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Abstract: As a model industrial host and an important generally recognized as safe microorganism, Bacillus subtilis
has been used for a wide range of applications such as the industrial production of enzymes and nutraceuticals. In
recent years, with the elucidation of the genetic regulation mechanism of B. subtilis, various research strategies and
technologies have been designed and developed with this chassis, including gene editing, gene circuits, spatial
biomolecular scaffold and cell-free expression systems. In this review, we start with systematic summaries on the
construction of B. subtilis chassis based on gene editing systems and endogenous regulatory mechanisms. Then
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hyaluronic acid and B-cyclodextrin glycosyltransferase. Finally, prospects for the design, construction and applications

of engineered B. subtilis strains are commented, with an emphasis on improving genome editing efficiency, expanding

responsive metabolite spectrum for genetic circuits, and rewiring the whole genome.

Key words: Bacillus subtilis; chassis cell; reduced genome; gene circuit; gene editing

GAED RN TRENEM RS T
B, ihELY. BPEZ2 TR AE,
F 2@ I DNA & e AU a3 A% 1 20 2% A 2 ] [l
P& (1) Ve TEAE 7 TR A R AR R A, BE
LEMEF MM AEYERA ", G TEEE
e Ak 0 EE G A 4 AU I 2% ok 1 5 H bR 7 4 1)
A B T A B A R I AR AR A N EE G
AR, JE RN, R ST 8
feofis . EAECR, BT A A TR
WLEREAWENMAEYREARC LY 2
L T AR 7 Bl R SR e B INE A L R TR
T REVR A AE A L B

VB D — Pl B 78 1 4 22 P BH PR 4 o A A ST
WA A=Y, B F AT # (Bacillus subtilis)  F

EoE S R AN N (R - S i AR D WS
WY B Y e o ME AR R, JF B — A
GRAS (generally recognized as safe) 2% & /b % 4=
16 F B, fEDIREE FF an . R 404k 5 F0 i )
e B Z R M. R, BT KB
FF ( Escherichia coli) , B. subtilis & % 41} 1)
TFFREAAEBRHE MGG Bk, B
AV R 1Y B. subtilis Ji$ 4% 40 i B A = Z 1R}
RSN A SCEE X E AR B
subtilis J& 5% 44 MO LT AR B SR B AT T R &
gt (R 1D, FFiEd oA~ 005480
N1 B. subtilis & A% 40 M 1) S bR B B S X B
subtilis JIE 55 41 L0 K e a3k 4T TR EE .

1 B subtilis IRALAN A 8 5 15

Tab.1 Methods for the construction of chassis cell in B. subtilis

eyl [ESEWRPS iReitk SCHR
2 K] 25 AL 1L R P 0 TR ] e 3 A g S 2 Al i ) AL 7 0 T [6]
CRISPR/Cas9iEfRALE LTIk s FEAL ML RN , 36 G it AT 28 [7]

CRISPR-Cas9 T. H
CAMERS-B #%;

S DR R85 2 i R g N I 3 A il
A BT crRNA [ 471 2 3 2 PR 2 8 LR 4%

(8]
[

PR R P I BT R 20 i A K S B P R S B T [10]
Bl B A HT T3 SR P AN B (KR b4 [0 R 7 3 R R 2R (A [11]
DNA 3% TS DNA SCHER T A7 B 11 2% 7 L 5 0 J7 1r) [12]
RNA 24 i RNA S48 545 VB A 45 4 I Sl S0 (R ) 3R i [13]
PR 22 ] S 4 i FMMs 75 (1] 3 3804 3 FMMs-Z i 5 6 R 5 [14]
TN E R E R 5% LS5 DNA SR, I F 40 2R , 7T AE AR b 43K B 1 R [15]
E S Eg S elmSHEF 5 T GIeN6P Wi J37 1] K AR glmS KM FF % [16]

FeA &R AL A s

T T A U L A U5 T 100 O T i 8] 2 a2k e 422 v

BT AW s L CRISPR A& Rk K] 1] % 1) AR AL B B 28 1 A0 A 1 4%

[17]

ADCH% (autonomous dual control, ADC) & 4t (18]
WIEHEE RS Sec HiRME I G Sec 7R MbIEAT , R i IR AR E1 1 20 [19-20]
JEZUNRIVE N 3 R B B, BhAS T 9 AH G BE R 1 0k [21-22]
IMERINERRR I B R R L RNA 5 % mRNA HAMICK, R FEH %5 [23]
T oy AT LI AR it 3t 2 g A BELIEL 1 A 4 P T I g o) P 22 Aol s [24]
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1 FETFILHYEEM B. subtilis k&40

1.1 BERAERLEKR

AR, de/N3E AL W 50 iR 7 AATTX B.
subtilis 40 0 Iy B8 I A= aw dEAC R AR N . 2R T
$e /N i TR 2B 1 JEC A A4 36 i R e A 5 4 R ) R AR
R, A —w REAKR. Pudsm s
AR Bk, 7 EE PR R b B subtilis B R
4, RBRIELFREBEM T, CAFRERYA
I 2B, $R% B. subtilis %T JE& ) A BE & 1) ] 2%
LA K 20 i 35 A e M RN AR B 3 R O R o
18 FAE 9 A 7= R AR = W B R ik S5 5 AR 1 3
MEEA. EdX+2458, AR R H
[ 5 B 4 4 R ¥ B. subtilis R0 A AE L R,
H L N3R5 7 — R4 B. subtilis 5 R 41 {7 A6 B Ak
Westers 25 0 3@ 3 B B5: B. subtilis FE R 4H F 5N
RIX 3k (SPB. PBSX. prol. pro6. skin) Flpksi
WIFIXHR, RET —ADED77% KR4 M B
subtilis A6 FRAZKE, A1 LLHF 2E 7Y B. subtilis 168, B.
subtilis A6 )20 Bl 32 B4 3% A B B 1 48 4k . Takuya
E R B URE WS R I N NI N
MGB469 H i Bx 7 11 A~ K B 7E 11~195 kb [ 7] 43
BCIX I8, 7T —HRELK 874 kb (20%) FEK 751
) 2 PR 25 15 4k B Kk B. subtilis MGB874. 5 3 X 14
FEAILL, MGB874 7F LB £ 37 3t i 5 AR E bk B
FRBL A= K g . (EFERRIE A 77 T, MGB874 B
WERABRSMNEZFENAZR. A0S, KBHT
ok A 4 R WG R E B R R R (pHYS237 Al
pHP237-K16) %1k F| MGB874 Itk J&i » 15 Fh g 11
WA B LR A T RR LT SR 2.5 f . BESEA
Gk — Dl e S A BT I, MGB874 B Ik
DRl 2 0K I S R AR TE FR BUE KO R R 2 B 4
BN EEKNBE B EL., REMAEEX
ol 2 2H I 1 2 2 B R DRI 2K 5 RS 1 R S 4R P R
TER, G E R i A B R R 33,
{H MGB874 & #h i N\ Ae s J1 5 25 D] 2 ik 1 4%t B
A, M AT DA R M A AT 4 2R R B I
Ve, BT IR T H e TR B. subtilis
AL . T TSR AR i, RE R
ThBEA5 2 R0 Ll 35 R 20 2% 75 25 51 O\ A B s R o

2%, DA A AT U 4R L, RTON B. subtilis JE A
R T A S R B

BRI, 295" R TR M B EOR B2 M T
B. subtilis 168 J& K 2H L 1) 4 NGB K X 3K (prol ~
6+ spB~ skin. PBSX). 2 /N#: T X3k (pps.
pks) VA SR RIZH BB 4y AR 4 R B Rl (pexB-
sipU.  yisB-yitD. pdp-rocR .
yvaJ. ydeK-ydiC~ IytH-yurT~ sboA-ywhH) , 3K413
T ZRBHRG 2 BE AN (R 1) 2 R 4 7 A v Pk . E U
Beml b, DAAC R M I DR A AL R BRAE R RS,
A Gl N E H AR =W B & ez e, w] LSRG A
ANFEAR U F= W0 B. subtilis JIGFLAM AL than, 5IA
acoA bdhA FERGRRRAE, 5 [FSEAE M )X HR R
PRAR L, 25 DR AL fi A0 T AR ™ AR IR I 7= B A4S R
B i s R T AL B PR BSK756. BSK814 1t
KBk BSF1 W, @B purd 2, I R I8 prs.
purF Ml guaB 3£ K], B ¥k BSK814G2 ) & = &1k
F 1152 mg/L, ZXF MR 4.4 1% DL AL B A
BSK756 A R, I & B R K i,
b tdk SR, 1 3RIK prs ushA thyA. dut Rl ndk 5
[Al, B bk BSK756T3 I i 4 7 &k £ 151.2 mg/L,
FHEC B AR T T RRBG n 7 5.2 £ . AR T AL R AR
BSR563 1) 5L 4 b, i RIE purF B2 R pur 1% 18 3
HY\T, K13 T BSRS63RS W tk, 5 X I Btk
BSRORS AL, #8197 BN 7 77%. i,
5 5 DR 41 1] 40 B AR (0 B il b, 50 NRR 8 T ) i
A, W LARy A R AR P Y B
subtilis JE AL A o

yrkS-yraK.  yybP-

1.2 CRISPRERERAR

IS A% Gt Cre/loxP %5 [F] Y 2 20 7 A= (1% Ji R 4H ook
R BRI T S R RN, JF HAE KRR E
g, FEREAHLESE T —BAMEDNA R, XAE
—EFEE LW T B. subtilis 15 € fi K % 75 THI (1) L
Mo HT 1Al RR R [nl SCE S 51 (clustered regularly
interspaced short palindromic repeat sequences,
CRISPR) )3 P 9 48 T H. /2 H Tl fie 52 XK 30 Y — Fh
E R gmiEH A, FIH CRISPR £ A AT LAl A 4 idk
A7 28 HE TR RS Wl 4 48 R 7 . CRISPR 2 M 4 4 R
it 51 5 RNA (sgRNA) 55 Cas & [ (1
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Cas9. Cpfl &) &7 B ¥EIE K7 &, B S5 Cas 82
A5 FE R 4 0 4 5 7 056 DNA 34T V1%, 38 5 DNA
SUBE W %4 (double strand break, DSB), fF [&] 5 4
€ A& E  (homology-directed repair, HDR) il 7%
Hh I e R R R R E B I B gl AR, A
17 52 B 366 DR PR e B A N BRZR AR, X Bl v e IR
TH g RBEEHAMA L, 7 LLTE E coli M1 B.
subtilis %5 155 2 B Ak 77 2E JC 4b JR DNA JR 328 1) 298
BN

FIH CRISPR 4w oA, W7 i@t &1t 2
il sgRNA [ I 52 457 1] 22 78 6 A~ AN (7] 1) $E 5 [K 47 5
AT R g, AR ROR 2% 21 90% A4 . itk
hb, BZREEIEH (dCasfFEH) 5 CRISPR &
1B Ty i 5 R e G mT DA S BT A R PR ) e S
TR VR B, [, CRISPRIX M4 5+ A N
BT AL 2 B, subtilis KB AR AL T — AN 2010
FRATHE, B LX) B. subtilis FE R 4H b i AT & 3
HEAT g R B 4%
1.2.1 CRISPR/Cas & B % %% % 4

