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Abstract: [Objective] Considering the important role of signal peptides in the secretory
expression of heterologous proteins, we devised an automated high-throughput platform for the
automatic screening of signal peptides, aiming to explore the effects of different signal peptides
in Bacillus subtilis on the expression of heterologous proteins. [Methods] First, using the
Escherichia coli-B. subtilis shuttle vectors pHP13 and pMAS5 as the skeleton, we amplified the
cell division B lethal gene (ccdB) and then ligated it to the middle of the promoter and the target
gene to build the signal peptide screening vector. With the genomic DNA of B. subtilis 168 as the
template, 173 signal peptides were amplified. An automated platform was established for the
expression and screening of heterologous proteins in B. subtilis. Furthermore, the recombinant
strains of heterologous proteins containing different signal peptides were constructed, and the
effects of different signal peptides on the secretory expression of heterologous proteins were
investigated. [Results] Five signal peptides (RpmG, AspB, CitH, LytF, and YkwD) showed
strong abilities to induce the export of GFP from B. subtilis. Among them, RpmG had the
strongest ability to induce the export of GFP, and the extracellular GFP fluorescence of the
recombinant strain increased by 236% compared with that of the control strain. In addition, 41
signal peptides were not compatible with pullulanase (PulA), while the two signal peptides
RpmG and AspB showed strong abilities to export PulA. The highest PulA activity of 116 U/mL
was detected from the recombinant strain carrying the signal peptide RpmG, and the extracellular
enzyme activity was 52 U/mL. The secretion rate of the PulA recombinant strain carrying the
signal peptide AspB reached 74%, which was 68% higher than that of the control strain.
[Conclusion] We developed an automated platform for high-throughput screening of the
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heterologous protein signal peptides in B. subtilis and obtained the signal peptides capable of
improving the secretory expression of GFP and PulA. This automated platform allowed the
parallel processing of a considerable number of samples, which simplified the repetitive manual
laboratory work. This platform outperformed manual operation in terms of both time
consumption and cost. The advantage of the automated high-throughput platform will be more
significant with the increase in sample size. In summary, the established automatic
high-throughput screening platform not only accelerates the screening process of signal peptides

of heterologous proteins, but also provides new technical support for the modification and

iteration of industrial strains of other value-added proteases.
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high-throughput screening
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{6 AT K] 374.9 U/mL; Fu 25T PCR 15
TEMET —AMLE 173 DAE AR Sec
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Table 1 The strains and plasmids used in the study

1S ok

1.1 #8
1.1.1  EFk. FRAFIS(49

AHIF 5 BT G RR ATORE FR S 56 2 A A7 ALY
#EE D, BB IR R A
BEL ) R o B R M A B AR F 5% o
H(ER 2 FI# 3).

Strains and plasmids Relevant characteristics Sources
Strains
DH5a Escherichia coli, used for gene cloning This lab
DB3.1 E. coli, gyrA462 endAl A(sr1-RecA) merB mrr hsdS20 gInV44 (=supE44) aral4 This lab
galK2 lacY1 proA2 rpsL20 xyl-5 leuB6 mtl-1
B. subtilis 168 Bacillus subtilis, wild type This lab
B. subtilis SCK6 B. subtilis, wild type This lab
Plasmids
pHP13-Pyappn-0fp pHP13 carrying gfp gene under control of Pgappn [21]
pBAC9987 B. subtilis-E. coli shuttle vector for Cas9-based genome editing in B. subtilis, [22]

Amp®, Cm®, rep pE194", expressing Cas9 and a ccdB cassette.
pHP13-Pyappn-ccdB-gfp pHP13 carrying gfp gene under control of Pgaph, the ccdB gene was used to This study
integrate the signal peptide fragment

pHP13-Pyappn-SPs-gfp pHP13 carrying gfp gene under control of Pgapph, contains different signal This study
peptide fragments

pMAO0911-pulA PMAO0911 carrying pulA gene under control of Py This lab

pHP13-Pgappr-pUul A pHP13 carrying pulA gene under control of Pgappn This study

pPMA0911-ccdB-pul A PMAO0911 carrying pulA gene under control of Pyapy, the ccdB gene was used to This study

