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Abstract: Cyanobacteria can be used as a model for photosynthesis research and as a chassis for the production of
fuels and chemicals from light energy and CO,. However, the genetic tools of cyanobacteria are still relatively limited.
Development of efficient tools for programming gene expression is important for cyanobacterial systems and synthetic
biology. Here, we developed a CRISPR transcriptional activation system (CRISPRa) for programming heterologous
gene expression in a model cyanobacterium Synechococcus elongatus PCC 7942. Among the transcriptional activators
tested, endogenous RNA polymerase o-subunit RpoZ resulted in optimal performance and was chosen for subsequent
studies. We established CRISPRa by fusing dCas9 that lost DNA cleavage activity with RpoZ, and expressed single
guide RNAs (sgRNAs) under a strongpromoter. We further improved heterologous reporter gene expression by deleting
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the rpoZ gene in S. elongatus PCC 7942, enhancing the expression of dCas9-RpoZ fusion, and optimizing the sgRNA

targeting sites. Using this optimized CRISPRa system, we engineered S. elongatus PCC 7942 for improved production

of isopentenol, an ideal biofuel candidate. Furthermore, we demonstrated that this system was able to simultaneously

activate multiple genes of the biosynthetic pathway and repress a gene of the competing pathway, thereby increasing

the isopentenol production by 17 times. Thus, this CRISPRa system could serve as a powerful tool for the construction

of photoautotrophic cell factories.

dCas9-Activator

D

sgRNA

Gene of interest
j=—]

Keywords: cyanobacteria; CRISPRa; isopentenol

AR EEAMANENEY . —, &
M5 EEEY) R AT 206 E M b E
CO,, NV St BB IR T WA
Jea I AR, T LUK K BH RE AT CO, B 1 A
BEAIAL 27 5[] I 762 1 [ ok ol 1R A A= 0 5 i B A
s S 7 Oy . 18 W 40 B 2 AT AR
W TR NE, LI CO, BIHT PR RE Bk 2
m E G RS, R EMECEEME AN E
g .

T R W A T A 1R TR RIS TR
Bk, QLGN RIS A S H A BT 5 A b
IG5 E AL s A28 DL RAZ BB R LA B SR
5 KM F ¥ (Escherichia coli) %5 15 =0 28 W) M
EC, B 40 R B A B E T R AR B N = H.
RO ARAR, DR T O v 280 P 4 T i R 4 R
T AR RGE & RN T B A R
b6 CRISPR ALK JE, &8 3 40 1 H ) R
ZRTRE, BRI RN PO TR TAES
DNA XUHE 1) 135 14 ) Cas9 5% Cas12a [ CRISPR 3
PR TR s N 538 - PN BT U E AN [ @ 1
o DO B ST AT R F 2k 2 DNA D) EI T e )
dCas9 (dead Cas9) BY dCasl2a (dead Casl2a) 7E

dCas9 Activator

< RNAP

sgRNA

[arget Site Promoter

W4 B R ST 7 ) R R 3R R () CRISPR F 4
(CRISPR interference, CRISPRi) # 4 "', HI5]
F dCas9 B dCas12a % H by 2k [ 1) 5% 5% 2 45 A 3
(transcription start site, TSS), I dCas9 &} dCas12a
P EYEPHEG RNA RGBT, SFEEERDIER.
Yao &5 ' 7 £ i ¥ Synechocystis sp. PCC 6803 H 7
LT R ALY CRISPRI SCJEE, I T LR 32
v F= A O E R 42 8 . SR, W 40 B b s 2 1A
# 1k [f] CRISPR (CRISPR activation, CRISPRa)
ARG MR, F9 L, 4058 CRISPRaH A1)
WIE AR, BT R AE KRG A
1 AF (Bacillus subtilis) ~ 7= T2 % & 11 [
(Klebsiella oxytoca) “5/0HU) A4l B &S 1
ZHOR, FEIEKE dCas ML SRFUE R 7454,
NSRSl = e el o5 2 7| I - B S 3% e
RNA R4, MHEEE H s E 5 7 3
CRISPRa R4 ¥k BUE A 1, HEloSkiEm &
5 RNA KA o- 3 RpoZ 1'% 20, S Ak LA 5%
i 4% & 1 SoxS  (superoxide response transcriptional
regulator) "2, T Sigma [K - AsiA P DL o™ K F
A0 R WG AR A T AT 9 A A X 4 B SR Bk
(Synechococcus elongatus) PCC 7942 (LLRRiFRA
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PCC 7942) hiffiife sk A1, #3577 CRISPRa
ARG, IHMERIAAT fUSF 2 A J7 AT A 1% R R
HAT TR

SR EE (isopentenol) LG 3-H 3:-3-7T Ji-1-
fi (isoprenol) A1 3-H 3&-2-T J&i-1-# (prenol) ,
HA SRl (reaserch octane number, RON)
ARG R RV, ATAE v B A, & —Fh
B AEY R EL . Wither 28 2 18 K g #F
(Escherichia coli) W SEIL T 5 ) T 1) 53 U & 1o
AT FC CA S 0 B AE PCC 7942 v 1) 78 A il N it
FOX A, W T M 1) CRISPRa R4t e 5 T34
IR AR L, SRER T ZAGREHT 25
AR A2 Ak s, KiiEd & 7 PCC 7942
T R B (R AW B o

1 MRHRITA
11 RFIRINES

1.1.1 X5

3-FABE-3-T 0 -1-WE . 3-FRBE-2- T J-1- . il
FRk A 3- FH AR -2- IR I g Wk bk i JE 25 PR Eh K S 40
AETER . W, W E R RMER Sy (k
W) EOARAT; RNAHIRRA A, WH aE
Macherey-Nagel /A @] ; RNA Jx # F X7 &, WH
TOYOBO: % v Br— ik w7 & . DEPC
7K+ qPCR SYBR Green Master mix, ¥ H ¥ E4
YRR (R AR AR ok i iR &
J2 RS B 4H B R PR iR &, W A
5 [ AXYGEN 2 ) ; 7 ff 2 DNA X & g (2x
Phanta Max Master Mix), W4 F Fg 50 ME 5% 28 P Rl
B B R~ w s BREMENTIEE, W3 A4
MEAR b)) HMRAF (New England Biolabs) ;
DHSo &2, W B IR IR A4 AL ar BHA R
NEIR
1.12 &

Biometra TAdvanced Twin PCR 1, W H HF &
Sty (dbn) ARA A Eppendorf Centrifuge
5417R ¥ 1% & 0> ML, Eppendorf Centrifuge 5418.
5430 i B0, I A E SR R A ]
BioTek power wave XS2 4 K EE b=, W H Ul

BERKFEERER Y (L) HRAF; TECAN
Spark 2 D B LA K A, W H 4 H Tecan L ifg
A A T Agilent 7890A S AH (AL, WH
ZEERH P ED HRAT; Bio-Rad MYIQ2 %
Jt € B PCRAX, W EAARAMmES ™6 (L)
AR ; Thermo Scientific NANODROP2000C fi
HEOGOLE, AR G REE: (RED
B A & HEHE FR-980A Bt g 4%, WH E
HEHBBEARAF; GXZ-280C & Gt I 1% 97
M, WA TRILEAE .

