FHEE 30 min, K 1 mLgh F XA K Y
BERIEUTEX 2973 (OD7so 214 0.5) R:Fayis.onif
FET 0.2 mL BG1L 535 3 rh CYBL ALY B bk B
FEETHPAE R, THEBEGK 21K). R HHE
a5 R K A TR R TR R S T A 30 min,
RA YRR A T ER (FLA2N 0.45 pm) 11
& 5% (VIV) LBIIBGI11 Bifg Fae . 7E K%
100 pmol photos/(m?s) FYYEREGRIE FMEE 24 h
5, W UE R B H R BGLL BUIE AR b, AR
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BRI R (B0 80 pg/mLEE % . 50 pg/mL
WA Z 8 50 pg/mLEIRE XR).

1.3 BHGRUTEX 2973 HfE R FE=iGN A%
W5 AT A 40k i 3 3 BioTek ELx808 i

3G OD7so 15 11 . WE AN A9 T Sl K 40 mL

PRV VR T JE R AR 3

1.4 EHEHATHEENAE

H 30 mLE 40 R B0 SR 7E 15 mLE.OE
PEATA R0, )R B - S 7 - A B Ty 1 P
YRR IR iR Y, S0 AHE 1 GC-MS
RN 5 A A 0 B4 ik . GC-MSHG: 38 1 Agilent
7890 HEfT, i A Agilent 5975 J5i % k6l % DL Kz
HP-5MS (30 mx0.25 mm x 0.25 um film; Restek,
Bellefonte, PA, USA) (At # w2l <L
1 mL/minf e E s PR B, FEARIRE W) 7E
60 CLR#F 2 min, SAFLL 3 Clminf#E T2
150 °'C, LA 30 C/mingy# & I % 280 C, fJa
7E 280 CLRFF 5 min, FiiERSIMEI, F#E
WBIFF R lbm/z 2y 93, 133, 161, 189, 204 (I
T
1.5 XBEEPCR (QRT-PCR)

i i Direct-zol™RNA MiniPrep i 7 &
(Zymo, CA, USA) #ZHUERNA. F& H i 4 OD7so
g 0.1 B RN T 20 mLIGIABGIL #5553, %
MaEESR 48 W, AR 5.0 (7 000xg, 5 min,
4 C) WAERFRY) (KFHx0Dy50=5), #RJ5 . EIH
TR VR o AR AT T3 R $ i Y SR EA TRNASRE B
Fie B 1 T R AR (R T ME R AR RO TR
H]), f#f FI HiScript Q RT SuperMix for gPCR
(+gDNA wiper) & cDNA, W EFHRR 1 ul
(1%) FYEQRT-PCRIWALHR . f# FHChamQ SYBR
qPCR Master Mix (High ROX Premixed) (Fd &t
MEREAE R A R A RD) 78 10 pLROWAR R HoE
MQPCRIZ b, HH 45 5 uLiR 54, 2 ulddH,0,
1 LR A 1 uL BS54, S i StepOnePlus™



ERGE Z/ERIRE UTEX 2973 RXERIRNN S B E RS & R 2131

SEHFPCRA ST (Applied Biosystems, CA, USA)
HEAT o BE 43 Hr i i StepOnePlus /3 M 4 (Applied
Biosystems, CA, USA) Hl 2%y g ififT. Sihid
RNase PV %t B4 rnpB & & FH A 1 2 5 R 1
aRT-PCRJIT FH 51 49 U, o 265 hfe. H B4 .

2 ER5AM

21 AMBEEEAERIKNEUTEX 2973 RRYRIE

4 FpOAS TR R R 9 A AT 0 A i TPS21 |
TPS23, CSCS. QHS1 45 it 5 FPpspasl i 42
Mg ok pSII-tps21 . pSIiI-tps23., pSlil-cscsbd
pSlII-ghsl, 2 3% AW 41 UTEX 2973 15 3 itk
Strain002 . Strain003. Strain004 #/1Strain005. %)
IR S 96 hig (AEKIXFFEEI) B, A
ARERE AT Ao . E L gRT-PCREGIN 4 Fhf
Vo B B3 B R W i )oK (18 2), il JLF
AP GRS B R E

22 EBEAVMESHRBIAFPPEIFA R

T B AN T R EREEUTEX 2973 IR AGAY
WA, R I D N IR LE BT 3 Fi i
A3 PR i A 4 LI e A UL S B R A i CrtE,
REME A /L DMAPPIELL Y, 3 MIPPIRIR A R4 2f
JLILEERRGPP | 1k e SE AR BEIRFPP L R e 4 L3
e A L IE B R GGPPI®T | R Rl A 20 Hb ik M B

[ ]CS gene [ rnpB

20

CT value
=
T

Strain002  Strain003 Strain004  Strain005
Strain

Bl 2 ZqRT-PCREIE/LMAMEEHIRIEER
Fig. 2 gRT-PCR validation of gene expression for
several caryophyllene synthase.
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IR AR I Bl I A BA TE 7k e SL AR R FPP LU 45 A AT
WAL, RIS R ERBEUTEX 2973 g | A
B R FPPA B SN R A2