integrate the signal peptide fragment
PMAO0911-SPs-pul A PMAO0911 carrying pulA gene under control of Pygapy, contains different signal — This study

peptide fragments

Fz2 AWMRFASI
Table 2 Primers used in this study

Primers name Sequences (5'—3)

gfp-ccdB-F CGGATCCACGCGTGGTCTCCATGGGATCCATGTCGAAGGG
pHP13-Pyppr-cCdB-R CTGGGGAATATAAGGTCTCGTAATATCGCCTCCTATTGTAAATTAAAATTTAATT
ccdB-F CGAGACCTTATATTCCCCAGAACAT

ccdB-R GGAGACCACGCGTGGATCCG

pHP13-pul A-F TACAATAGGAGGCGATATTAATGCCCCCAAAACAACAGTC
pHP13-pulA-R TAAAACGACGGCCAGTGAATTCAACATTGAATTAATACCCACGCACCA
pul A-ccdB-Bbs I-F GGATCCACGCGTGAAGACGAATGCCCCCAAAACAACAGTCG

pul A-ccdB-Bbs I-R GGAATATAAGAAGACGACATATGTAAATCGCTCCTTTTTAGGTGGC
ccdB-Bbs I-F ATGTCGTCTTCTTATATTCCCCAGAACATC

ccdB-BbsI-R TCGTCTTCACGCGTGGATCC

<l actamicro@im.ac.cn, & 010-64807516
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xR3 HMESTREIESKE GFP 78R ASIHGERST)

Table 3 Primers used to construct GFP secretion vectors containing different signal peptides (partial)

Primers name Sequences (5'—3)

aspB-F CCAGGTCTCAATTAATGAAACTGGCAAAAAGAGTATCCGC
CitH-F CCAGGTCTCAATTAATGGGAAATACTCGTAAAAAAGTTTCTGT
IVtF-F CCAGGTCTCAATTAATGAAAAAGAAATTAGCAGCAGGGC
rpmG-F CCAGGTCTCAATTAATGAGAAAAAAGATTACGTTAGCATGCA
ykwD-F CCAGGTCTCAATTAATGAAGAAAGCATTTATTTTATCTGCTGCC
aspB-R CCAGGTCTCACCATCGCTTTCGCTGTGATTGC

CitH-R CCAGGTCTCACCATAACGTCTGCCAGCTCTTTTT

IytF-R CCAGGTCTCACCATTGCTTCAGCTGGTGTCACTAC

rpmG-R CCAGGTCTCACCATCGCTGATGCAGAGCTCTTCA

ykwD-R CCAGGTCTCACCATCGCTGATGCTTGCTGTACG

1.1.2 EERF

Q5 High-Fidelity DNA R4 . T4 DNA %
FERG AP BR NI B A e A e R
JE A PR F] 5 2xES Taq MasterMix (Dye)l H
Abmt FE L A YRR BR 2\l 5 Bk /N
R G (REERE) . i DNA P4 alifbis ) & (0
RO A B AR IR 2R A BR AR EEAL
7l & ClonExpress MultiS One Step Cloning Kit 4]
F R T MERE LR R Ry A PR | N
Z (ampicillin, Amp) , "R HB% % (kanamycin, Kan) .
W %S & (spectinomycin, Spe)ld [ It R K E R}
H AR A

KGR RS B 2R FOAT 18 GFP 3R3A (% H LB
Biged(g/L): HAMK 10.0, BERHEEMW 5.0, &
BAN 100 FEELZFHIFT IR PulA RN
2xSR HiFRbk(g/L): EAM 30.0, EERHEEY
50.0, K,HPO,3H,0 6.0, #FhHuthhsgEstii
AR Spe fTEXMATHH 4 100 pg/mL, 7E
R EZFE AT IR PO 250 pg/mL s Amp 7E R I
1 100 pg/mL, Kan 7€ 5 25404 5 R
25 pg/mL,
1.2 HBHEFHEFEEL

H B TR ALY B. subtilis SCK6 % 1 ODgoo
1.0 H LB WARTCHUEE R 5 B e A

20%MIAREEEW, (HAFAKE R LUK ETE 2%, TF
37 °C, 220 r/min 518 FHi 5% 2 h 45 g2 4
BEENEE A 2 ug FORLE] 100 puL Bz S 4, 78
37 °C. 220 v/min 51 N E 3 h i FEA Pk
) LB AR IR |, 37 °CRI BSR4 .
1.3 ERMEFEIE GFP IEF R R RINE