1.2 BEREMRNAEE

PB4 i B PCC 6803 FE A4, & it 514
(P18082-F 5 P18082-R, P18082upstream-F 5
P18082upstream-R) 1T PCR 15 2| J5 5 1~ P18082
K B A, dE e R R 2 R B
— R R e B R S S S RO R B R
sfafp VLK BRI /A PCL1920-NS T (LA PLC1920 Ji
KioAE SR, 18 Sall 5 Sacl B V)AL 5 4k 5] N PCC
7942 1 NS T A A7 £ [RR B P 410D kAT 1% 4z
FBIBURLPOL, SRJ5 AN A 1Y) sgRNA & [K 7 41) Jz He
JA 31 Pepe (sgRNA J2 J& 81 Pepe H e 5 48 W7 i
AwE] A ROt [ER 2 7 S N TR
BEE A AFSEAL S sgRNA kL (P02-PO7) .

FEHCK AT E.coli HRZH, DAICCHBINR, #
5 (mudl -F 5 nudl -R) #E4T PCR 15 3 nud [
(GenBank: UZX07358.1); i F FR i 1 W 1 iy
EcoR1 F BsrG1 B 1) Jii R POS, 3 i [F] 5 =5 24 4%
nudl 3 BBV 5 0 kL8 k L, 19 3150k POS;
FEELPCC 7942 L 40, DLMCAHBEIMR, &t 519
(dxs-F 5 dxs-R) @It PCR 153 dxs F B, 5 nudl
B )5 K 2 W46 N EcoR1 #1 BsrGI BV Ja H &R
Fi P05 HIPO7, #4152 BTk PO9 HTP10,

DL KL PO9 A At ¥ H e T 4 0 B A )
crRNA Fl tracrRNA J7 1) 38 it [A] 5 5 20 & #= P09 Jii
Firh ) sgRNA, #4845 2 Fiki P11~P13.

FERUAL IR BEERTA  (Streptococcus pyogenes)
R, DLtttk , @it % it 514 (dCas9-F 5
dCas9-R) Gl APIANRAAL & (D10A FITHS40A) i3
iTPCR13%|dCas9, Wit5|4%) (Pendo-F4 Pendo-R)
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il i PCR /& 3| B 31 T Pendo; soxS (GenBank:
NP_31307). RNA R & o-. % rpoZ (GenBank:
ABBS57740.1) . a- . %% rpoA (UniProt/Swiss-Prot:
Q31L30.1) . RpoA ffI N %t £ #J38  (UniProt/Swiss-
Prot: Q31L30.1 %5 1~681 fzbf%E) . Sigma-70 [
¥ rpoD (GenBank: D10973.1) . dxs (GenBank:
CADS55646.1) 5 H Fd 5% 4 Wi 8 7 & . di i A
5 A 7 V43 ) 5 TR B AR PCL1920-NS T (LA
PLC1920 JFi ki AE 22, 7E Sall 5 Sacl BT 54k 5
A PCC 7942 1 NS I+ 4 47 55 (1) [ Y58 7 410D 5
PCL1920-RpoZ (LAPLC1920 Jii ki & 42, 1E Sall
5 Sacl BEYIL S 4L 5] N PCC 7942 Hh rpoZ 1) [ 5
FPAND AT IE:, MRS A AR e E O
FIfikL (P14-P25).

dCas9 #H 5% Ji ir i 1o [7] 8 5 21 032 4 B 4 %)
PCC 7942 JE K 2 ) NS T F1 RpoZ A7 &5, Fi 1tk 07
EAR I N R IBE & (kanamycin, KmR); sfgfp.
nudl  dxs ¥ < 5 RL3E o [7] Y5 8 4 XL e 8 4

PCC 7942 JE[HZH L NS I A7 51, Fitk g bric K
MW A ZR (spectinomycin, SpeR) .

1.3 BEHREANERGE

(D BEYHE M TT% B OD,~1~2 [ 5§
# 1 mL, 5000 r/min &0 3 min, % L3f; MIA
500 uL F NaCl#E# (10 mmol/L) & 5 5000 r/min
203 min, £ BiE; IO 10 uL B BG11 PV K 5%

SEE BRI, HIANLpg ik, HBRSESE
MG ERaEROE, BTHRIK, 190 r/min 30 °C
W EEFRFER TN, R S5~T7d)E,
B H B T o AE AR S BT () BG T [ A 8% 97 38 kAT
AR A& FE R 40, Al FH 360k 51 P 47 PCR K
N B AR A B G BI SR 2 L

() WHERIMIT TR E IR RS
4 25 mL BG-11 £ 783 (£ 100 mmol/L NaHCO,)
M=, =AMADmE D, JERERE 3000 1,
I 30 °C, PR #% 3% 190 v/min. XF T 5 K M
s & BSCTA R R 5 9%, 20 A 4 iR B B A )
I

(3) BG-11157#% (4% 100 mmol/L NaHCO,) i
# 1.5 g/LNaNO,, 0.075 g/L MgSO,-7H,0, 0.036 g/L
CaCl,-2H,0, 4.76 g/L HEPES, 1 mL/L ¥ ¥ 1,
I mL/L % 2, 1 mL/L W 3; A 8.4 g/L 1)
NaHCO,, FNaOH#{1ipH % 7.5, TIEERHH -

Wik 1: 6.567 g/lL — K I 8 & CH,0,-H,0,
6 g/L ¥ 5 IR ¥k #% C H,FeNO,, 1.107 g/L Na,EDTA-
2H,0, dIERRE.