B S pSI-ispA Ll & pSI-gpps-ispA 4y H) A
[ #k Strain002 . Strain003 ., Strain004 ., Strain005
Hr, 3RS TR Bk Strain202 . Strain203 ., Strain204 .
Strain205 DA A Strain302. Strain303. Strain304 .
Strain305, LA7ERERBUTEX 2973 fF3| AR AL
LYK 1 GPP & i GPPS Bk & [l it 51 A K M AT 1
1 fE I FPPA il IspA (REU415DMAPPIPPJ
AR J.GPP, 3K GPP 5 IPPHE— 3 2 A= P2 FPP) .
WX 8 B RRES 7 96 h)m A = i & BRAEAL 5 A
ISpAF T #k 71 Y Strain202  fii fi% 46 I 21 4R AR i1y 7~
i, 4 (6.141+0.483) pg/L. fE5| AGPPSHlIspA
) TR B B Strain304 AME BEASIN 2] 7= &, 43 Fh
(14.316+1.221) pg/L . (2.707+1.023) pg/L DA
(5.218+0.759) pg/L, F=EAKRIRIE (& 3).

SRR, L& MEPIR 2 A Al 1)
DMAPP : IPPHY HC i KA 45 7E 10 6 2247, %

48

(1 Strain00Z [ Strain20Z
B Strain30Z W Straind0Z

32

Production of caryophyllene (ug/L)

TPS21 TPS23 CSCS QHSI

Type of caryophyllene synthase

3 SIARRXRBEAEMEGEESHEANRRIKREHIERE
HAEMHETEE ELRRKR4IHEEE, BkP27KE
SINTRIBAMIESES)

Fig. 3 Production of caryophyllene after introducing
caryophyllene synthase from different sources and
different precursor synthesis pathways (x-axis represented
the four kinds of synthase while “Z” in the strain
represented the introduction of different synthase).
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XoF il s A IR U T RE R ARG, AT DS A 3
iBidil SRz ix— He P8 [ pSI-gpps-ispA-
idils 0 BI%% A #kStrain002 . Strain003 ., Strain004
F1Strain005 Hr 43 51|45 2| & #4 Strain402 | Strain403 .
Strain404 FIStraind05, Z:id 96 hiE5 32 )5, 1%
A7 Straind04 KA 2 7= 5, A TR R A I 21 4
R, Hodbstraind02 R R E, AF T
(43.373£3.496) pg/L o HAth A TR PR 1 77 15t 3 51
(18.139+2.236) pug/L LA &% (23.726+2.683) pg/L
(B 3). Z5HFEM . 1) 760 AR BRI R
TPS21 Xf T M (& A By R 3L, tAhae
JI Cucumis sativusf I (1K) 41 77K A B 5 A 230 H
HIEE; 2) 5IASNE R FPPRT A i 12 F1F- 5
IPPFIDMAPPXT T AT i 5 BUA IR K i f i o

23 RRABAEEMRIREZERER, HH—TRES
A ERTIRFPPE X

9 T 4K5% H DMAPPHIIPP E| FPP-& il ik 42 H
(1) B iR AR DL R OCHE e , 72 Straind02 Hhid i 43 1]
5] A pSli-gpps . pSlI-ispAFl pSli-idils. 15 3 # #k
Strain422. Strain432 FStraind42., 43555 5% 96 h
JE KA R (R 4), BB R IKk I =
VXt s A b A T e A AR E A, ol
FBidile X AT R B, A TR
FEELAEI T (121.23349.732) pg/L, it Fikgpps
aispAfL AT LA 5 $2 = 31 (66.971+4.269) ng/L
DL (63.221%7.623) pg/L, ALKl & 4T
Wi G B IX L E B H ) G S B

AN TR SR PR 1D AT BEA A [] (i Ak o %
H- 45 DMAPP 5 PP H f5il 42 il 76 A [s] fry A Jig 291
XoF T A 10 B AT BE A AN RS2 o TR Ik 49 )
SR Tk ARG AT . TR IR DA K AN B N TR
B IDI1, [t 7E T #k Strain302 R 4> B A
pSll-idile. . pSlI-idile A1 pSH-idils. , 5 %) & #k
Strain352 . Strain362 FlStrain342, %37 96 hia:iill
A= (B 5), KK B BRI LE A 1D L S50R
A, A= ks (103.583+12.348) ug/L.
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Production of caryophyllene (ug/L)
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misEEE

Fig. 4 The production of caryophyllene after further
overexpression of possible rate-limiting enzymes IPA,
GPPS, IDI1 in the synthesis pathway of farnesyl
pyrophosphate FPP in strain Strain402.
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Production of caryophyllene (ug/L)

0
Strain342 Strain352 Strain362
Type of caryophyllene synthase
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Fig. 5 The production of caryophyllene after
overexpression of idil from different sources in strain
Strain302.
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2.4 BETRFEUTEX 2973 125 & Bk

REREEUTEX 2973 J&—Fifici & B0 W 4 B
REASTE RS (41 °C) #5)% (500 pmol photons/(m?s))
(g o T e 2 B0 R A K R AL
JEREFNpHAE S5 i AR DL AGE , Ik T i fE R Bk
BUTEX 2973 B4R, ARAF 3 K A9 240 i 2% B2 A
Y=g, MR T HAE R . REpHEL K
ANFDERTT AR, e R R &M, B
SL R IR P AT IR LS
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