A FARRE SR . R Biomek i7 H 3L TAE
i) 96 FLA A S HER LB WARKE SR,
FIFH QPix 420 =il S MAEY) B 2h w BTk R 5
A S NI ER= NS SR v s = B A 7 9
SERERERNT 96 fLAR Y, B ERGREIK 37 °C.
800 r/min ¥57% 16 h, Biomek i7 H #hik T /Fuk%E
$2 10 uL P82 A BRI 96 FLAkH,
EEEIRGHEIE 37 °C. 800 r/min 5537 24 h,,

BEEMAE . Biomek 17 A 34k TAE 4> 51
R 100 pL A RN A TR 2 0 e I _E TR IR
bR o R R (S R T 2 P R S Y
LR PN DL SRR ODgoo {H (986 & %
K 488 nm, WA 520 nm). HEYE AR
I3 IE(Y)= IB TR 2t/ B¢ Ex 100,
1.4 47 PulA EAREFBETENIERKR
HEgENE

HAFHIETR . A ARG SR PulA &
2 AR SRR Tl A BUIE 1 LB W AR 5 5
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Hi, 37°C. 220 r/min £ FH55E 16 h, LURLH
ODgoo M 0.1 Fe4 2 ar A PibEnY 2xSR B3k,
37°C. 220 r/min F}55% 48 h,

g 0G W E . R A 3.5- A K g R
(3,5-dinitrosalicylic acid, DNS)E WL 7EAH )
RIS R pH 41T, DL 5% 4 22 B i Al
pH 4 6.0 HIBEIREL S R F AR R LL 1:8 IR G 1E
KIRY, A 50 uL SEAERE , TRSI)E 60 °CJ
% 30 min, JIA 500 uL DNS ¥ 11w, ik
7% 10 min, & ODsy T BYIGHIAE . LA 4
f) DNS 55 ODsg JERUSAE , 2l bR th 4 i
FIFRaE o WG e B8R AE 8 1 pmolL i %4
Jr e i SO 1 ARG 1 BAAL(U) . 23 e
FL PN AN R G L TR IR . BB AR
43 W (%)= M A i 05 /(AN NS - N
1%)x100,

1.5 3RiA=4) SDS-PAGE 73 #f

W AR R e RS R ARTTTE , AR TTTE
GRTUE IR ZZ R TF, AR 10 min, 2
J5 12 000 r/min B5.0> 2 min WCEERLHE 5 51T
VE, KRR S SE O EREZ s PIRIR ST, 100 °C

@I N 10 min, 12 000 r/min .0 1 mim,
B3 W s A4 T SDS-PAGE 4347 .

2 EREM

2.1 GFP ESmEEAFrigiE
A pHP 13-P gapon-gfp JFUORE R A £ FF 5 1 4
%t gfp-ccdB-F/pHP13-Pgapon-ccdB-R #£4T PCR 4
WA B, SR pBAC9987 AAEAR P,
H514%} ccdB-F/cedB-R #£47 PCR 414 ccdB %
KRB B 2 A B AR 2 i e e 2 K FT
[ (Escherichia coli) DB3.1 HH 315 B4 , L Spe
PUE IR e PV e e, $REUTORL, fFHBRSIPE A )
fi ECOR V Fl EcoR 1 JEATHEY] % , M Ik 45 R i
INEEYLFURL pHP13-Pgappn-ccdB-gfp AL - B
KANER(E 1),
2.2 SIEBE=EME GFP RiA 7 Ek
DL GFP it B DY), 57 A B2 27 F A 18 GFP
AT IR, I R 15 5 AR R R T H
AR5 . IR ZEEAT A 168 SEA
LB ST B AR5 1 9% PCR &4 173 2%
H 5 KR B (81 2), {#i ] KingFisher Flex fifBk4lift,

b
Powor  ccdB P
. — 10 000
Ori — 5 000
. — 2
pHP13-P,, -ccdB-gfp e
1210b
6 463 bp EcoR 1 P 1 000
Spel
Rep P
\
EcoR V

B 1 pHP13-Pgpn-ccdB-gip Brfiuits
Figure 1

B: Confirmation of pHP13-Pgypn-ccdB-gfp. Lane M: DNA Molecular
V+EcoR I; Lane

pHP13-Pgappr-ccdB-gfpp/ECOR
DB3.1/pHP13-Pgqpp-ccdB-gfp.
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5 K B 56 e
Plasmid construction and confirmation for pHP13-Pgappn-ccdB-gfp. A: Map of pHP13-Pgappr-ccdB-gfp.