W 2: 2.86 g/L H,BO,, 1.545 g/L MnSO,-H,0,
0.222 g/L ZnSO,-7H,0, 0.391 g/L Na,MoO,-2H,0,
0.0404 g/L CoCl,-6H,0, ILJERRTHE

W 3: 52 g/L K,HPO,-3H,0, 20 g/L Na,CO,,
I JERR TR .

AHIE 5T TAE BT B2 00 W8 40 18 B Ak . R R 5
IR 1~3K 3.

R RSP R H AR

Table 1 Strains used in this study
Strain Genotype Source
Synechococcus elongatus PCC7942  Wild type ATCC
PCC 7942-G01 P18082 sfgfp integrated at NS II This work
PCC 7942-G02 P18082 sfgfp pepe sgRNA 106 integrated at NS II This work
PCC 7942-G03 P18082 sfgfp pcpe sgRNA H4 integrated at NS 11 This work
PCC 7942-G09 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at NS Il This work
P18082 sfgfpPcpc sgRNA H4 integrated at NS Il
PCC 7942-G10 Pendo dCas9-CAGGGGSGGGGS-rpod integrated at NSTI This work
P18082 sfgfpPcpe sgRNA H4 integrated at NS Il
PCC 7942-Gl11 Pendo dCas9-CAGGGGSGGGGS-rpoD integrated at NS Il This work
P18082 sfgfpPcpe sgRNA H4 integrated at NS II
PCC 7942-G12 Pendo dCas9-CAGGGGSGGGGS-rpod NTD integrated at NS Il This work

P18082 sfgfpPcpe sgRNA H4 integrated at NS Il
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Strain Genotype Source

PCC 7942-G13 Pendo dCas9-CAGGGGSGGGGS-soxS integrated at NS Il This work
P18082 sfgfpPcpc sgRNA H4 integrated at NS II

PCC 7942-G14 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at NS I This work
P18082 sfgfp Pcpc sgRNA H1 integrated at NS Il

PCC 7942-G15 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at NS Il This work
P18082 sfgfp Pcpc sgRNA H2 integrated at NS Il

PCC 7942-G16 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at NS Il This work
P18082 sfgfp Pcpc sgRNA H3 integrated at NS Il

PCC 7942-G17 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at NSTI This work
P18082 sfgfp Pcpc sgRNA H5 integrated at NS Il

PCC 7942-G18 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work

PCC 7942-G19 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpc sgRNA H4 integrated at NS Il

PCC 7942-G27 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpc sgRNA H1 integrated at NS Il

PCC 7942-G28 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpc sgRNA H2 integrated at NS Il

PCC 7942-G29 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpc sgRNA H3 integrated at NS Il

PCC 7942-G30 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpc sgRNA H5 integrated at NS Il

PCC 7942-G31 Pendo rpoZ-CAGGGGSGGGGS-dCas9 integrated at rpoZ This work
P18082 sfgfp Pcpc sgRNA H1 integrated at NS Il

PCC 7942-G32 Pendo rpoZ-CAGGGGSGGGGS-dCas9 integrated at rpoZ This work
P18082 sfgfp Pcpc sgRNA H2 integrated at NS Il

PCC 7942-G33 Pendo rpoZ-CAGGGGSGGGGS-dCasY integrated at rpoZ This work
P18082 sfgfp Pcpe sgRNA H3 integrated at NS Il

PCC 7942-G34 Pendo rpoZ-CAGGGGSGGGGS-dCasY integrated at rpoZ This work
P18082 sfgfp Pcpe sgRNA H4 integrated at NS Il

PCC 7942-G35 Pendo rpoZ-CAGGGGSGGGGS-dCas9 integrated at rpoZ This work
P18082 sfgfp Pcpe sgRNA H5 integrated at NS Il

PCC 7942-G36 Pendo rpoZ-CAGGGGSGGGGS-dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpe sgRNA H1 integrated at NS Il

PCC 7942-G37 Pendo rpoZ-CAGGGGSGGGGS-dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpe sgRNA H2 integrated at NS Il

PCC 7942-G38 Pendo rpoZ-CAGGGGSGGGGS-dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpe sgRNA H3 integrated at NS Il

PCC 7942-G39 Pendo rpoZ-CAGGGGSGGGGS-dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpe sgRNA H4 integrated at NS Il

PCC 7942-G40 Pendo rpoZ-CAGGGGSGGGGS-dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 sfgfp Pcpe sgRNA H5 integrated at NS Il

PCC 7942-G45 PJ23108 dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work

PCC 7942-S01 P18082 nudl Pcpc sgRNA H4 integrated at NS I This work

PCC 7942-S02 P18082 nudl dxs Pcpc sgRNA H4 integrated at NS Il This work

PCC 7942-S03 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at NS Il This work
P18082 nudl Pcpc sgRNA-H4 integrated at NS Il

PCC 7942-S04 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 nudl Pcpc sgRNA-H4 integrated at NS Il

PCC 7942-S05 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at NS Il This work

P18082 nudl dxs Pcpc sgRNA-H4 integrated at NS II
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S
Strain Genotype Source
PCC 7942-S06 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 nudl dxs Pcpc sgRNA-H4 integrated at NS I
PCC 7942-S07 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 nudl dxs Pcpc sgRNA-106 integrated at NS Il
PCC 7942-S12 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work

P18082 nudl dxs Pcpc sgRNA-H4 Ptrc crRNA-gl
PJ23119 tracrRNA integrated at NS Il

PCC 7942-S13 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 nudl dxs Pcpc sgRNA-H4 Ptrc crRNA-g2
PJ23119 tracrRNA integrated at NS Il

PCC 7942-S14 Pendo dCas9-CAGGGGSGGGGS-rpoZ integrated at rpoZ This work
P18082 nudl dxs Pcpc sgRNA-H4 Ptrc crRNA-106
PJ23119 tracrRNA integrated at NS II