R B CRISPR/Cas9 % 4t nl LA i % B.
subtilis I RN 2H K BE,  H CRISPR 4t (1) i 41 2%
LA 75 i ok R R B R ARG o D B v 2 IR i
BRIGACE, So % i il K ¥ 5L [K] ppsd Fl ppsE [
sgRNA W if /£ — 2 , " Bl ff pps # 9 +
(ppsABCDE) 1 N i 1 C %7 #5 7= 4= DSB, 5 5
CRISPR/Cas9 /1 3 [ 5 K 41 K 7 B i b 1) 380 % 42 7
£16.7%, MIET REFERICRS D 8 pps
BT HRBE (64%) Him. NiE—HiRE
pps BT IR BR A%, WFRN M E T e s
Cas t5 H (SpCas9) A1 ¥ 1] 2 [K sgRNA ] i1 KL
pHCas9 DA J2 415 fiE 1A DNA R () 57 FL pBOA 4 i
% R4, ¥ pHCas9 Al pBOA % N B. subtilis
168 /1] PL = 2 £ 52 1Y) SpCas9/sgRNA #% 1E N ) I
SEY, ERAAE Y INERE S FKEEEE,
S “RE” AR X, ff DSB KA TE bR
X o b, B30 A P R R R R B R, B
ZAf pps BT IR R R A2 5 2 80% . AN, N
FH X 3k A 2R G348 mT DA 5 AT R ok 280 26 1y 1A
100%, i £ R AR RIE ) 68%, LA K A IR Fg N
M EITEF] 97%. X T 518 iF pHCas9 Al pBOA H
MNMRA A ENIERRG, A8 T &% %E B

subtilis TR 2H 1) & FhEE ] .
1.2.2  CRISPRa/CRISPRi & Hif# 4 %

H AT & F RNA S5 KA T H, W
I AZBEIF 56 B2, U RNA (asRNAs) BV B HiAh
JE4m IS RNA (sRNAs) B T 5242 58 (1 1 45 /4 31
LRSI B R R IE, (HE2XE T AAE—CMRE
PBRPE. Ebtun, A% WS T G 7 B0 5 IR B
A BEAT B & & asRNAs 75 B 57 1% K& 10 N 5
PRI RNA, IX F i 1ok 72 75 2266 2% K& ],
AT PR fit) 7 AR U T R 38 A O A v P B
Iff /£ CRISPRa/CRISPRi &4+ (1), #REE X
%l (dCas Z 1) AVIEIDNA, 1 &5 ¥ B s
WA, TR RNA-E AR S99 5] 5 255
DR F 5 SR RE AR A7 A (TSS) DL LA 5% B9,
7 ZERNA (scRNA) 454, scRNA & —Fh & ifi
1] gRNA, B2 b5 58 /7 51 X 4 i3 RNA &K, ‘&)
DL 5 4 e i W0nE T 7 B0 S e SR R R A, AT
RNA- 2 [ it & & W 7E TSS {7 s 0 48 5 F 1
L2

CRISPRa CRISPRI repression domain

dCas9 H e
Cﬂm%;a SgRNA

RNA-protein complex —
TSS - TSIS_‘
Bl1 CRISPRa/CRISPRi % 4t % % Wi A ] (1 75 =
Fig. 1 Transcriptional activation and inhibition by the
CRISPRa/CRISPRi system

activator

dCas9 ¢ .
()ﬁﬂ%;% seRNA

RNA-protein complex ,1.

(1) CRISPR-Cas9 T.H.f [Bf# CRISPR #i A
(AT & &, CRISPR/Cas9 R4 CL ik I T2 R K i
gRER AT G, BilT, WestbrookZE ™ 1k T H T
B. subtilis 3 [X % #5 1) CRISPR-Cas9 T. F. {1, W] 5L
IR ) R DR R B B DRI RN o 4 6 TR 4
PRI L DR e e ik . O, BRARANRBIR T T
FOEBEARAC H T gRNA B S AL 8 R SE I = g
MEF, ZREFRAESERNAREIGET, B
FH 25 DR i B ARG e M R AR ) R R N . B
F 78 A\ 538 i Biobrick 3 vkl E T — 4N £
gRNA LB H A,  #E [F] B 9 45 255 K 2L ¥E AR amyE F
ugtP; #Ji, WEFLN 0K gCas L 8 i 5 dCas9 —
EEH T H T, B 7 A 2 -B-D-i AR LA ik g
WEFE (IPTG) i S lacZ 3L R #E4 5 ugtP 5 [N
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WIS ANE S FRIL dCas9 5, LI T lacZ [ 540
il o IX T 58 ¥ i 19 CRISPR-Cas9 T H 414 B.
subtilis 2 e R g 4R it 1 — MR TR, mTRLM
FH 2| B. subtilis RS RE H

(2) CAMERS-B %4t CRISPR/Cas % %t i Fl
M1 Cas9 # F141, 3] LA Cpfl & [ #EAT 2 A
. Cpfl & A 7] LK §7 #4& CRISPR RNA  (pre-
crRNA) T34 1 crRNA, I H AN 2 50
7% crRNA (tracrRNA) , I, 7Rl k&
crRNA B 1) S JL 22 ik R 4 4 AT R 4% 70 i, Wu
55 P I Bt orRNA FEFIAE B. subtilis T T —
fift 2 - CRISPR/Cpf1 ) 2 2 [K] 2 45 A1 4% 5% 1 4% &
4t (CAMERS-B), AMLATLASKIL B. subtilis H 05
PRl . 2 R RAR BB R RN, 38 W] BLX 2 A4
HE D HEAT B AR A0S . G, BRFE N R B
T — " SOMACA
assembly of crRNA aArray) J775K4H%E crRNA, ¥
crRNA [ 51 M1 [F] Y542 SRR S 31 perF 11 FURLH
[ B, K kIR T Francisella novicidaU112 [¥] Cpfl
FSKJE T Natronobacterium gregoryi 1] Argonaute 55
H (NgAgo) RAAE—E 5] NF|B. subtilis F1 E. coli
AR R pHTO1 b, # 3 1 wl J 1 2 5 [N 4 4
) pHT-XCR6 Jii Ko #xJ&, 1L B. subrtilis 4F 2 7
fofe-gs)oes CaprE. eprv nprE. bpr. mpr
nprB) WAE T iZ RS £ HILR AR ROR, AT L
SEHL B. subtilis FORIE R FFR . 2 R0 R AR R IE A
N o D[R] S B S A A0S D RE, BEST A
Rt — B ¥ B B, subtilis 1128 1% 5% B0 IR 7
(AbrB. ComA. MalR. ManR. RemA Fl Spo0OA) .
B. subtilis RNA 5 & Wi W. 5 (RpoE Ml RpoZ) . E.
coli K Y5 1 % 5% [ ¥ SoxS LA} B. subtilis W B 14
phi29 1) P4 25 (175 Y I 10 PR 85 1, 49 il il
F dCpf1 1 C ¥y, FAE A5 31 P R KB
Y6 H H sYFP2. mKate2 fl mTagBFP2, LAt bk
E A2 EERRER 1. 4R KHL, dCpfl il
& RemA W OGS I, B, A HH
crRNA [E%1, i3t — P UEst | dCpfl-RemA it & 85 A
HAG [E] i 30461 A0S B. subtilis 22 4~ FE IR ) RE
B Jh, K% CAMERS-B £ 4i HI T 4% N- 2 1t 2 5
W FE (N-acetylglucosamine, GIlcNAc) Fl ZAHUH K

(synthetic oligos mediated

A IERE. 7E GleNAe & HUSFEH, ¥ gmty 6-f g
R ] BE £ R B 1K B ] GNAL B 5 B B.
subtilis 168 BRI 40, F¢AH FH 38 8 3 7 P, & e 9w
15 GleN-6-T 2 4 il 1 22 (K] glmS 1) Ja 2 1 FA% il [X
B, AT WGN2 Wbk . fE kA B, R
CAMERS-B £ 4ttt — & i@ GleNAc [ 73 il AR 1 ik
(nagA- nagB. nagPflgamA) VLA FLER A
LR FEN (Idh A pta) , GleNAc 7= &3 7
1.51 1%, i&%)2195 mg/L. H4k, 1€ ARG R
e, R A AR AR R AR I EE ] (bdhA F
acoA) VLI B P FLER AN L BRI 3L KL (ldh A
pta) VEREEFANGI AR, & L BWE RS
R AR BE N alsSD B Fo i s 0E R 1 1) B: (K] alsR
VE R S WS I bR o 38 I A BT X bdhA L acoA
ldh. pta Fl alsR ] c'RNA FE %1, S8l T CAMERS-
B R Gt {E ARG O 58 47 Hh 1) e i 40 o) R I8
W M B = &4 m T 44.8% , 14
25.8g/L. BIt, CAMERS-B ZZAMY EA T
1% B. subtilis "E 7" 2 Bl E TR E TS 77, 14 B.
subtilis ) Jk D5 4 9 % AR TR s 4 4 1 —
AR T A,

1.3 ERPETESEERDIERZT

1.3.1  AKREF T

TE A AR P 5 v A A 75 AN 6] 0 R T oo AR AR
TR B e s RN B R B, DLIRR R R B
MRIE. F, BT RS &AM (RBS).
SD 5 51| F 28 15 7 S5 B AR 35 o2k B A Ak A 1 5 A
KERNMEAREWIER. b, Bl FR2kE
e ARIA I E BB AE Y, W] LA B. subtilis
(5 R AT AR FE B R T (R 2). B, Song
2 USRI B, subtilis PUURYE SR 2T (324 AT LA
e B APy B bR, REAE R B A KT
(BEE. SR SFapEKme=yx
e BTN R AR B subtilis T VR
F. REEAMASESEAEARENESD
BT, ULe b E A GFP NI &, &1l
PR, mERE O S, BRI EE)TAE
BB THR TP, B8 FRIGRE . 451K
B, KZWHRMEBERE IR 2R E
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POGTE T, JF HIRE BT P,,, K& MR & A -
LA EF G A o U K0 8 () 35 PR A BE P, 20 X R A
VG e RE G . o, BROLALEE A oo
4N, 3] LA A AGAS R B8 5 o fF, A
E 3 S B R BCER KRR KT b SR ) T R R Y R
ik. Hln, Guizious " I A AL G 30§ RBS

F SsrA B B AR 2 SO, Mg T — AU
(%L B AE 80, # GFP IR IX /KT R T4
14 000 {5 I sh A6 H, GFP K JE M 0.05 umol/L |
700 umol/L #5# AN &K . Kk, FIHIXARIE
BAE R IG, BT LA AR FE HOR T B, subtilis 1R &
1 EA R BRI R0

R2 B subtilis XIE R G H AR BT

Tab.2 Common promoters for the B. subtilis expression system

ER FAY e SCHR
P, YL B B. subtilis ' cdd 3£ K (¥ 3 )7, B RREEE mn AR I B T [38]
Prparr H KR Staphylococcus aureus H 1 E 4K pUB110 [39]
P 21 7 N AR XS BT JE B 505 A P, 1 13 £i% [40]
P, ARt IPTG %, t lac B9\ T F1 groESL )& 51T Bl5 1M i [41]
P, FHGH ZAEE T, B2 AR [42]
Pt 7 XSS [43]
P Fe ZH g S [44]
P, it TR GRS [45]
P, At SEVERE T, TT LARBURR 2 AR A L& 1 5 3h [46]
P, At SEIREE R TRV A BB Z R [47]
P, e IR GG R L AT VRSO IR S [48]
P, B R S 2 TEXT BRI [49]
P, B U 5 TEXHL b 5 SRR [50]
P, B U 5 TEXHUR WA B [51]
P, I 1Ry S 2 TERR S SRR [52]
P,..p SR7A R T R [53]
P, e 1E E.coli-B. subtilis F1S. cerevisiae ¥4 i 71/ % Ja sh T [54]