Weight
2: pHP13-Pgappr-ccdB-gfp
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Figure 2 Flowchart of high-throughput automated construction and screening of signal peptide libraries.
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XA b i 173 K55 A B, a0l
pHP13-Pgappn-ccdB-gfp Sk 7 Golden Gate i
%, ffif] Biomek i7 HZhbL ARSI E. coli
DH50 2B 2 &Y, PCR X 42 °C#itr,
Ol R PE R E 1 h, QPix 420 il it A
Y H SRR R URAR, 37 CCHEFRAERE R
Wo SN EE, BIIHE 96 A~E AR
PR, il R PR RS 7% J5 # ] KingFisher Flex
WEER A AL FEE DNA Jfokz, f#i ] Biomek i7 H
AL TAERG N B. subtilis SCK6 J&Z 5% 2 ug
Bk, mEEIRGREIR 37 °CHFF 3 h, QPix
420 I A Y A B TR R R SRR iR 4L
AT 91 BRE A KA 2).
23 EBHEMEFANED GFP HWRLNE
91 MR AR5 KA B 21 TR PR 22 FL AR 1
24 h KB, S5REREEARES KELRE
P GFP WRiEmibESBE . Hi 25 &GS
JKC4n SPyw SPyope. SPyaar Al SPaye)5 GFP i&E L
PEARMR, B BEDOGE S & A 28 Bk SCK6
MRAHEETICAH .22 5 o SPapna SPywin~ SPyak F1 SPywmd
& 61 MEZIEA —ET |3 GFP Rk MAifEshr
WHIEEST, 1H GFP [RIAHBAK. SPrpme (GenBank
B35 NP_387980.1), SPage (GenBank 5%
9 NP 390118.1) . SPuw (GenBank % 5% 5 Wy
NP 390790.1) . SPy (GenBank % 3¢ 5 K
NP _388818.2) il SPywp (GenBank % 5t 5 H
NP_389280.2) 5 M7 5 k5| T GFP foh 0 by
RE S CR , HoH SProme WAS UK 615 31 A SR L A5
Sk, HE 2 bk SCK6/pHP13-Pyapon-SProme-gfp
My B9 6 E Ik 25 606 au. , B 4 Y
SCK6/pHP13-Pgapon-gfp A HL GFP B ik HH R
T 123%, HAM 1S GFP %G AT 5 22 854 a.u.,
5B A= T SCK6/pHP13-Papon-gfp A FL 20 Jifd 41
GFP ik iR T 236%, A 20 w ik 1 i
E (B 3) e FE2E 0 B30 BE T LK 31 40 7 bk
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SCK6/pHP13-Pgapor-SProm-gfp 5 SCK6 Bf2E: 7Y
WPk GFP 2805 (18 4), E 4 bk
SCK6/pHP13-Pgapon-SPrpme-gfp AT LML 2Z 2] 1 52
LR EATEN

24 EE=MREBANWEREEE
M ZE

BEX E A Tl B 6 22 E A T AR SR
FIR BT A TR pHP13-Pgapon-pul A, LA HE
pHP13-Pgaopn-gfp! o 55 Al , i I 51 ¥ X
pHP13-Pgapon-F/pHP13-Pgappr-R #E4T PCR 47 34H
PR B, DIMG R 2R SCK6/pMAO0911-pul A 2y
Kb, #5145 pHP13-pul A-F/pHP13-pul A-R
#AT PCR 73, [ pulA B, # 2 MR B
[7i) Y5 20 3% $2 44k E. coli DHSa HH 3545 4
PL Spe it e P 7o ks, $SRIBUSTRL, 20007
BSAE, SR AL IE R (E 5).