R2 AP IR TORL
Table 2 Plasmids used in this study

J kL ik FeV5
Plasmid Description Source
PO1 PCL1920; Spec’; NS I targeting ; P18082 sfgfp This work
P02 PCL1920; Spec’ ; NS1I targeting ; P18082 sfgfp Pcpc sgRNA H1 This work
P03 PCL1920; Spec’; NS I targeting ; P18082 sfgfp Pcpc sgRNA H2 This work
P04 PCL1920; Spec’ ; NS II targeting ; P18082 sfgfp Pcpc sgRNA H3 This work
P05 PCL1920; Spec'; NS I targeting ; P18082 sfgfp Pcpc sgRNA H4 This work
P06 PCL1920; Spec’ ; NS I targeting ; P18082 sfgfp Pcpc sgRNA H5 This work
P07 PCL1920; Spec’ ; NS1I targeting ; P18082 sfgfp Pcpc sgRNA 106 This work
P08 PCL1920; Spec’; NS I targeting ; P18082 nudl Pcpc sgRNA H4 This work
P09 PCL1920; Spec' ; NS II targeting ; P18082 nudl dxs Pcpc sgRNA H4 This work
P10 PCL1920; Spec' ; NS I targeting ; P18082 nudl dxs Pcpc sgRNA 106 This work
P11 PCL1920; Spec' ; NS I targeting ; P18082 nudl dxs Pcpc crRNA gl PJ23119 tractrRNA This work
P12 PCL1920; Spec’ ; NS I targeting ; P18082 nudl dxs Pcpc crRNA g2 PJ23119 tracrRNA This work
P13 PCL1920; Spec'; NS I targeting ; P18082 nudl dxs Pcpc crRNA 106 PJ23119 tracrRNA This work
P14 PCL1920; Kan"; NSTI targeting ; Pendo dCas9-CAGGGGSGGGGS-soxS This work
P15 PCL1920; Kan"; NSIII targeting ; Pendo dCas9-CAGGGGSGGGGS-rpoZ This work
P16 PCL1920; Kan"; NSIIl targeting ; Pendo dCas9-CAGGGGSGGGGS-rpoD This work
P17 PCL1920; Kan" ; NSIII targeting ; Pendo dCas9-CAGGGGSGGGGS-rpoAd This work
P18 PCL1920; Kan" ; NSIII targeting ; Pendo dCas9-CAGGGGSGGGGS-rpod NTD This work
P19 PCL1920; Kan" ; RpoZ targeting ; Pendo dCas9-CAGGGGSGGGGS-rpoZ This work
P20 PCL1920; Kan";RpoZ targeting ; Pendo rpoZ-CAGGGGSGGGGS-dCas9-CAGGGGSGGGGS-rpoZ This work
P21 PCL1920; Kan" ; RpoZ targeting ; Pendo rpoZ-CAGGGGSGGGGS-dCas9 This work
P22 PCL1920; Kan" ; RpoZ targeting ; P123108 dCas9-CAGGGGSGGGGS-rpoZ This work
P23 PCL1920; Kan" ; RpoZ targeting ; Pcpc dCas9-CAGGGGSGGGGS-rpoZ This work
P24 PCL1920; Kan' ; RpoZ targeting ; Pcpc dCas9 This work
P25 PCL1920; Kan"; NSIII targeting ; Pcpe dCas9-CAGGGGSGGGGS-rpoZ This work
1.4 RNAIREFZREEPCR fift . A RNA $2 HUR & (Macherey-Nagel) #2

IS RNA, H & #55 & (TOYOBO) [ 2
T AN 7R 2 0D, N 0.7~0.8, LS mLE  DNA J5 4 #E47 RNA [ 85 3%, 795 ¥ cDNA
W, BOUEEER, NN 10 mg 7% B B 3k 17 40 i 24 SEIE B PCRAX (Bio-Rad) #H4T5E & 20T«
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Table 3 Primers used in this study

7, 5371
Primer Sequences 5'-3'

Pendo-F GAGACACAACGTGGCTTTCCCGCGGCCGCTTACGAAATCATCCTGTGGAGCTTAGTAG

Pendo-R CTATTGAGTATTTCTTATCCATTTTTGCCTCCTAAAATAAAAAGTTTAAATTAAATC

dCas9-F ATGGATAAGAAATACTCAATAGGCTTAG

dCas9-R AATGATTTTCTGGTGGCTCATGGAACCGCCACCGCCGGAACCGCCACCGCCTGCGCAGTCACCTCCTAGCTGAC
TCAA

nudl -F ATGCGACAACGGACTATTGTATG

nudl -R GATGGGTAATTTCGCTGAGATGCATGGTATATCTCCTTCTTACTAGTCTCTCTCTTGTACATTACAGAAGACCTTTC
AAACGTAAC

dxs-F ATGCATCTCAGCGAAATTACCCATC

dxs-R AGCCGGATTAATAATCTGGCTTTTTATATTCTCTTTAAGCCGAAGCAGCACCAAT

P18082-F TTAATTAACCTGCCGAG

P18082-R AGCTCTTCGCCCTTGCTCATGGTACCTTTCTCCTCTTTAATGAATTCGCCTG

P18082 upstream-F
P18082 upstream -R

ACCGTTTCAGCTGGTGATTTGGATCCGCATGCCCGATCAACGTCTC
ACCTCGGCAGGTTAATTAAGACCGGTATGCCTAATGTA

sfefp -F ATGAGCAAGGGCGAAGAG
sfefp-R AGCCAAGCTGGAGACCGTTTAAACTCACTACTTGTACAGTTCATCCATGCCA
qPCR-nudI-F ATGGTGCTTATTTGCT

qPCR-nudI-R TGTTCTCCCAGTTCTT

qPCR-dxs-F ACCCATCCCAACCAGC

qPCR-dxs-R TTCCACCACGCCCAAG

qPCR-gpps-F GCGGGTGGAACGGCTG

qPCR-gpps-R CCTTGTGATTGGTGGG

NS II -up-F 383

ACCTTGCGTCGGTGCTGAGTC

dxs-REIE TTGCTCAAGCTGAGCAACCGAC
NS -up-F 5 1iE GATGCACGAGCGTAATGCTCAC
NS I -del-R 3l TCTCGCTAATTGTGGGAGAGGAG

1.5 ZFBRKEARMEN

i~ SO L AR PER Bk 5 W BRI IR S M. 10 uL
3- FH -2 - JR W e bk % 2R R £ K 54 (3-methyl-

BRI 4G OD,,, N 0.1, #350h. 24 h. 48 h.
72 h 196 h i 43 A B B R 100 pl, I 5E OD,,, PA K&
[T R i (= N | 2= B A s 1 | Y 7 ol LK
(TECAN Spark) #4756 BRI, BORE KA
485 nm, K5I KN 520 nm B, Ll OD,,, N A AR
B RICAE NP AR ERRUERT 2L, 192] 0D, 4 1.0
B )% YR, 0 B B A 280 1 vk 119 2% 6 AE S B A 1%
PR R ) 2 G AE

1.6 E&ERNSEIGE

FEBEFRAR AN 20 pL 5 40 7 5% 95 b i
Bl 3-F -3 -1-B S 3-F 32 T U - 1T R b v

2 benzothiazolinone hydrazine hydrochloride hydrate,
MBTH) J% 120 pL 7K, % i < B 40 min 5 Ml &
620 nm Kb IR A, e 1Z 7R AR HE 2R -
y=0.091 52x + 0.014 065 y A, M8, xH7 G
W (0~6mg/L).