132 =R XER

(1D IRSCH Ry T1F A (5 B 8
WHREAERZHSA, Win, @FiEEA (zine-
ZFP) B 3K ¥ 3 WiE B 7
(transcription activator-like effectors, TALEs) HJ#%
R 25 & 45 kg, AT DL 4 DNA/RNA- 2 F 5T 9 AH
BAERT, %R 7y 6 HE W] 4T B Y A i 6 i B
BN IR TR, T T A R RE T G
M =4 aify . B, AR T 3 RAER
AR, AARE Iy ik, i,
LA T BRI R RE, B A R R 14
PURZIII “MBE” B, fEGME T, T
273 7RI DNA SCHE 5 MIRNA SCAE B 432
FH T T #2122 DL =% s A Bl 1) L A3 A e
e B RHEAL R R BN TR ER R ER,
s AR R R

finger protein,

DNA X3 H T BAM M S mAHEE—M AR
I BE R R RS, B AR L A R
AT DL il A B A% AR DG A2 I I AR 1 a2 Y
Bl Wi, Liu %™ F| B DNA 32 42 %t B. subtilis
GIeNAc & R A% W A 5 B 14 47 g 1) 225 TR gIm S A1
gnal 72510 FAZ R 1 0 2 B LRl iR AT A 2R Ak s
AE A 2% 38 i 3 9 B g 12 1 ) B IR E AR AR A, A
GlcNAc i P2 2 m £ 455 g/L. X ATRERA | T
DNA AR T i@ A Mg £ 18] ERAH AR, 4%
il 7 A AR 0B ROREE, AN T B AR
W= R

RNA 3228 J& — Ff N T A B HE 9 15 RNA 43
T, BB X RN AT A B, AT &
T B A S R R AE R3S PR 4 A 38, DL 5542 38 7%
SRR S T R R AR A A AR Bt
7f CRISPRa-CRISPRi % [K 4i 48 R 4ih, #t/e it
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BT & IE B RNA ST, Af S50 b A o 44 3 53 4R AH
L e S R, TR RNA-EE H R E G851
) B 53 B U A R AU A ) R R R A s
A, BT RIET E. coli ] MicC sRNA 37 28 R,
() R &5 K TT LA R BE It mRNA #H3%, [RI I MicC
sRNA 32 B8 7l DL i 45 & Hfq &5 5 3 I 410 i) 2%
et JET I, Liugg K RNA SCAE M T
B. subtilis GIcNAc & RC& 42 Mg ) i 4% b, 8 st
anti-pfk SRNA Fl anti-glmM sSRNA 5 Hfq 3L &1k, #E
RAM ] GleNAc & 5% 5+ 318 4% Hh W% 9% figd AR SR 0 &
BRASE R G M, B2 41 i GIeNAc 7™ 1L 51 2.0 g /g
(LTFg9ifE ). Bk, BB H T B
subtilis TR T 38 4% By 1) B ) Bl S R R
G TS RO R Rk T, B
AR K AR 28]

(2) FET IR EROR M N EME SRS 5 |
T I 7 8] 5 R4 2 g AR vtk BN
25 Ty it A A S AE B 5] AR R AR E
R, an SR 40 B & 2R, Bt A
AR AR /N L A I R AR E ) = 4 R SRR
BEAT IR AR B 25 (A) A0 2%, T DUIRE G 41 A4 £ 4H
£ B. subtilis P, ) B¢ B 3 #  (functional
membrane microdomains, FMMs) A7 1E i i i &
A XA, H FMMs 1] DL 5 85 B A 1) 58 451
& ik, Lv& ORI FMMs B RGT E 2
FarEt, W LAF AR 28 A0 Bl 0 A U 2 TR) SO
ST, WEFCN G UL B. subtilis & % GleNAc A,
ol T %R E A &R R MR 45 K 18 -SPFH
(stomatin-prohibitin-flotillin-HfIC/K)
GleNAc & T # & 28 (GNAL, GlmS, Pgifll
YqaB) VA 5E #E FMMs %% 8] 32 %2 |- 35 B FMMs-
ZMEEGMAESR, KN ZRAGWTUREFERS
GleNAc [/ & ", gt — B e & R AL Az ) %
AT RDL, GleNAc ™ & 32 i 1 L 2 5 K & FMMs-
LW AW RS IAFAE ] LU R 2B B IR
YiEag, RGN 3 B A R . A, B
FN LRI FMMs- % g 5 54 R G AL AT DLE
EREreYR s, 1M H % SPFH domain Kk &
OGN, R T i 4040 L F) 2R AR A DA B TR R Y
Zfift, 1RV REAE KN SPFH domain 15 154 F+
FMMs &5 #4) (98452, 1T FMMs f) e e T AT DL 5 40

domain ¥

XS Ak A 45 P 3 I
133 AHAw=%

H IR [a] B 2l % v B 0E AR I 4 oA
A8 240 it S S b ()RR P BUAE S o TR AR, AT
H 242 Hil AR 48 EAR DG R [ R0k 1l aE AR
K, FETIERCAR I WAL RS T2 T Eh A
TP AR A DG B R Rk e
Niu 5 "' o o i K 28 & 5L &) OB -6- i IR
(GIeN6P) Wi . [¥] glmS 1% ¥ I 5 Je o9& 4k, 7]
PAZ) 25 2 ] GIeNAc B Jil 58 4 ik A% o W% I fige A ik 5
B A5 B AR W &, B2 T B subtilis
GleNAc /=& . Bk, R ARG op 21k L
A ROBE TR glmS B HE I L B R A wiIAE . 2R )5,
BT T glmSHZHETF KA R HL 98 ok, A 6 AR 4§
o 2 BAN [R) P& B ) S A 40 ) RS o« B, R
GIeN6P {E N BCAE, N4 A1k IR 2 glmS %M T 5%
B8 O-TAF TR K W U I 25 TR ol R Tl TR ) T i 72 67 il
B[R glmM 1)'5° -3, w] LAy ) 2 2 400 1) 4 1% e A
RSB A5 BRI AR TG s R, ¥ glmS A% BE T
KRBEMS (gimSEBGEVIFEIN FLAG—-GG) ®&
2 ] % B -6- TR IR S M Bl HE ] pgi 1K 57 -3, W BLB))
AR GleNAc & IS & HIiE P, & 2% GIeNAc
£ B. subtilis 10 77 B M\ 9.24 /L 41 7 & 18.45g/L.
B, T 2 AN S B AS Y ] AR GIeNG6P i B
MIRIERFRIE, AT LLFE GleNAc & g% . IR
R A5 R A% RIHE T AR R 12 2 TR SE AR P g, O
HAEBA B =YL T 325 GleNAc 77 & .

EAFERIAE, DA S R A P 16 K3 K
Z JEH TAE 4 DNA Joff, PABUASREAEAE K41
M Hil. Deng %5 "7 LL2" -1 SEMEFEFLBE (27 -
FL) N EARF=Yr, 5T oAk e il B 25 4 (10 3% i A
1E B. subtilis P ¥ T — FlpA 9 U3 g 25 DR 3R A 1
R, TSR -FLKA K. B%, R
N GRUE B 7 BE AR - g 1L B 5 38 AR 1) 45 A T DA
558 A& HAMOXUEE DNA IfRIE. R5, M8 T
T B 5 R 3Rk YR 2 [ i, 4 FH b R 366 R o
1B 25 & DNA @& R0/ (TDC) LA T
252 R R gk I B 45 & RNA & R 4% 0 4F (TRO),
AL LA Fik 5 3 (K] e GFP 11 3% 35 3 4% 1l 76 0.084 ~
48115, ‘o, MAZAERS, W& LA
2’ -FL & A op s B [ fkp N furC (R 0E, I
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THERpwR MRIELE, FH2-FLI™EMN
24.7Tmg/L 3 N %] 674mg/L.

SR, [ I S AR U ASE B 1) 2 25 R 1 A Bk
VRN A EA AR T G EORBE K . i, Wu
8 TR B, subtilis PR IRREE T — AN BT AEM ML
J&ZE . CRISPR A B ] [B] i AR AR =30 & H
W HE 5 (autonomous dual control, ADC) %
gt, IR T GIeNAc & ok 6 A8 R 2%
etk s . Bk, FIH B. subtilis 5 2 HEH
%1 W o fR AR A 0% 1) % R 7 GamR 1R AL,
Wevh 1 ] DA BB P 6~ R 2 HE A AT (GIeN6P)
() A DA RS o B S I8 R A A IR A S T
CRISPRi &% “IE” [1HHAT# G, ME—FTTF
AR BRI EBE K ERE T IEE
ADC £4¢, FHAE M A% R80T 7 10
REIGAE . ARG R Z RGEME T — A 5 [
e, KR 30 A 0E GleNAc £ B 42 A 5 25 30 ]
HEFERIANTFERE HERARE. BERIKFEE
R TERE A IR 1R o 512 I 1 11 15 1 1 42 1
T, 4L GleN6P H LA SR i, 2 € i3 GleN6P
it 11 GleNAc & i At Rl 20k ik 58 4 %45 7
AEGGAAE R, AT E— 25 38 I A) GIeN6P fr X i
it o 8 2H A% AN [ R R IR WO A S AR
R ASEPL T GleNAc & BRI 3h 45 7 5 5 i i 4%
GlIcNAc [ P57 1 18.3 g/L 4 = 2] 7 28.0 g/L;
WeJa, TE 15 LR FRGE T2 S st e 6 110 e ek ik
177 A, RN R 4R BE GIeNAc 7~ Bk 3] T
131.6 g/Lo X B 3R 5154 75 BATAT 4345 ]
K, A A FH 5 5 43 T B Ok TR B R AR A
T HLB& 1) 77 4 A5 555 8] [ 2% vT DA Je & HLAh il A
W R g A2 1 AR AL

1.4 FHREARERS

o4 R B R E R G (cell-free protein
synthesis, CFPS), & —FAHX fil A KL RGNS
TP IE RSt B2 LLAME mRNA 50 DNA Jy i
B, FHEZ A Z AR R, BN
B2 RNA & BRI e &84 o1 55 ok 0k 8 1 s
AR RS (K2). FIATHREARER
g, ATLVRmEEG RS, En] BB A

JERRAER, ERIIREERREAR ™, R
BTG R Gud i i & 7 R R R B T — sy
E Y H X SR 5K 4 SR TR E. coli TAH R R
G esk B, TR B. subtilis T A0 R S8 K iR GE
b o VBN M EER GRASHERAY), B. subtilis
TCAH L R GE T R T RE B IE 1) AR 2
GHRAEYFEM TN AEYWHERBH. i, B
subtilis V4% JTCAF ) A I R G AE SR N T4 &
A R FE U R %, 3t 2 56 To gl M R AE K AR
AR S B R PeE kAL, AT A B T AE
P AT B & BT s

l' ‘
'i
temp]atcn ---------------- in virr.o
DNA e - el s:mthesrzed
protein
N ‘Q - -
ADP
* .