ZH T R PSS ERA S 1 pHP13-Pgapon-pul A
JECRE G AR B AEAIAT R SCK6 Jo R & % 48 h,
DN o 2H AR AR 7 B 22 Y BTG (12 6A),
FLH R SCK6/pHP13-Pgappr-pUlA ik PulA fiff
TEACH 16 U/mL, BB IR R G0 5356 4 )2
ISIERCPER, B, T pMAO0911 FRIkEIARIA
e o, MEXEL R SCK6/pMA0911-pulA &
ik PulA MBS PTIA%) 202 U/mL, J& 41 E
SCK6/pHP13-Pgapon-pul A 54 = R IR R 1) 12.6 %
(K 6A). BRI 4 °CE.O, BCERERR
W DL K B P R B R R, R A
SDS-PAGE Jy i A700 M. S5 R LM, HA W
SCK6/pHP13-Pgepor-pul A Fl SCK6/pMA0911-pul A 1
IR AFRBFN, 53CRIRE 8
6B), VL& 22 BN 2 PR RIA R G T
RER bk, I H SCK6/pMA0911-pulA H- &
2 i AG F2 5 B B T SCK6/pHP 13-Pgapon-pul A,
T Rl R LR pMA0911 #AKH T F—#
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22000 5 o R o O  Secretion rate -1 100
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Signal peptides

3 BTRMESHEHLMHEFBITE GFP HIRIE

Figure 3 Characterization of recombinant Bacillus subtilis GFP containing different signal peptides. The
ordinate secretion rate (%) is the GFP fluorescence in the supernatant/total GFP fluorescence. The
fluorescence of LB medium for blank control was 300 a.u.; 3-39 were AmyX, LipB, LytC, PbpB, PhoA,
PhrF, YbbR, YbbC, YbdN, YjfA, LytB, YIbL, WprA, NprE, YIxF, LytR, YwtD, LytR, XynA, AmyE,
PbpX, YgxM, YwqC, YvbX, YpmB, YxaK, YwmB, YwfM, CotC, BglS, TyrA, YwmD, DacF, LytD,
YbbE, GIpQ, TasA, respectively; 41-62 were YdjM, MotB, YIxW, YdbK, YnzA(TatAC), Pel, YobV,
CccA, YoaW, MreC, YjcN, YocA, YIxY, YogM, YhcR, YvgO, YxiT, YvpA, YpuD, YWwjE, YwtF, Csn,
respectively; 64—66 were YdjN, YhdC, PenP, respectively; 68 was YddT; 70—92 were WapA, SpollQ, Mpr,
CwlD, YncM, YfkN, NprB, YbfO, YwqO, YngK, YhakK, YobB, YkvV, DItD, YvcE, YwoF, YusW, YrvlJ,
YqzG, YunB, YqzC, YqfZ, AbnA, respectively.

2.5 PulA ESATHIESIFRIH)IE pPMA0911-ccdB-pul A BT - BER/NER(E] 7)o
DLSCIREARAFR) pMAO9LL-pUlA FTRAER 2.6 =IBEEMIE PulA X5 B
5 1497%F pulA-ccdB-Bbs 1-F/pul A-ccdB-Bbs I-R IS B AT I 168 KK 4H A 40 il il

AT PCR BB, ARSI ENIR  HAFEBSIY% PCR 34, K15 173 &5k
pBAC9987% g #% ¥ , I 51 ¥ XF ccdB-Bbs  FEt. SEnEEME GEP /WA 1,

I-F/ccdB-Bbs I-R ##4T PCR 41 ccdB 5 HEX, Golden Gate MRFYIN i AN], HA kA5 R —
(AR B " YA RIAT I DB3.1 B4 B, a3k, it e 158 AR
L, LA Amp BUPEE A vk, FHRRGIMENUIRG bk, SRS PR IRIE %5 (11 KingFisher Flex
BamH IJFFTREVIEE, KRB REHTOR  BEERALLIAREL DNA kL, f#iF Biomek i7 H
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BEZEZE2 pg 420 Rl EEHAEY) A Sh v B 1 R GEIRAR, FeX

Sk TAERE BN B. subtilis SCK6 357 75
Bk, mEEIRGREIR 37 °CHFE 3 h, QPix 1% 74 BRIE#H WA Wk (A 2).