1.7 SESIEXGNRKIEE

FH 3- -3 T - 1- B 3- FR R -2 T 0 - 1- T )
A & 0 ) G H A 5] B R A A o o B AR R R
B0 EI BT A AR 2 SO (gas
chromatography; Agilent 7890A) &% K J& & 11k
Kl #s (Agilent) HEAT R IANE 2. A H B AH
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i AE (Alltech EC-WAX) #A% 4 30 mx0.32 mm.
HERER 1 pL, #E¥E 85 °C 3.5 min, 150 °C 1.325 min,
200 °C 6 min.

2 & R

21 CRISPRaZE%ItEE

CRISPR ¥ i% & 4t 1 dCas9. % 5 Bi% A 1 LA
K B AT 1) S A F Y sgRNA  (single guide RNA) 41
e LB 1G], TERU S & R 3E 55 5% 5 8 RNA
AT H AR EE R 08 307 X . K kR T A0k
BEEKH  (Streptococcus pyogenes) H 2834 584814 3|
(1) dCas9 5 sk g A TRl &Rk, W g
FMEERR (CAGGGGSGGGGS) #E#2, %3N
B N 2 PCC 7942 Je AR i i A UNS T E

dCas9-Activator

H Ak i 2 %% 3K B CRISPR/Cas9 % 4 i K AR J3 5 1
Pendo WKL [E1(b)]. sgRNA FILE 5% ) &
[ (sfGFP) E:RIHE N Z A i NS T |, 435l
H £ Jitl 35 PCC 6803 ¥ 15 28 & LR Gsl11577) 1Y
J& Bl ¥ Pepe F14E il #5 PCC 6803 50S #% b & & A
L10 (S111745) F:[H ) fE 31 P18082 UK 5 ik .

X} T CRISPRa % 4t 1 [1 % S s R 7, 341
A3 AR T K T AT T R IR I SR 0 B Sox S
PCC 7942 KV RNA 5 1 o- V.5 RpoZ. o- V%
RpoA. RpoA [ N ¥ 45 #43% (N-terminal domain,
NTD) LA J% Sigma-70 [Al - RpoD, 3kf533H 5 dCas9
il 2k B FE GO9~G13. %l 45 5 B R ixX
S A S0 TR 7 R RE T H AR FE DR ) Rk R B — e
aE e R, b 2R 3E RpoZ 11 Fk GO9 1117 6 {5
SR, X IR E K GO3 (€ dCas9 5 # 5% I
B 13064 [E1(e)].

N THIESE CRISPRa & ¢ (1) 3 e B EH, DA

P18082 Pcpe
iy NSTI
’ sfGFP sgRNA SpeR
dCas9 Activator Pend
O - RNAP PCC 7942 eado
sgRNA P NSI
sgRNA KmR dCas9 Activator
. (b)
I
Gene of interest Target Site Promoter
==
(a)
5
21000 =
" 1000 £ z
g‘ 800 S 800 = <
w
3 600 § 600 - g )
& 2 i .
8 400 E g 400 5 S
5 E
g 200F #+ Y < a = ) = 200
£ £E 2 g 2 g 4 =
= 0 ) o [ - =5 175} 0
G03 G09 G10 Gll GI2 GI13 G09 G02 Gol
(©) (d)

B1 fEPCC 7942 H il & CRISPRa
(a) CRISPRa RZMAHMTTH; (b) dCas9 55 FPud K 7 13 EE P 5 Z PCC 7942 Az NS TL,  #R 5 5 A sfgfp 5 sgRNA #5 % PCC
T942HERLENS T (o) RIEA AR FHIEE T I ERR TGS S1E: (D LI sgRNA KL RNA M I F FR GO1 5 GO2 (T (E 518
Fig. 1 Configuration of CRISPRa in PCC7942
(a) Components of the CRISPRa system. (b) The expression cassette encoding dCas9 anda transcriptional activator fusion protein was inserted into
the NS1II site of PCC7942, and the report genes sfgfp and sgRNA were integrated into the NS Il site of PCC7942. (¢) The fluorescence intensities of
strains G03, G09, G10, G11, G12, and G13 with different transcriptional activators. (d) The fluorescence signal level of GO1(control strain without

sgRNA) and GO2(control strain with an off target sgRNA 106).



832 BRENE F45E

Ak J5 sgRNA Fr Bt AGGACGCCTTTGGTAACCGC
{E N L (off-target) RNA 4 4 B bk GO2 LA A diRt
2 sgRNA [ Fk GO1. &5 3 /R G09 1% A5 5
B T GOL A GO2 Bk, 15 HRGE 5
EEAWHEZEN (K 1],

2.2 CRISPRa RIS

AT T CRISPRa RGLTE H br A L5 A
AR AL s (B 20 ], RIAERIAREE 3% St ih
f7 55 TSS % 216 bp. 236 bp. 273 bp i H1. H2
FH3 A 5 PA S B % _E TSS 37 327 bp. 397bp 1)
H4 F1HS5 7 51 (£ 4). 45 R E R0 T TSS i
273~-397 bp U [ P (1) #8 & H3~HS, CRISPRa &
Gt B A — 2 MROEIER, Hh He 2 s
A BERUHSPEBS TSSOz, 5% s HA A LU s
TR BEAR; BE A H1BE RS TSS £, HbsEEH 1
FiEZEMHE [E2b)]. XL REWZ RG]
DL o 58 17 5 3 1 RS R AL A, I8 BIE0E B
] A 25 R 2R A R KR