______

NTPs €——————— NMPs/NDPs
+ "‘

Al
[}

r
5 :
ﬁg % = .
- % transcription
i:: -
A > B
=% m@i
v %
mRNA

protein

translation

R-CH-COOH

NH, =
Lt A

translational factors

cofactors, enzymes

B2 EafiEARERS

Fig.2 Cell-free protein expression system

B T B. subtilis 168 315 {75 & A A % B
oA 5o W R B B R AR, R B
subtilis 168 LA R RIEFIREAMEEIER,
HREP A= = 4R 5 85 1 GFP (UM T 0.3pg/mL) .
ALt W 90 N OGR4 B 1 I R B B PR B subtilis
WBB800ON 1E M Hi Ak B #k 7, i id TAEALE 3+ 3¢
JEE RAE 1382 4% W 4% JC A4 SR AR AL B. subtilis WB80ON
AL R G, X S8 P[RR B 5 Bl R4 1 TG 4
Jfl GFPmut3b & R #EAT ¥) 20 0 ik, 764k 4RI B.
subtilis WB8OON 2 il 2 HL ) — i2 % 758 GFPmut3b,
i i GFPmut3b R AEH & 7 LR AN A 58 5 )5 2h 7
f) B. subtilis WB80ON L4 fg 1A & " MK B.
subtilis WB80ON J& 41 it 2 4t 66 % i3k 47 #7522 £/ i
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FR) G 40 o A s R S OB, 77 A2 295 0.8 o mol/L
GFPmut3b, #& B. subtilis 168 Jo 41 il i St B ¥ 2 4¢
(0.011pmol/L GFPmut3b) ] 72 % . # )& ¥ B.
subtilis WB80ON JG 40 il 5 4t B H 72 75 3 B K I8 R
gy, UWERZGERBAMREES, IEY T B
subtilis WB80ON JG 4t Jfl i 55§ 18 R i x) i i
AR = AR AE R A ERE . BB+
SERRES AN, S2U B. subtilis WB80ON TG 41 il & 4t %
KRR R AT e R MR R, B,
LB RRREEARIES, PAENALR.
LR TV IR #h 2 3 8UA R 1 pH A R A &1k,
XA ] BE X T A A R A . T I B R ) R R AT
DL (6 F oA e VR 75 LR iR, thtn, iR
—FRBETE E. coli TLAN MR IE F G0 IH FEHD il 14 T AL
BRI h BRI A BT T 388 3o s A ) IR 2 A
W5 Al CAHE— 25 32 50 B. subtilis T A Ml R 15 R GE
B, MmPuE. KEAEPEAEERNEND)
REMEE .

2 RTHNEMHAERSGHER B.
subtilis )& 441 iy

2.1 SecHiigR

B. subtilis Pl F B A R4 (1) 53 W 68 71 v] LAAE R
TV B AE 215 32, SR B. subtilis 45 5 7 Wb K &
EHM, GRRIEEANERE, XFEZEHRET B
subtilis 11 Sec 73 W IBFRAFAE B JLANRE e A 1Y)
ez TR = DR R IEE AR AR
W& 7. 18 B. subtilis', FEHIUFHS (F
SRR Al (5T kBRI > THERD S
55 Sec 4rihi& 42 . Chen %5 M 3 i X 3 DY b 43 s 2H
GrUE I 23 AN FE D BB T AT I R IE, ORI T
S S Y5 B WA Y O B R R 2 PrsA s B R
DnaK 73 T BRI Z . PrsA JR S A AT LM E 55
A A&, 1 DnaK 73 FHEE S 5 R IEE AR
#rd, LA S AR A /b DARR E 1B A B 6 )
%o BEJEWE TN 50K PrsA Rl DnaK 9 Ff i (5 — i 3t
Rk, KRIREEA o-TEM B AmyL f1 AmyS 145
WE AR T O 1265, BENE AR E T 1.6

AN 1.7 4%, BE— DUl B 7 3K DY A o3 s 21 7 %o S U
EHREPEZEM, K, 8058 B. subtilis 7]
ERNRIEEARE ML AE . s, 8t Secsr
WAIR 1% O 1Y B. subtilis IR0 UL T W K IT &
R 2 bt i 5 5 4 5% B ARG 1) B. subtilis
7

2.2 BARNERSZ

B. subtilis {E N —Fp L IEBAEY), BAEERER
H A A R B A= A2 I RE T, 20 Ml o 52 4
(15 5 ¥ 3 5 Gk e B 2% B %5 A (0 L A0 8. 1
PRJERN, (quorum sensing, QS) &AW H]iH L b
HAG S0 THHATE B ARSI —MOE N, Mgl bE
BRI AR A K 23 W (A5 L 23 98 31— 58 19K B2 1R E
Je B BERT I B 5 o 7 o T AR DGR TR Y
23 5% T B AR AR A AE B RIS TS B subtilis
e o R A SR 2K T DA 4 ) R 57 7 R LT 1 G
CEI3), AT 32 40 M A A 2 (R AH EL B, AR 4
HbIE B B AR B AR AL, T

E B. subtilis "1, J&Z 25 WY B2 2 P AU 27
AT (ComX A CFS) MIiAYT, MMk s]—&
MECH, 2T R B AR 2R B — 5 I FHE
FEREZEMIER ™. H comQ %K ComQ &
gk, AR EERNES 5T ComX I
W BN M AL, A 5 R ComP K AR H B R
b, B J5 %R AH R R U 1 8 ComA T R
1k, BEERAL I ComA Ml srfi N T-45 4, BOW 1%k
W F B S 7= 4 ComS ®E M, ComS 5 ClpC.
ComK. MecAHE H —EZ H5#E N RMESHS,
Y3 N R ZBIRE . CSF REMEHM TR S
ComQH — YR [E, H phr % i () CSF R 74 7 15 5
I8 J5 T A CSF, 4 BB 4M ) CSF IR FE IR B —
SE W BE I, T SpoOK % iz & i py, i i 1 |
RapC W3 P TR 37 ComA FIBE R 1k, 2 3tk 2
B ET FRFEH, Guans Y FIHS
551 S0 srf BN TR TP, HET —F
AN T BN INF T ) 00 4 B R AR B B, subtilis 3R
KRG, v DLSE I B A ) R AR K R R YR R
KRN 4 SO ) e ARk . T B A
57 ) 4 5 IR B KinA-E A% 5% 7 Spo0A F i
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7 SpoOA 32 B B 44 Wi N A% 5 43 F Phr-Rap ]
W, Zad 4 R S KinA-E AP 1 BR 5 F% R A
SpoOF F1 Spo0B HIfEH, SpoOA # WL, 3= 4H
KELFE L, HEM R 27 T . Rap60 A
AT H | Spo0A BEBR ALK, 1] LA KinA )
TEPE, T Rap60 W) w] LA i 5 28 i 25 2 1R 15 5 40 1

Phr60 A7 #0 #1 . J& FiZ 5, Cui 2 ™ £ B.
subtilis 1 FF /& 1 —F Phr60-Rap60-Spo0A XX I i
ENUEINATEREES T b/ R N iR SR K )
flZ AN EFEE SRR RIL, KB ZRANER
il B. subtilis 168 1 L) HZE M & B 42, ik
TIZRGAH MM

— A

( ComP H\P)

( SpooK | K

(o)
.

srfA

,__

sporulation

competenoe

s

|
|
|
|
|
|
|
N |
|
|
|
|
|
|
|
|

SN

|
|
|
| ly ComX
|
|
|

1~5nmol/L @ ¥
W%
)

RapC

CornK Ii MecA

B3 B. subtilis RS2 A MU AR ROL A

Fig. 3 Processes of competence and spore forming in B. subtilis

2.3 ESHERNSHPERS

IMBR-PIHRAG L MR R B

subtilis TR FIEFRE RS ™. IHERRZHR
TR E AR XIS EE, DHUR T YhzE A X

o ARG RE R AR F AR LEXT &5 2R, TRl oy
NAFEFREE: TxpA/BsrtG. BstH/BstE. YonT
A YheZ. PLEZ 2 CRNA, $HTEFR KX
RNA 5 #0175 22 mRNA 137 o BAh, JE R0 25
/YU R mRNA 2597 L2 75 3 mRNA 3
SENE, MM AMHIEE R KL . £ B. subtilis %
HSPIRTR-PLET R RS : TxpA/RatA. BsrG/
SR4. BsrH/as-BsrH. BsrE/as-BstE A1 YonT/as-
YonT. FH1, BsrG/SR4 J& —Fl i B 18 55 & - 41

BRRG™, AT EE R YK SPB R A X 5 .

bsrG 3t gﬁﬁ% (1) BstG £ [ & — Pl B. subtilis 4
ZRWIRLIIR, T s FE PR G % A2 i Srd & — Fh AR
i 15 3% RNA, "B BE4S & bsrG 3 D8 1 3 42 il
mRNA, MIfi i Srd/bsrG mRNA Z &4 . {Ei%E
AW, bsrG mRNA I Srd 856 OUEE X, 2
#% RNase IIEGH 3 IF 1%, [R] I £E HAth RNase 1R
FF, bsrG mRNA (1] 3 11 2 2 [ K, 16 bsrG
mRNA ] RBS [X 48, 2 1 5l J&y #5 i 0U8E - A1 £
bsrG HIRH 32 B0, R 24 2 BUBsrG 1R IL 1 Hl
5. T FRJEH, Yang %5 Y R bsrG-srd 5 % -
PIHR ARG, WE T w5 R IE H
Z 4% (modulation via the sSRNA-dependent operation

system, MS-DOS) , #| f§ MS-DOS % 4t X B.
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subtilis "8I I D] PRT 400 1) 250 B v T I 89.1%

2.4 HAEOEEEER

2 WEAE N — Ph A B A=A BT 75 IO RO, T
2 T 2 SR F T BE AR BRI, 22 A AL R
FEIS IS A HAd AR BB IR, AT 3 0% 7R 2k Th ik
PORIF R R, XM R 9Bk 5> il A )
FHLi& (carbon catabolite repression, CCR) "™, HT
Tk AR 77 O T R AR AT DA SR B, bLtnoR
A AEZ W, 1 CCRAE FH & AR R 4T 4R AW
JR R ) R, RIG,  ffE R CCR AR X B8 A4
7] I F) 2 FhoB R 22 Ok B 2L . fE B. subtilis T,
CCR A F 2 H1 — M4 Jay e s IR 15 IR -1 Cep A kA T
FRAL S R B, Hog M2 B R A0 4 X 7 HProd it AR
4 ) () 0 HPr {6 46 055 19« HPr 7£ HPrK (1)
1L H BRI, CopA 5B L 1) HPr 25 & JE Bk
=ICE AW, T AR S5 i FL e Bk R AH O 3 DR 1)
Tk, MR EFEEERES (H4O. Fi,
BLRBR CCRAE T, G2 77 Z 4| CopA F1 HPrK
PG IR 5 1 . Reu 55 ™ 3l I ml Bk cop4 B R 3R 15
HIRAG R O] LA AR AR R A4 2%, H HRAB
5 B. subtilis 168 #1 AH [F] K A KH Z2, copA K )
AR AR A ) A . BEA, A B SR IE R B
% copA N hprK FE R, L REA L2 A CCRIEH ,
RS EVEREAERE, 8B sublilis RALRAESH
I B R R R I R AR, TR A B
ENIECYo A

glucose

Qa0 st s g g e sl b

Glu-6-P e
l )AP,___
@@ ®
|L casbolis o

repression of catabolic genes
B4  B. subtilis "5y AR BELIE A T
Fig.4 Mechanism of carbon catabolite repression in
B. subtilis

3 B. subtilis 4450 N

HAT, FIH B. subtilis JIA: 40 A8 7= 2 Fh
RAREDL 2 A TR (R 3D, Wi-bidH 2
B 2L R ™ B S R R YL LKA
Tk e iy 0L B-ERMIRS BE IR ARSI U N- SR A
R e s S DAY R AR (V- LR
EEAER. LEPER. BEER. BWRER) M
B-FA WU K A L A R 25 Tl N ), R A
B. subtilis IRELAH ML BT 5 A (5.