R4 AHFICH B CRISPRa R Gi LA 15T 41
Table 4 Targeting sequences for the CRISPRa system used in

this study

A DNA 741 (53" Target Distance
TargetSites DNA Sequences(5'—3") Strand toTSS/bp

H1 ATGTAACACCGTGCGTGTTG  NT -216

H2 GAAGATCCGGCCTGCAGCCA  NT -236

H3 GGCTCGAGTCGACAGTTCAT  NT -273

H4 CTACGGAACTCTTGTGCGTA T =327

H5 GCAAAAGCTCATTTCTGAAG T -397

gl CACTCAAAGGATAGACGGGA  NT +48

22 TCCCATTGCGCTAAGCCCTA NT +960

N T #5 CRISPRa R 4t A i S 0GR, &
fITLA dCas9-RpoZ Jk PRI £ 4 PCC 7942 £ K4 |
1) rpoZ LK, B B 9 VR rpoZ BT, 45 31 B b
G19, HRNESHEEE T GO Bk, X3
Bk GO3 I 4.19 15 [W2Ce)]. Kk, kW IE
rpoZ B4 37 T CRISPRa 2 45 B0 25 R .

FATIER T dCas9 5 RpoZ @l & 2 15 i 7 1) B
A%t T CRISPRa UE RHURHIS20W . B | RpoZ fil &
7£ dCas9 [f) C ¥ (dCas9-RpoZ), ATEM & T
RpoZ fili & 7E dCas9 ) N % (RpoZ-dCas9) LA K& N

¥ A1 C % (RpoZ-dCas9-RpoZ) . X T &F — F i 2t
J7 2 AT T ASE B EE ) A7 i o 2 A Il 4
TR U1K = Folr i A 8 T 24 7 B 55 HA 38 B e A
0 O R, R O RO B R A i 2
dCas9-RpoZ [E2(d) 1.

FATIE PR T 1 5% dCas9-RpoZ ) & ik Xf T
CRISPRa 3% 2% B 152 m o FATRAR 58 FE 1 )3 3
- Pendo ¥ #t B v i FE (1) JH 3 F PI23108, 3K
3f] dCas9-RpoZ 4t (A #E B (1) R ik, 15 2] 1 #k G45
[E2(e)]. ZEHKRNEETHEZE ST GI9W
PR, R FINHREMGO3 19531145 [E2(D].

2.3 CRISPRaRZZNATFREFEESHIERMN
(/A4

AT F (1) CRISPRa 7 4 b T 15 41 i 4K
TR, IEFRRIN R R AR (isopentenol) 7E
PCC 7942 F IR G Al 7 R BE R4S 3-F JE-3- T
Jfi-1-B% C(isoprenol) F13-FE-2-T#%-1-f (prenoD),
X P 3 AT LATE Nudix 7K i Bl 8 176 FH R b R 2 R
#f BE B -4- 1§ B2 & /£ (methylerythritol phosphate,
MEP & £ ) i 7 & /& £E % B2 (isopentenyl
pyrophosphate, IPP) 1 — F JE J%& 14 5 £ % IR
(dimethylallyl diphosphate, DMAPP) 43 %l 4= i B,
PCC 7942 #1  MEP i& /&, {H & A e & BT X
A
231 FRMEEA AR R 0 R A

FATLE PCC 7942 71 5] N K W AT B K V5 4t B A%
HF =W (nucleoside triphosphatase) ) nudl 3%
o CRISPRa # [a] A7 55 A nud I 13 H4 £ 51 .
sgRNA Fl nud 48 N2 PCC 7942 YLt A i i A s
NST E, 435I Pepe 1 P18082 Bk 537k . dCas9-
RpoZ JE PRI BER & 4k K21 1 1) rpoZ BE IR 8l 4l N 2
AL NS, 73 345 2 B PR S03 #1504 [ 3(a) 1.
4 ARTE B NaHCO, 1) JC L 35 8% 77 5 o o B 8% 97
96 h, F|H qRT-PCR &Ml B A% o nud Il 1% 557K,
I e 7 A I 5 5% VR 3 R S O B ) A
(Agy) o &5 R IR 5 X B R S01 (% dCas9-RpoZ
FEH M, HEk S03 A1 S04 o nudl FZik K143 )
PEw 12,7 f5 A 13.4 45, e 0 T 1) 26 BB Y 1
[E3).(e)].
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1500

Fluorescence (OD;,)

GI19

1000

sgRNA
H3 H2 H1
- -

[EEr———]
-—
H5 H4

(a)

dCas9

RNAP

sfGFP

I
"

500 - »

HI -

0 -

G27 G28 G29 G19 G30

Pendo

Low

| e— - —
KmR dCas9 RpoZ
P18082 Pepe

RpoZ

NST
sfGFP sgRNA SpeR

1000
- H4
£ 800 |- B
8 H3 - e
3 600 iy
=1 rd
» /
2 400 |- H2 ,
2 200 ""/“',L ___________
o Hi //
ol
Gl4 GI5 Gl6 G09 GI17
(b)
dCas9
At
1500
F
(]
2 1000 |-
8
g H4 5
L =
g 500y pp H3 -
= = =3 -
(£ 9
G31 G32 G33 G34 G35
(d
PJ23108 Medium
e RpoZ
G45 KmR dCas9 RpoZ
P18082 Pcpc
NS

sfGFP sgRNA SpeR

551l (d) dCas9 5 RpoZ il & 3 15 i Fy (19 504 % T+ CRISPRa WU RUR 19 510 5

B2 CRISPRa R4iIHEAL
(a) HEARIER B FSE AL S A B R B s (b) CRISPRaFR A [F A7 s M BRI e e (5 518 s (o) Wl rpoZ BERER I G19 B BRI 5%
(e) LASEJF 3T PI23108 # # 55 J5i 2l F Pendo, 4%

dCas9-RpoZ LI TR M Mk G45; () Hkk G45 7865 914

Fig.2 Optimization of the CRISPRa system

Fluorescence (OD,,,)

1500
~ 4.19
o T
8 1000 - B 1
3 3.16
g i
2
£ 500
- |
)
0
G09  GI9
(c)
dCas9
1500
1000 -
IﬁHHS
s00 H3,” =
o2 "
- —a
0™G36 G37 G38 G39 G40
2000
2
& 1500
<)
w
2 1000
3
g
£ 500
=3
0319 G45
)]

(a)Scheme of different targeting sites for CRISPRa. (b) The fluorescence intensities of strains G09, G14, G15,G16, and G17 with different targeting
sites. (c) The fluorescence intensity of G19 strain with genetic knockout of endogenous rpoZ. (d) Effect of different orientations of the dCas9 and
RpoZ fusion on CRISPRa performance. (¢) Expression of dCas9-RpoZ was increased in G45 strain by replacing the promoter Pendo with PJ23108.

(f) The fluorescence intensity of G45 strain.

BESRERLEHANEAR

H dxs F DR 4 B £ I S0 A TR AR -5- 19 P2 G
(1-deoxy-D-xylulose 5-phosphate synthase) J& MEP
BRI (K4 ], FATFAH CRISPRa Xt
nud I R dxs 347 [F I S0, 45 2018 £k S05 A1 S06,
o1 S06 G2k rpoZ FE AL, 55 A I #E RNA # & T

2.3.2

B S07 [EI4(b) . FRATALM 13X L8 B kK nud

0 des 11 S5 KT DA S IR RE R A B 45 R oR
5 xRk S02 (5 dCas9-RpoZ i) L, Tk
S05 F1'S06 1) 57 1 J i = i i 35 4 v, Hod S06 17~
W, MR S07 I E R BN (K4 ].
Bk S05 A1 S06 [1) nud [ A1 dxs 1) 28 32 4 W 2 300
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03
S01 IS
H4 nudl 02r =
< I
0.1f
0
S0l S03 S04
S03 \ (b)
e
H4 nudl A
[=11]
=]
S 151 o
E Pl B
=
E=4
< 101
(=4
S04 N\ — 5k
Z =
@rpe?) s
H4 wud] 0—5u S03 S04
(c)
(a)

B3 CRISPRa#iif nudl
(a) sgRNA (H7 £ HA) 5 nudl FEH A E PCC 7942 FHELL S NS T, dCas9-RpoZ H PR BB 38 45 25 PCC 7942 Hh P 47 5 NS T B 5 46 9 I
rpoZ 3N, 43 W43 B B Hk S03 1804, SO01 A¥%A dCas9-RpoZ fHR [N HE B Fk; (b) HAK SO1. S03 F1.S04 15 3% 96 h Ji5 Il Fi 5 €00 52 i 6 il 1)
iER R AR R (o) WIFESO1. S03H1 S04 5597 72 h 5 nudl [ 5K F
Fig.3 Activation of nudl by CRISPRa
(a) Scheme of nudl activation by CRISPRa. The sgRNA H4 and nudl were inserted into the NS Il site. The DNA fragment encoding dCas9-RpoZ
was inserted into the NS III site or to replace endogenous rpoZ, generating strains S03 and S04, respectively. The control strain SO1 lacked dCas9-
RpoZ. (b) Isopentenol production by strains SO1, S03, and S04. Cells were cultivated for 96 h, and isopentenol in the culture supernatant was detected by

a colorimetric assay. (c) Transcriptional level of nudl in strains SO1, S03, and S04. RNA was isolated from cellscultivated for 72 h.

5802 Lk, B #k SO5 1 nudl F dxs 1) K
BT T 5.96 5 F12.14 1%, B Fk S06 H nudl Al
dxs [ 5% K23 B3R T T 7.66 155 A1 2.80 %5 1 1A
PR SO7 i BE R R B K- A I 2 [E 4D ],
Al 0k, 1% CRISPRa % 4t A~ X BE % 15y 20 ¥ 7%
AR R E, T H 8 EOE AN
Kik,
233 MAESREEARBITH T FRELAR

S S E 5 I R A4 151 9 TPP I DMAPP 1£
TS B FR A S (geranylgeranyl diphosphate
synthase, GPPS) HIfEH T4 Hi GPP, #EiM & Hk
HE MRS REERWERLED DY, Fik
GPPS A2 51 57 [ ) B G i ¥ 5% G i 42 b 1Y) O B il
[ 5Ca) . FRATHIH 257 Y CRISPR &R Gt Xt nud 1
Hl dxs BEAT 05, TR B gpps 36 DR (10 5 3% 3047 10
il . 7E PCC7942 (1) % K 41 I gpps (Synpcc7942
0776) i T — M ERMFHFE [E S ]. FAE

ZHEN T 11 TSS LA K gpps 5 R (168 06 55 0L 1 B i
Tk T —NHEEAL A (gl 5 g2, WER2), nudl F
dxs () _E 9 BRSO HA AT 5, X PR B R S12
FS13, 534 B HE RNA M2 7 # Pk S14, S12~
S14 #EK rpoz 3K [ 5(e) 1.
ARG T EIR R nudl « dxs J gpps (15
SEIKCSP DL B AR I AR K S R I B I AR R 2 R
R 5 HE R S06 AL, Pk S13 T gpps [R5 K P
BEAR T 85%, 1 B Fk S12 A1 S14 1 gpps (IR IE KT
BHH RS, FEES13 T nudl 5 dxs B3 5K
55T kR S06 A ELBEK T 25%~30%, 1H & 5%} IR
Pk SO2 LD AR & T 5.33 4541 2.09 1% [ 5(d) .
PR PR S13 1 53 0 I 7 & W X v T B ik S06,  7ED
BRI 8 RL B mmE [BS5e]. HWkSI3M
AKEAEE [ESH], aTRgL il T gpps K2
B 5 ZUA ] 110 T 30 A A AE DG IR 2% 3% R 28
oNREARN . BT REEU, RATEFH
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/ \|
OH
)\/\OPP —-nudl__, Ho/\)l\-

=
\\H_ GAP PYR DXP DMAPP Prenol/
(a)
S05
s02 X
H4 nudl dxs

Off target
sgRNA 106
S06 S07 N
rpoz) Ueo2) IR
H4 nudl dxs
(b)
10

G:8 —_ 2 nudl o G dxs
= 8 - )

0.6 £ g3
= EE

5 s 0 I % &
204 < =2
- 4+ < s

e z B '

02 = 2k 1~ o

= E . £
0 0! 0
) 505 506 507 S02 S05 S06 S07 S02  S05 S07
(©) (d)