3.1 N-ZEtaEAEHE

N- £ B 2 & % %) B#  (N-acetylglucosamine,
GIcNAC) & 2 %) B 1Y) S BEAAT B, B2
I - 4 00T RE DL IR T R . i
ok, WFE N FUEiE CRISPR JE [H 4wk ). 4% 0A) 52
Z ) R O D R A A iR AR T SR T H
Z I HBGENAL T GleNAc & gz, BERE
1 B. subtilis 11 GleNAc & A% . B, Liu
8 10D St GIeN-6-P & il (GImS) 11 GleN-6-
P Z Itk (Gnal) 5| N B. subtilis 7 LI/ @ T
GleNAc & BUSE . BiJE, WFFN RFH DNA SZ48
55 T GleNAc R & s H 7 P i 42 B 0 e [7) 4 1L
PER ™, FIF RNA 2240 T GleNAc & %38 4
I A FpOE T A N DR SR A O R v M Y e
N0 E GleNAc 7= &, WA ANRE G387
SRR A R Bh AR 2% R LT GleNAc-6-P 5 il
N GleNAc Z [ /£ 7E L AUJE I, X 7] fE 22 GleNAc
B RORA BRI D B . I8 Rk E 20 17 BSGN ]
%) B BT g 60 3L IR gleK BHUT T ERPE 3R, S8
GIcNAc AR = 238 0 1 2.3 £ 1

oAb, dE B R A& AR R T LR R B
subtilis IR P2 305 . Gu sk U 3@ i # T E I D
WA AR R &R, B RUE R T B. subtilis
GleNAc =& . &%, W5 AN RER GleNAc &
38 4% P 2 i RS ) VR T 11 35 TR oy R i R 2- i -
3- It 4 B A T T 4 G 1) JR D] kdigA, 53 i) BEL L 0 1
XA BEER (PEP) 45 A1 I bE % R i& 42 v T i
P ) G B, R T AR 1) o e o sk o HE E N
GleNAc & &% . B, B 2 o Tl 18 s e A T
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3 B. subtilis JIRELAR LA ¥ 3078 A= ) A 2 i R T g

Tab. 3 Typical bio-chemicals and industrial enzymes produced by B. subtilis chassis cell

Fi 77 LS Jiik PR Sk
AL 5 L 2R B. subtilis Phr60-Rap60-Spo0A Hf 74 i |3 i 9% 7 4t 360 mg/L [22]
IR B. subtilis RH33  JEMEL zwfs gnd 15.7 g/L [88]
i JJLRE B. subtilis KU303  #ilR iolABCDEF . iolHIJ+ iolX~ iolR, iL3Eik
27.6 g/L [89]
I0lG IolW. IolT. PntAB

WEHR B. subtilis B168H  KIA kfoC-kfod kfiC-kfid, LV tuaD 522 g/L [90]
54 BSK814G2 R purd Wy, FEFRIK PRS. purF. guaB 115.2 mg/L [92]
[0S BSK756T3 Wil tdke, ILFRIE prs. ushA thyA. dut. ndk 151.2 mg/L [92]
SRR I B. subtilis 1A1 Rk dxs. idiv ads 20 mg/L [93]
LY B. subtilis BMN R bdhA, & RIEEEK nox 56.7 g/L [94]

23-T % B. subtilis BSF9 W% upps acoA~ bdhA- pta~ ldh, iT3RIE alsS.
alsD+ budC~ udhA 103.7 g/L 1931
s T BSULO08 7% alsS< ldhy pdhC pgi, TFRIEzwfs udhA 6.12 g/L [96]
TR RE R B. subtilis OA105 Rl alsSD, It IE spoVGBA 23 gL [97]
R BSUPML R 1dh, 33 30k I K E mdh 123 gL [98]
1% B R R B. subtilis EI68TH 3Ri1A hasA~ tuaD~ gtaB- glmU. glmM. gim$S 19.38 g/L [99]
N-ZIRE A #HE  BP18-afGNAL A VBRI A O AR 24.5 g/L [102]
SRR 2 o-VEH B. subtilis 1A237  3%31% PrsA 1 DnaK & 1 1352 U/mL [19]
YN BSG328 B3 srfA JE B0 X 93.6 U/mL 21]
PN BSG329 B srfd R B TA% 0 X 69.8 U/mL 21]
L- R ATk i g B. subtilis WB600 31X type Il ASN 407.6 U/mL [91]
B-AAWIKE BE S % A5l BS5 ATCC 6051a P& srfC spollAC nprE. aprE- amyE 227.8 U/mL [100]
T IR B. subtilis BD170  3Rik phyC 47.7 U/mL [101]

PR IR VI K R K] pekd,  DAYES H PEP B 2R 512 4 s
T s AR 5R R B P, B 4 e B DN R R AL B
FeK pycd ISR A BT, MR Hh 35 S8 Mt St 14 Ak
A A RIS R R IR 2L R meld malS. ywkA R ytsJ,
SRR I NG b T B B R A B IR 2 (K] bacpycd,  NITTFE
PIERER +r [0l TCA TG,  LAygb P B R I kst o R
Ja, BIN—APLEENFIEGIM) glmS BB, DAk
GleNAc & . e, WEFEAN gl N 4 Fpophsr 1
NAD (P) &R SifFIRG (PR B R 2k AUE B 1 A IE
SRl H =R AL B E AN B Rk A
NifH FI3F SRR AR R e A R i, =
PSR MGE AR . B FiR RN AL
JoR AR U 3 A B BT v, B OB & T DUSE AR
GleNAc A B 3FIET AR F CRIE-6-E RIS . L BEH
ity AN GBI, [ B BE L F =4 P R P Bkt
AT ) GIeN Ac P2~ %5 24.5 g/Lo

3.2 CIFPEER

L% 258 (menaquinone-7, MK-7) & —Fh

FEER ARG A 2, 78 B R0 IR R R S
DT R AE RAEAER o Cui % P AR YE B. subtilis T 3
% R SR 3, R 2L 86E 5 4 T Phr60 1 Rap60
WA I T BRI N R R IR K
FErp, BEAEYNILE N, Phr60 AWTALE,
Rap60, MM 1# 15 Spo0A B 1L 5 2, H SpoOA-P
H—EER BT EPATHEIRE. E X B
subtilis "7 52 B LR FIVHE A ) N2 2R G e ) O 4R 1)
3% A1 Spo0A #E AT Brit , i i mi Bk 4H & R W
KinB. Zf fi ;= 245 5L [K] spoiid-spoiiE VA A& 5 57 T
PhrA-B, i % 5% A 7 SpoOA X 52 AR Wi B £ 5 43
1 Phr60-Rap60 2 IBC i 1% gF — @i 757 5 3))
T I Spo0A-P &AL T 5. MG E, i
BAENFRER BT CE, R8T mdEsus i
JEBN TP, FR S B S BT P, DASZILEEF
M AR . L B, R T B
XU E i 4% ) BE ) Phr60-Rap60-Spo0A H 17 i K %
. WJa, MHZRGN B, subtilis F MK-7 5 2448
) % v 118 D R i R DR Bl R 5 S R R A5 B gt
1TRGARAF A R AT, R MK-7 17~ 2
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A B ST R AR o R A AR

scaffold-assisted assembly

Tepressor TsS A .
CRISPRi a —
dCas9 3 El E2 E3
TSS— enzyme
[rmmmmemssseme e 4 product synthesis 22 =%
Dt . e
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Fig. 5 Construction of chassis cell in B. subtilis

9 mg/L £& = 2] 360 mg/L, #2140 5. RNit—
Pem MK-7 778, WHIC N AEEXS B. subtilis 7 B 55 97
IS} T 1 1) A RS 5 A 2038 i MIK-7 77 B )X — B
G, W RAYE. BEAR UTHRISSHEAR
a7~ T 4 S LT R RS 2 (L HE MIK-7 A BT
2 U, @ik KEGG 20T 1 54 W A= W BB TR 1 1) 2
SHER, R E R AR W TR R 11 b 22 R 2 R A
T3 M 2 0 AR B BS20 kAT i ik 5, MK-7
e E RERS, Ml dRE—FS5E
55 S £ ] BSU02000 B, MK-7 (7= & M
9.02 pg/mg W N A 42.5 pg/mg. AL, BFFEA G
AR AR CAT RS, R I 2R - 3 L R
QcrA-C X MK-7 & B A EAEH . Kk, W
FN RAE T 1w BS20 Hff FH 5 8)) 1 P, IR i ik
BSU02000 3 [X f1 4 5% QcrA-C [ 3£ K, 7E £ i
MK-7 7= 83k %] 1 410 mg/L. M2, WA RET
T A7 M) J97 £14) 20 285 18 42 AR LU 50 B 3 2R 18 4% MIK-7 1)
B, KR B. subtilis &4 40 LA PR 2R AL AE )

7 R R T AT RO
3.3 &E&xE

¥ % (riboflavin, RF) J&4ERF ARz 4L
IEE P B ACH BT FE R, YR
DL 2R IR N A R R RN B R R H R 1 T AT
e, TTRZMNAT &M ERAIHI AT, Tk,
WF 0N 5338 T 38 0 RF AR AR 38 5 H0 i AR
W DL B R e S A T T, AT T RF
1E B. subtilis [ AW A B H s VWA L IR A& RF
A BB P — AN E TR, Shi & N GRS 5
WIEE RN (purFs purM. purN. purH.
purD) MATIERIE)G, B B. subtilis PK-P B R A K
MR RS T 25% . toh, @it m b gw iy
NS R\ 7 BHIE W) I B D purR J5 & ORI O AH
RFE R AT % 5K SF B T 238015, FFiE—2P
T TE AU AR TN G i Tk fiie R e A% Wl 1) R X pur P



260 GRENE 15

J&i» R1F ) purF-VOW RAZ K& I R 177 &
bE o FE R R 3G 0 T 3 4 V. Wang 45 TR SR R T
A R B OR A (Corynebacterium glutamicum)
Hh G R 6- T T ] 225 A7 Fd S 1Y) 25 D) 2w N i R 6- T
T T 2 P TR Y P 2 [ gmd HEAT 58 AR, DAY
W% B. subtilis 4 P9 AU B8 RN IE T, 7E %
% 352 vh 3k 28 1k AR 1 2wl B gnd IE G, T DUE
B. subtilis & A% E R 7 ER G 31%, R
T2 T R A T 5 TR 3 5 A 000 1) ) AR 40 R T B
o DRI, i T 39 530 D00 B 18R 04 42 mT LA B 4%
WRMAE A K.