B4 CRISPRa[Fll 0 nudl 5 dxs
(a) doxs i 5 1) J A T W -5 R 6 PGB i 16 MEEP S A2 I 38— 2P )R s (b) sgRNA (¥EAL R HA) « nudl J dxs %4 2 PCC 7942 HH kA7 £1
NSII, dCas9-RpoZ ZFIfSHHE A %2 PCC 7942 Hr A7 s NS T B e U IR rpoZ ZEBH, 43 531145 2 B 7% S05 #11S06,  S02 %45 dCas9-RpoZ ik
FXH IR VR, SO7 NEEA T BLEERNA (off target) MIEEHK: (c) Bk S02. S05. S06. SO715FF 96 h Jm Il F 5 €4 fe i A% I b 3% v vp St R 44

BEgrR: (D) BMkS02. SO5. S06. SO07357% 72 h/i nudl 5 dxs ({5 e KF
Fig. 4 Simultaneous activation of nudl and dxs by CRISPRa

(a) 1-Deoxy-D-xylulose 5-phosphate synthase encoded by dxs catalyzes the first reaction of the MEP pathway. (b)Scheme of nudl and dxs activation
by CRISPRa. The sgRNA H4, nudl , and dxs were inserted into the NS Il site. The DNA fragment encoding dCas9-RpoZ was inserted into the NS I
site or to replace endogenous rpoZ, generating strains S05 and S06, respectively. S02 (without dCas9-RpoZ) and S07 (with an off target sgRNA 106)
are the control strains. (¢) Isopentenol production by strains S02, S05, S06, and S07.Cells were cultivated for 96 h, and isopentenol in the culture

supernatant was detected by a colorimetric assay. (f) Transcriptional levels of nudl and dxs in strains S02, S05, S06, and S07. RNA was isolated from

cells cultivated for 72 h.
AR B RS I T R IR S O A . AR R Kl , 1% CRISPRa % 4t 8 8 WG nud 1 5 dxs 1 %%
Pk S13 1 5 IR A B 220 mg/L, ARECE  SROFFMA06] gpps IR 1565, KIEHERS T 2
Pk S06 A1 S02 73l 4 i 17 25 F1 17 £ [ S(e 1. W R RIGELIA .
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B5 CRISPRa [FIR IS nudl 5 dxs H 301 gpps
(a) gpps Htid 0 7 - J2 EE R IR & BT A2 B0 S RO B & I 35 438 1% LISk ; (b) gpps (Synpec7942_0776) F:[KIAE PCC 7942 3% [H 41
WA E R (o) fE S06 B bk gpps FTEEHR N T 52 I 4G 0 1 LA K gpps SRR AG %S T ML &3 7 —MEMAL SR (gl 520, 4717
FIB bk S12MIS13, S14 A% 4 T ML RNA I B FR: (d) BidkS12. S13. S14 /% S02. S067EOD,, 414 0.7 8 gpps+ nudl # dxs 11155 5
KT () HHRS06. S12. S1355 S14 8577 4~8 K FI H B € S S ) L3l vh 5 R & & s (D) PP AR BB bk WT 5802, S06. S12.
S13. SI4WkMIAEK L (g) WHkS02. S06 5 S131E OD,, 24y 2.0 I I A0M 2 1% hor I 55 77 _E38 W b e I 0 B 1) 5 o
Fig. 5 Simultaneous activation of nudl and dxs and repression of gpps by CRISPRa

(a) gpps catalyzes a key competing reaction for isopentenol biosynthesis; (b) Location of the gpps gene and the targeting sites gl and g2 on the PCC
7942 genome; (c) The gl and g2 sites of gpps in strain S06 were targeted, generating strains S12 and S13, respectively. S14 (with an off target
sgRNA 106) is a control strain. (d) Transcriptional levels of gpps, nudl and dxs in strains S02, S06, S12, S13, and S14. RNA was isolated from cells

grown to OD_;,

colorimetric assay. (f) Isopentenol production by strains S02, S06, and S13. Culture supernatants were collected at OD

isopentenol was detected by gas chromatography.

3 RMEiHHE

ARHFFE LA AR B AR . e E IR A
TR B —— W4 N TR %, FFR T CRISPR
WS RS, R &5 S 30 T K8 sgRNA, ¥
dCas9 5 2 MARFEI S E R PRl & RiE, RIL
RpoZ & B 1 e S s R - o 3 i @ ik 9 U rpoZ
B[R i B DL K dCas9-RpoZ #E i) £7 i Al Ak 5 2 A 4
9%, %1% CRISPRa R4 #EAT T4k . FIH @Y
CRISPRa & 4t X 5 AL W ok —— 53 G B 10 &
HOSBHAT T TREMUE, %A SRR S S A
MR 2RI . 22 FE IR B4 [ AR 380 DA R A [A] 32 IR 4 )
I TG AR, MR B R T 08 A R R I I ()
B R T ZR GRS E RO T £ 5L RAR
WA, A ERNERE A TR T
HIA T A,

Br AR RN H BASE, 1% CRISPRa &4 7
— AN LE N 3 i i 7 gRNA S, H i 5 A0 i
DR 2H R P R DR SR A PR B S, AT Dh R SRS
HIB AL T i%  (gain-of-function screening), HT#24
BRI AP C AR A SN, et Ak,
SR 52 PR RN A 2 AR PR R DG R SR R 2 . TR Z R
5 BA1% CRISPRa £ 4o 75 ik K 41 J5 A 428 B ks
K321k . #7 CRISPRa &, il it iT IR
LD AH 22 TN I RS SO F2 88, IX & CRISPRaF A
55 4E CRISPR () 3 R 8 4% 43 AR A EL 8L () — KA 34 o
W 2L 50 470 2 P (9 CRISPRa SCJE OV #ai B, ¥t
T IhRESRA IR, Wi Z5HLHI0F 7T, SRifT, 40
T 7 1) CRISPRa S 1 A 4 1R

H 1 R 15 K AT B 4 /0 B0 LR R X 4 1 4

of about 0.7. (e) Isopentenol production by strains S02, S06, S13, and S14. Isopentenol in the culture supernatant was detected by a

of about 2.0, and

730

3L [ CRISPRa#i A, AW 5T AT DL HoAth A5 0 B ik
o CRISPRa RS IT KL AR . X T RG b #
BRI, ARET F BN TN RNA RS
Filg IV 345 . N T $71% CRISPRa £ 45 [ 0E SUR
e EEN B 22 00 0 2 A P IR BSOS MR PR i B TR
dCas9 LLAM g Hofl CRISPR & 1 (EL i dCpfl), iE
2 H bR R R 2 R R A S, S5 AR
15 B2 M S5 S A S S (R T

& £ X W
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