SRk, 38 i 4 B 4% 5 4 1) 43 BT R DARA A RF AR
A B B A A S AR . Shi % U XA AL R
(1) B. subtilis RH33 F1EF £ R B. subtilis 168 18 #1417
T RSO NT, G A A I R A N AR
VIR R, BiE T RF &R T A i
AR EE AT DU SR g i s R AR . R SR A
PR, pur BN 7RG A0 4 7 A1 K F PurR 1) 3%
(Kl 7E B. subtilis RH33 HH ¥ 4% T . PurR 175 P 52
FI| LA A BT A B FR A2 B AR BE IR (PRPP) [T,
T A 2 (1) PRPP 5 44 (it )97 42 BR 1) B. subtilis RH33
AREHERNEEERN. Hik, w5 AR B
subtilis RH33 H1 & Bl PRPP 11 £ ) 5 A~ 5 B Jifg 2 [A]
prs MywlF 3L R3E, UM EZBERNT &,
15 SL Ay fLAMEL R B (1 77 Bk 1) 15 g/l fEIX T
W, BT REEWFNHEFHESHAT
By LT ) A AR T B AR, DUE 3 — 2P 2 B
subtilis FA% E Z 5= &

3.4 ZEHARRER

#EW R C(hyaluronic acid, HA) & H P AN XL
B BT D~ 0 0 8 R 22 N- Tt 8 Jie 2H 18 1) v 43
TERMEFZH, TIZRHTEMSIZ . ok
A Tk Y, Yang 25 P B R IE 5N GE
B 5T IR & Mg 2% ] hasA, SEL T % B IR 1E B.
subtilis H ) ik, FFiE ) E# MS-DOS 4% R 4t
X3 WY R A R TE G AR R B L I zwfs pfkd A
galE W FRIE AT NI, Refg e &iE iR ™ & .
B, WA N RS T B. subtilis WIE A 31+ 15&
KR E S AR KRR, RG 7T ARAEKE T

AKX A [F 5 BE 1 5 3, B FE N HUH R A 1 S
T FREHRENES) T HAERKFFEREMNA
AR T . MEBRLSUEIRER-PIER RS
bsrG/sr4, 1E B. subtilis P F) & T K ¥ T Sr4 1] MS-
DOS ¥ 3% Ja LR Rk = R 40, I XS Srd 47 AN ]
LA, 43 BT TR A of B & ] GFP 33 (1) 411
HFIRCE, UEM T % RNA Srd (4% 0 X e 2 A7 T
3 U133 bp [P 4. fJa, FI A MS-DOS ¥ 5% 5 Jk
KR IA W T H N HA & USRS B e (B
IRHE B W A& 12 040 i BE 2 0 A B 12D
BEAT AR, 43 000 A A 7 20 4 -6- Tl TR AL [ T PR G
BREIEAR IR zwfs A SR 00 -6- 1ol IR IRt v 17 ARt ik
1B K] pfkA AL UDP-%] % 5970 1) 21 fifd B 22 4
H BRI galE, UL AEAL UDP-N- 2,1 2 3
AT 220 B i i 1) 24 B 22 B PR AR 1) TR murA A
murAB Fl mnaAd W FIEFAT .. BT ALy
(AU R A2 0 B 4 TR P i AR AR A, o R A A
Hil ) A RE 2 S EUHA = E K. B, g3
FOARFSREE (55, . 58 AR E 3T P,
P, FHI P, RJE Bl Srd [ e s, X IR BE R %
EHAT AR L . SRR 45 55t
zwfs pfkA M galE B K () 2208 T, HA 7~ &
BIRAAFBEERSRTI, fEmr- &id 3 1.52g/L,
XA AR T 60.0%. R, T zwfs pfkd
M galE =A% [R] 1) 32 3K 5 52 8 06 D 55 1ol 1R 1 0 ik
1o\ BT IE A A0 M BE 5 B AT X0 HA & BUS 1%
565, MMt HA P~ & 12Tt .

3.5 HEITJIVES

B. subtilis LA PR A AT AR T-AQ 8 & e b
AR 2, TRV A2 A 7= T i 1 B 2 40 i P
& M, Biltn, B. subtilis ATCC 6051a 5&—Fi fil T T
WAL= EHE AR E Y, 5 B. subtilis 168 FLL,
ATCC 6051a W PR 1AL PERE B 22, JF HL7E R BRI
RS REREN SRR . NS
ATCC 6051a B & 7E N Tk R0k 15 £ 103&E H %,
Zhang %5 "™ j# i CRISPR-Cas9 R4, M T
EUFRER T PER) sgRNAL Cas9 Fl[RIVRE SRR £ &
— B FRL, AT PAREER ATCC 6051a 5 #1 JE Bl
MRS A srfCy spollAC. nprE. aprE.



%1% www.synbioj.com 261

amyE), Z3R1FHI Rk ATCC 6051a BS5 15 K I#
TR HRHE T IR R BRI T, I B A
G WA TR Bt e B-PA R R B L F RS (B-CGTase) V514
1K #)277.8 U/mL, 72X ATCC 6051af) 2.5 %
BN, 3 B, subtilis AL IS RS, o,
i I8 Sec 7 Wb AR H 1 I B AR FAEAE SR 2H 4y
A DL R 5 o-VE M B AE B. subtilis WP Rk & 2,
B2 Rl 8 52 25 T B 2 v RO B A R B 8B, g
(1) —FhIE T srfd Ji sh A% O X 38U 1 B. subtilis E
FEFRIERG, LT & 7R E A2k
gl &y . Rk, R CRISPR 2 Kl 4R oK
HB. subtilis ¥ F S WAL PRTELE], L REA AR R
B. subtilis IKELAN T A2 7= 5 Fh TV

4 g =

B. subtilis {£ R — P B Tl A 7= Bk, T8
AU AR O0E O K H A (R 8 B 1 R £ 48
I 2 T R AL L A R Tl (1R IE
SR, B. subtilis J&C 355 240 B (9 v o147 24 T Il — L2 3k
%o B, REHT RNA-EAME SWIH RIFK
T B 6T 5] S CRISPR R K 4w A )9z
TR, SitEEORRIMHEE, ZRE
R A2 R A RNA FUEE Al 8l A2 SR
TH SRR 55 . Rk — P R R s, TR
MBETHA BT B i A% 1) £ BEYS RNA 31 & 3 ) % 4
AR EE T, DLGE T A RNA I (A0 %
THEHEZL R 0 9 H iR iR . E A E A
MMM SRR BRI BAEMT &
T 5 A A% R B8 A 5% (1) RNA BC AR 45 & 45 sk,
DA T 05035 1 AR OB 4 9 ) RNA A AL R, B
T RNA 45 5 /) CRISPR % [K 4w 45 & 4t 'H RNA-Z [
JRE ARt . Rk, RE DI R AR IE IR
A OB AR PR T At F T Bl A TR A Rk
WA FAROCHE R By Ak, AR A RO X L 1 4% oo A
() H AR A 08 A R R R R — R AR
Ko+, imipRS 7 ok . Rk,
QAR V52 T T R A= 40 /0N - TR R 42 G A A 4 e T DA
S EH 2 &R EE LRERKERIE, Sy
K FE— 58 AW 43 ¥ ) e 94 i 3 L A6 48 P A [+
T2 B (O s R Ry Rk, 2 H T B

A8 [ 25 TH I 1) =5 2 0 @, 3 m] DA I vy 0 O 0
i T B 3 DAL TR A A A TR SR i) AR ) /N 4y - 1)
WAL, BT Capture-SELEX £ A 8 45 %4 ih 7
i RN R AR BR & A, DUE BE 732 1 N A 3
B. subtilis JRE AL drt i g b . e, @
FF R4 52 I (RNA/Z BE (RNA & B R 40 %P5k
AV DR A S o Y (1) A2, AN AT LAY & B. subitilis
WA RGN E O R REHLE, L7 LA B
subtilis BTS2 Fh kR IR 2 3 1R B4 5 LA«

& £ X W

[1] LEEJW,NAD,PARK J M, et al. Systems metabolic engineer-
ing of microorganisms for natural and non-natural chemicals
[J]. Nature Chemical Biology,2012,8(6): 536-546.

[2] LEE S, MATTANOVICH D, VILLAVERDE A. Systems
metabolic engineering, industrial biotechnology and mi-
crobial cell factories [J]. Microbial Cell Factories, 2012,
11(D: 156.

[3] GOEL A, WORTEL M T, MOLENAAR D,et al.
shifts: a fitness perspective for microbial cell factories [J].
Biotechnology Letters,2012,34(12): 2147-2160.

[4] LIUL,LIUY,SHIN H D, et al. Developing Bacillus spp. as a

cell factory for production of microbial enzymes and industrially

Metabolic

important biochemicals in the context of systems and synthetic
biology [J]. Applied Microbiology and Biotechnology,2013,97
(14): 6113-6127.

[5] JUHAS M,REU D R,ZHU B, et al. Bacillus subtilis and Esche-
richia coli essential genes and minimal cell factories after one
decade of genome engineering [J]. Microbiology, 2014, 160
(11): 2341-2351.

[6] ZH. BRI B AU B & S [D]. R R
HR,2017.

LI'Y. Construction of genome reduced Bacillus subtilis and their
application in production of bio-based chemicals [D]. Tianjin:
Tianjin University,2017.

[71 SOY,PARK S Y,PARK E H,et al. A highly efficient CRISPR-
Cas9-Mediated large genomic deletion in Bacillus subtilis [J].
Frontiers in Microbiology,2017,8: al167.

[8] WESTBROOK A W, YOUNG M, CHOU C P. Development of
a CRISPR-Cas9 tool kit for comprehensive engineering of Bacil-
lus subtilis [J]. Applied and Environmental Microbiology,
2016,82(16): 4876-4895.

[9] WUY,LIUY,LV X,et al. CAMERS-B: CRISPR/Cpfl Assist-
ed multiple-genes editing and regulation system for Bacillus sub-
tilis [J]. Biotechnology and Bioengineering, 2020. DOI: org/
10.1002/bit.27322.

[10] SONG Y, NIKOLOFF J M, FU G, et al. Promoter screening



262

BREDF

E15

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

(20]

[21]

[22]

from Bacillus subtilis in various conditions hunting for synthetic
biology and industrial applications [J]. PLoS One, 2016, 11
(7): E158447.

GUIZIOU S, SAUVEPLANE V,CHANG H J, et al. A part tool-
box to tune genetic expression in Bacillus subtilis [ 1]. Nucleic
Acids Research,2016,44(15): 7495-7508.

LIU Y, ZHU Y, MA W, et al. Spatial modulation of key path-
way enzymes by DNA-guided scaffold system and respiration
chain engineering for improved N-acetylglucosamine production
by Bacillus subtilis [J]. Metabolic Engineering, 2014, 24:
61-69.

LIUY,ZHU Y, LIJ,et al. Modular pathway engineering of Ba-
cillus subtilis for improved N-acetylglucosamine production
[J]. Metabolic Engineering,2014,23: 42-52.

LV X, WU Y, TIAN R, et al. Synthetic metabolic channel by
functional membrane microdomains for compartmentalized flux
control [J]. Metabolic Engineering,2020,59: 106-118.
KELWICK R, WEBB A J, MACDONALD J T, et al. Develop-
ment of a Bacillus subtilis cell-free transcription-translation sys-
tem for prototyping regulatory elements [J]. Metabolic Engi-
neering,2016,38: 370-381.

NIU T, LIU Y, LI J, et al. Engineering a glucosamine-6-phos-
phate responsive g/mS ribozyme switch enables dynamic control
of metabolic flux in Bacillus subtilis for overproduction of N-
acetylglucosamine [J]. ACS Synthetic Biology, 2018, 7 (10) :
2423-2435.

DENG J,CHEN C,GU Y, et al. Creating an in vivo bifunctional
gene expression circuit through an aptamer-based regulatory
mechanism for dynamic metabolic engineering in Bacillus subti-
lis [ J]. Metabolic Engineering,2019,55: 179-190.

WU Y, CHEN T, LIU Y, et al. Design of a programmable bio-
sensor-CRISPRi genetic circuits for dynamic and autonomous
dual-control of metabolic flux in Bacillus subtilis [J]. Nucleic
Acids Research,2020,48(2): 996-1009.

CHEN J,FU G,GAI Y,et al. Combinatorial Sec pathway analy-
sis for improved heterologous protein secretion in Bacillus subti-
lis: identification of bottlenecks by systematic gene overexpres-
sion [J]. Microbial Cell Factories,2015,14(1): 92.

FERREIRA L C S, FERREIRA R C C, SCHUMANN W. Bacil-
lus subtilis as a tool for vaccine development: from antigen fac-
tories to delivery vectors [ J]. Anais Da Academia Brasileira De
Ciéncias,77(1): 113-124.

GUAN C, CUI W, CHENG J, et al. Development of an effi-
cient autoinducible expression system by promoter engineer-
ing in Bacillus subtilis [J]. Microbial Cell Factories,2016,15
(1) 66.

CUI S, LV X, WU Y, et al. Engineering a bifunctional Phr60-
Rap60-Spo0A quorum-sensing molecular switch for dynamic
fine-tuning of menaquinone-7 synthesis in Bacillus subtilis [J].

ACS Synthetic Biology,2019,8(8): 1826-1837.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

YANG S, WANG Y, WEI C, et al. A new sRNA-mediated post-
transcriptional regulation system for Bacillus subtilis [J]. Bio-
technology and Bioengineering,2018,115(12): 2986-2995.
REU D R,RATH H, TH RMER A, et al. Changes of DNA topol-
ogy affect the global transcription landscape and allow rapid
growth of a Bacillus subtilis mutant lacking carbon catabolite re-
pression [J]. Metabolic Engineering,2018,45: 171-179.

ARA K, OZAKI K, NAKAMURA K, et al. Bacillus minimum
genome factory: effective utilization of microbial genome infor-
mation [J]. Biotechnology and Applied Biochemistry, 2007, 46
(3): 169-178.

WESTERS H, DORENBOS R, VAN DIJL J M, et al. Genome
engineering reveals large dispensable regions in Bacillus sub-
tilis [J]. Molecular Biology and Evolution, 2003, 20 (12) :
2076-2090.

TAKUYA M, RYOSUKE K, KEIJI E, et al. Enhanced recombi-
nant protein productivity by genome reduction in Bacillus subtil-
is [J]. DNA Research,2008,15(2): 73-81.

JAKOCIUNAS T, JENSEN M K, KEASLING J D. CRISPR/
Cas9 advances engineering of microbial cell factories [ J]. Meta-
bolic Engineering,2016,34: 44-59.

DOUDNA J A, CHARPENTIER E. The new frontier of genome
engineering with CRISPR-Cas9 [J]. Science, 2014, 346
(6213): 1258096.

BIKARD D, JIANG W, SAMALI P, et al. Programmable repres-
sion and activation of bacterial gene expression using an engi-
neered CRISPR-Cas system [J]. Nucleic Acids Research,2013,
41(15): 7429-7437.

JEONG D E, PARK S H, PAN J G, et al. Genome engineering
using a synthetic gene circuit in Bacillus subtilis [J]. Nucleic
Acids Research,2014,43(6): e42.

ISAACS F J,DWYER D J, DING C, et al. Engineered riboregu-
lators enable post-transcriptional control of gene expression [J].
Nature Biotechnology,2004,22(7) : 841-847.

KIM J Y H, CHA H J. Down-regulation of acetate pathway
through antisense strategy in Escherichia coli: improved for-
eign protein production [ J]. Biotechnology and Bioengineering,
2003,83(7): 841-853.

MAN S, CHENG R, MIAO C, et al. Artificial trans-encoded
small non-coding RNAs specifically silence the selected gene
expression in bacteria [J]. Nucleic Acids Research, 2011, 39
(8): e50.

DOMINGUEZ A A, LIM W A, QI L S. Beyond editing: repur-
posing CRISPR-Cas9 for precision genome regulation and inter-
rogation [J]. Nature Reviews Molecular Cell Biology,2016,17
(1): 5-15.

DONG C,FONTANA J, PATEL A, et al. Synthetic CRISPR-Cas
gene activators for transcriptional reprogramming in bacteria
[J]. Nature Communications,2018,9(1) : 2489.

ZHU H, LIANG C. CRISPR D T: designing gRNAs for the



%£1% www.synbioj.com

263

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

CRISPR-Cpfl system with improved target efficiency and speci-
ficity [J]. Bioinformatics,2019,35(16) : 2783-2789.

ZHANG X Z,CUI Z L, HONG Q, et al. High level expression
and secretion of methyl parathion hydrolase in Bacillus subtilis
WB800 [J]. Applied and Environmental Microbiology,2005,71
(7): 4101.

ZYPRIAN E V A, MATZURA H. Characterization of signals
promoting gene expression on the Staphylococcus aureus plas-
mid pUBI10 and development of a gram-positive expression
vector system [J]. DNA,1986,5(3): 219-225.

YANG M, ZHANG W, JI S, et al. Generation of an artificial
double promoter for protein expression in Bacillus subtilis
through a promoter trap system [J]. PLoS One, 2013, 8 (2) :
E56321.

PHAN T T P, NGUYEN H D, SCHUMANN W. Development
of a strong intracellular expression system for Bacillus subtilis
by optimizing promoter elements [J]. Journal of Biotechnology ,
2012,157(1): 167-172.

KIM L, MOGK A, SCHUMANN W. A xylose-inducible Bacil-
lus subtilis integration vector and its application [J]. Gene,
1996, 181(1): 71-76.

YE R, KIM J H, KIM B G, et al. High-level secretory produc-
tion of intact, biologically active staphylokinase from Bacillus
subtilis [J]. Biotechnology and Bioengineering, 1999, 62 (1) :
87-96.

MORABBI H K, WENZEL M, ALTENBUCHNER J. Regula-
tion of mtl operon promoter of Bacillus subtilis: requirements of
its use in expression vectors [ J]. Microbial Cell Factories,2011,
10C1): 83.

MING Y M, WEIZ W, LIN C Y et al. Development of a Bacil-
lus subtilis expression system using the improved P, promoter
[J]. Microbial Cell Factories,2010,9(1): 55.

NAGARAJAN D R, KRISHNAN C. Use of a new catabolite re-
pression resistant promoter isolated from Bacillus subtilis
KCC103 for hyper-production of recombinant enzymes [ J]. Pro-
tein Expression and Purification,2010,70(1): 122-128.
PANAHI R, VASHEGHANI-FARAHANI E, SHOJAOSADATI
S A, et al. Induction of Bacillus subtilis expression system using
environmental stresses and glucose starvation [J]. Annals of Mi-
crobiology,2014,64(2): 879-882.

MITTENHUBER G. A phylogenomic study of the general stress
response sigma factor sigmaB of Bacillus subtilis and its regula-
tory proteins [J]. J. Mol. Microbiol. Biotechnol., 2002, 4 (4) :
427-452.

NIJLAND R, LINDNER C, VAN HARTSKAMP M, et al. Het-
erologous production and secretion of Clostridium perfringens
B-toxoid in closely related Gram-positive hosts [J]. Journal of
Biotechnology,2007,127(3): 361-372.

WILLENBACHER J, MOHR T, HENKEL M, et al. Substitu-

tion of the native s7f4 promoter by constitutive P,,, in two B.

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

subtilis strains and evaluation of the effect on Surfactin produc-
tion [J]. Journal of Biotechnology,2016,224: 14-17.

OGURA M, SHIMANE K, ASAI K, et al. Binding of response
regulator DegU to the aprE promoter is inhibited by RapG,
which is counteracted by extracellular PhrG in Bacillus subtilis
[J]. Molecular Microbiology,2003,49: 1685-1697.

LEE S J,PAN J G,PARK S H,et al. Development of a sta-
tionary phase-specific autoinducible expression system in
Bacillus subtilis [J]. Journal of Biotechnology,2010, 149
(1: 16-20.

WENZEL M, LLER A, SIEMANN H M, et al. Self-induc-
ible Bacillus subtilis expression system for reliable and in-
expensive protein production by high-cell-density fermen-
tation [J]. Applied and Environmental Microbiology,
2011,77(18): 6419.

YANG S, LIU Q, ZHANG Y, et al. Construction and character-
ization of broad-spectrum promoters for synthetic biology [J].
ACS Synthetic Biology,2018,7(1): 287-291.

SIU K H,CHEN R P, SUN Q,et al. Synthetic scaffolds for path-
way enhancement [J]. Current Opinion in Biotechnology,2015,
36: 98-106.

CHANDRASEKARAN A R. Programmable DNA scaffolds for
spatially-ordered protein assembly [J]. Nanoscale,2016,8(8) :
4436-4446.

PORTER E B, POLASKI J T, MORCK M M, et al. Recurrent
RNA motifs as scaffolds for genetically encodable small-mole-
cule biosensors [J]. Nature Chemical Biology, 2017, 13 (3) :
295-301.

CONRADO R J, WU G C,BOOCK J T, et al. DNA-guided as-
sembly of biosynthetic pathways promotes improved catalytic
efficiency [J]. Nucleic Acids Research, 2011, 40 (4) : 1879-
1889.

DELEBECQUE C J, SILVER P A, LINDNER A B. Designing
and using RNA scaffolds to assemble proteins in vivo [J]. Na-
ture Protocols,2012,7(10): 1797-1807.

KONERMANN S, BRIGHAM M D, TREVINO A E, et al.
Genome-scale transcriptional activation by an engineered
CRISPR-Cas9 complex [J]. Nature, 2015, 517 (7536) :
583-588.

PFEIFFER V, PAPENFORT K, LUCCHINI S, et al. Coding se-
quence targeting by MicC RNA reveals bacterial mRNA silenc-
ing downstream of translational initiation [J]. Nature Structural
and Molecular Biology,2009,16(8): 840-846.

LEE M J, MANTELL J, HODGSON L, et al. Engineered
synthetic scaffolds for organizing proteins within the bac-
terial cytoplasm [J]. Nature Chemical Biology, 2018, 14
(2): 142-147.

BRAMKAMP M, LOPEZ D. Exploring the existence of lipid
rafts in bacteria [J]. Microbiology and Molecular Biology Re-
views,2015,79(1): 81.



264

BREDF

E15

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

LV X,JIN K, WU Y, et al. Enzyme assembly guided by SPFH-
induced functional inclusion bodies for enhanced cascade bioca-
talysis [ J]. Biotechnology and Bioengineering, 2020. DOI: org/
10. 1002/bit.27304.

ANESIADIS N, KOBAYASHI H, CLUETT W R, et al.
Analysis and design of a genetic circuit for dynamic meta-
bolic engineering [J]. ACS Synthetic Biology,2013,2(8):
442-452.

ZHANG J,JENSEN M K, KEASLING J D. Development of bi-
osensors and their application in metabolic engineering [J]. Cur-
rent Opinion in Chemical Biology,2015,28:1-8.

MANDAL M, BREAKER R R. Gene regulation by riboswitch-
es [J]. Nature Reviews Molecular Cell Biology, 2004, 5 (6) :
451-463.

BERENS C, GROHER F, SUESS B. RNA aptamers as genetic
control devices: the potential of riboswitches as synthetic ele-
ments for regulating gene expression [J]. Biotechnology Jour-
nal,2015,10(2): 246-257.

PEREZ J G,STARK J C,JEWETT M C. Cell-free synthetic bi-
ology: engineering beyond the cell [ J]. Cold Spring Harbor Per-
spectives in Biology,2016,8(12): A023853.

HONG S H,KWON Y C,JEWETT M C. Non-standard ami-
no acid incorporation into proteins using Escherichia coli
cell-free protein synthesis [J]. Frontiers in Chemistry,
2014,2: A34.

SHRESTHA P,HOLLAND T M, BUNDY B C. Streamlined ex-
tract preparation for Escherichia coli based cell-free protein syn-
thesis by sonication or bead vortex mixing [J]. BioTechniques,
2012,53(3): 163-174.

KARIM A S, JEWETT M C. A cell-free framework for rapid
biosynthetic pathway prototyping and enzyme discovery [J].
Metabolic Engineering,2016,36: 116-126.

NGUYEN H D, PHAN T T P, SCHUMANN W. Analysis
and application of Bacillus subtilis sortases to anchor re-
combinant proteins on the cell wall [J]. AMB Express,
2011,1C1): 22.

CASCHERA F,NOIREAUX V. A cost-effective polyphos-
phate-based metabolism fuels an all Escherichia coli cell-
free expression system [J]. Metabolic Engineering, 2015,
27:29-37.

SONG Y, NIKOLOFF J M, ZHANG D. Improving protein pro-
duction on the level of regulation of both expression and secre-
tion pathways in Bacillus subtilis [J]. Journal of Microbiology
Biotechnology,2015,25(7): 963-977.

WATERS C M, BASSLER B L. Quorum sensing: Cell-to-cell
communication in bacteria [J]. Annual Review of Cell and De-
velopmental Biology,2005,21(1): 319-346.

MILLER M B,BASSLER B L. Quorum sensing in bacteria [J].
Annual Review of Microbiology,2001,55(1): 165-199.
LOPEZ D, KOLTER R. Extracellular signals that define distinct

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[o1]

and coexisting cell fates in Bacillus subtilis [J]. FEMS Microbi-
ol Review,2010,34(2): 134-149.

SCHULTZ D, WOLYNES P G, JACOB E B, et al. Deciding
fate in adverse times: sporulation and competence in Bacillus
subtilis [J]. PNAS,2009,106(50) : 21027-21034.

HAMOEN L W, VENEMA G, KUIPERS O P. Controlling com-
petence in Bacillus subtilis: shared use of regulators [ J]. Micro-
biology,2003,149(1): 9-17.

SHANK E A, KOLTER R. Extracellular signaling and multicel-
lularity in Bacillus subtilis [ J]. Current Opinion in Microbiolo-
gy,2011,14(6): 741-747.

BOGUSLAWSKI K M, HILL P A, GRIFFITH K L. Novel
mechanisms of controlling the activities of the transcription fac-
tors Spo0OA and ComA by the plasmid-encoded quorum sensing
regulators Rap60-Phr60 in Bacillus subtilis [ J]. Molecular Mi-
crobiology,2015,96(2): 325-348.

DURAND S,JAHN N, CONDON C,et al. Type I toxin-antitox-
in systems in Bacillus subtilis [J]. RNA Biology,2012,9(12):
1491-1497.

JAHN N, PREIS H, WIEDEMANN C, et al. BstG/SR4 from Bacil-
lus subtilis-the first temperature dependent type I toxin-antitoxin sys-
tem [J]. Molecular Microbiology,2012,83(3): 579-598.

GORKE B, STULKE J. Carbon catabolite repression in bacte-
ria: many ways to make the most out of nutrients [J]. Nature
Reviews Microbiology ;2008 ,6(8): 613-624.

SINGH K D, SCHMALISCH M H,STULKE J, et al. Carbon ca-
tabolite repression in Bacillus subtilis: quantitative analysis of
repression exerted by different carbon sources [J]. Journal of
Bacteriology ;2008 ,190(21): 7275-7284.

LBH BEAR . A SR AT B copd K IN R ROt HE A B R
s L1 ] AL 24 2006,46 (1) :23-27

YING M, BAN R. Knockout of the ccp4 gene in Bacillus subtil-
is and influence on riboflavin production [J]. Acta Microbiolog-
ica Sinica,2006,46(1): 23-27.

WANG Z, CHEN T, MA X, et al. Enhancement of riboflavin
production with Bacillus subtilis by expression and site-di-
rected mutagenesis of zwf and gnd gene from Corynebacteri-
um glutamicum [J]. Bioresource Technology,2011,102(4) :
3934-3940.

TANAKA K, TAKANAKA S, YOSHIDA K I. A second-genera-
tion Bacillus cell factory for rare inositol production [J]. Bioen-
gineered,2014,5(5): 331-334.

JIN P,ZHANG L, YUAN P, et al. Efficient biosynthesis of poly-
saccharides chondroitin and heparosan by metabolically engi-
neered Bacillus subtilis [J]. Carbohydrate Polymers, 2016,
140: 424-432.

FENG Y, LIU S,JIAO Y, et al. Enhanced extracellular produc-
tion of L-asparaginase from Bacillus subtilis 168 by B. subtilis
WB600 through a combined strategy [J]. Applied Microbiology
and Biotechnology,2017,101(4): 1509-1520.



%£1% www.synbioj.com

265

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

LIY,ZHU X,ZHANG X, et al. Characterization of genome-re-
duced Bacillus subtilis strains and their application for the pro-
duction of guanosine and thymidine [J]. Microbial Cell Facto-
ries,2016,15(1): 94.

ZHOU K, ZOU R, ZHANG C, et al. Optimization of
amorphadiene synthesis in Bacillus subtilis via transcriptional ,
translational, and media modulation [J]. Biotechnology and
Bioengineering,2013,110(9): 2556-2561.

ZHANG X,ZHANG R,BAO T,et al. The rebalanced pathway
significantly enhances acetoin production by disruption of acet-
oin reductase gene and moderate-expression of a new water-
forming NADH oxidase in Bacillus subtilis [J]. Metabolic En-
gineering,2014,23: 34-41.

FU J,HUO G, FENG L, et al. Metabolic engineering of Bacil-
lus subtilis for chiral pure meso-2, 3-butanediol production
[J]. Biotechnology for Biofuels,2016,9(1): 90.

QI H,LI S,ZHAO S, et al. Model-driven redox pathway ma-
nipulation for improved isobutanol production in Bacillus subti-
lis complemented with experimental validation and metabolic
profiling analysis [J]. PLoS One,2014,9(4): €93815.
TOYA'Y, HIRASAWA T, ISHIKAWA S, et al. Enhanced dipic-
olinic acid production during the stationary phase in Bacillus
subtilis by blocking acetoin synthesis [ J]. Bioscience , Biotech-
nology ,and Biochemistry,2015,79(12): 2073-2080.

MU L, WEN J. Engineered Bacillus subtilis 168 produces L-
malate by heterologous biosynthesis pathway construction and
lactate dehydrogenase deletion [J]. World Journal of Microbi-
ology and Biotechnology,2013,29(1): 33-41.

JIN P, KANG Z,YUAN P, et al. Production of specific-molec-
ular-weight hyaluronan by metabolically engineered Bacillus
subtilis 168 [J]. Metabolic Engineering,2016,35: 21-30.
ZHANG K, DUAN X, WU J. Multigene disruption in undo-
mesticated Bacillus subtilis ATCC 6051a using the CRISPR/
Cas9 system [J]. Scientific Reports,2016,6(1): 27943,
VUOLANTO A, VON WEYMARN N, KEROVUO J, et al.
Phytase production by high cell density culture of recombinant
Bacillus subtilis [J]. Biotechnology Letters, 2001, 23 (10) :
761-766.

GUY,LV X, LIU Y,et al. Synthetic redesign of central carbon
and redox metabolism for high yield production of N-acetylglu-
cosamine in Bacillus subtilis [J]. Metabolic Engineering,
2019,51: 59-69.

LIUY,LIU L, SHIN H D, et al. Pathway engineering of Bacil-
lus subtilis for microbial production of N-acetylglucosamine
[J]. Metabolic Engineering,2013,19: 107-115.

LIUY, LINK H, LIU L, et al. A dynamic pathway analysis ap-

proach reveals a limiting futile cycle in N-acetylglucosamine over-

[105]

[106]

[107]

[108]

[109]

[110]

[111]

producing Bacillus subtilis [ T]. Nature Communications, 2016, 7
(1): 11933.
CUI S, XIA H, CHEN T, et al. Cell membrane and electron
transfer engineering for improved synthesis of menaquinone-7
in Bacillus subtilis [T]. iScience,2020,23(3): 100918.
LIU S,HU W, WANG Z, et al. Production of riboflavin and re-
lated cofactors by biotechnological processes [J]. Microbial
Cell Factories,2020,19C(1): 31.
SHI S, SHEN Z, CHEN X, et al. Increased production of ribo-
flavin by metabolic engineering of the purine pathway in Bacil-
lus subtilis [J]. Biochemical Engineering Journal, 2009, 46
(1): 28-33.
SHI T, WANG Y, WANG Z, et al. Deregulation of purine path-
way in Bacillus subtilis and its use in riboflavin biosynthesis
[J]. Microbial Cell Factories,2014,13(1): 101.
SHI S, CHEN T, ZHANG Z, et al. Transcriptome analysis
guided metabolic engineering of Bacillus subtilis for ribofla-
vin production [J]. Metabolic Engineering, 2009, 11 (4) :
243-252.
LIU L, LIU Y, LI J, et al. Microbial production of hyaluronic
acid: current state, challenges, and perspectives [ J]. Microbial
Cell Factories,2011,10(1): 99.
WESTERS L, WESTERS H, QUAX W J. Bacillus subtilis as
cell factory for pharmaceutical proteins: a biotechnological ap-
proach to optimize the host organism [J]. Biochimica Bio-
physica Acta, 1694(3): 299-310.

BIREE X (1980—) , 53, 1
oL B RS ) AR TR S AR
E-mail : longliu@jiangnan.edu.cn

E—1EE I (1993—) & A
WFFEAE  F5E 07 8 R A= A G T

E-mail: linlu@stu.jiangnan.edu.cn

"