15 um

15 pm 15 um

4 RHAEMRUBELEERTIE GFP BIZN
Figure 4 Fluorescent images of Bacillus subtilis SCK6 (A and B) and Bacillus subtilis

SCK6/pHP13-Pgappr-SPrpme-0fp (C and D). A and C: Bright field images. B and D: Fluorescence images. Cells

were excited at 488 nm.

B
bp
5972 bp 10 000
5000
pHP13-P,,,,-puld Y BamH 1
7200 bp 2000
1228 bp 1000
Réii Spe*
\
EcoRV

5 pHP13-Pyon-pul A BT i [E K B 1] 56 i ]
Figure 5 Plasmid construction and confirmation for pHP13-Pgappn-pulA. A: Map of pHP13-Pgappn-pul A. B:
M: DNA Molecular Weight Marker; Lane 1:

Confirmation of pHP13-Pgappn-pul A, Lane
pHP13-Pgappn-pul A isolated from E. coli

pHP13-Pgappn-pul VECOR ~ V+BamH I; Lane 2:

P4 actamicro@im.ac.cn, & 010-64807516
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1 23 45678 9M kDa

PulA

50

Enzyme activity (U/mL)

0 [
pHP13-P,,;,-puld

pMAO0911-puld

6 FEFIEHAIRIE PulA BEFENE R SDS-PAGE 747

Figure 6 Enzyme activity and SDS-PAGE analysis of PulA expressed of different expression vectors. A: Enzyme
activity of PulA expressed by different expression vectors. B: SDS-PAGE analysis. Lane M: Protein Molecular
Weight Marker; Lane 1, 4, and 7 are the supernatant, intracellular, and inclusion bodies of pHP13-Pgapn-pul A by
shake flask fermentation, respectively; Lane 2, 5, and 8 are the supernatant, intracellular, and inclusion bodies of
pPMAO0911-pulA by shake flask fermentation, respectively; Lane 3, 6, and 9 are the supernatant, intracellular, and
inclusion bodies after fermentation of pMAO0911-pulA in 96 well plates, respectively.

A B

bp
A 10 000 7711 bp

i 5000

_ pPMAO091 1-ccdB-puld BamH 1
9855 bp 2 000 2144 bp
Kan" Amp‘/
1 000
Ori

7 pMAO0911-ccdB-pul A BRIk E] K BE 158 iE

Figure 7 Plasmid construction and confirmation for pMA0911-ccdB-pulA. A: Map of pMA0911-ccdB-pul A.
B: Confirmation of pMAO0911-ccdB-pulA. Lane M: DNA Molecular Weight Marker;
pMAO0911-ccdB-pul A/BamH 1.

Lane 1:

2.7 EEWHEFEMFED PulA FEMHENE
74 BREE ARG R ZF AT R K T 48 h JE A
i, SRR A ANFES IKE LR PulA
EZEFTE. % SPgpo. SPywmc SPyray Fl SPpas
S5 41 MG IR EE AL R AR LT R AN 21345 22
it T 150 ]I A O 3 - 2 Il P PR PR AR
fiic & SPromc. SPage. SPyiae. SPir. SPyiww Fll
SPyne 5 33 AME T —E 5| 55 22 g2
HLAb I3 WA RE ) o HoH SPrpme 1 SPasps N AS UK i

R RS K, E AW K
SCK6/pMA0911-SPpne-pul A 23536 2% Wi S
S T AR B K F, ATk 116 U/mL,
HR R 2 A /MR IK 45%, SR RRE
¥k SCK6/pMAO0911-pulA #H 24 . = 4 H #k
SCK6/pMA0911-SPag-pUlA 315 T 65 > il 1 43 )
Rk 74%, SXFHEE R SCK6/pMA0911-pul A
FLA IR AE = T 68%, JHLEEHE N 84 U/mL, 41
Mo AME S R 62 U/mL (8 8).
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Figure 8 Characterization of recombinant Bacillus subtilis PulA containing different signal peptides. Control
is the SCK6/pMA0911-pul A recombinant strain; Error bars indicate the standard deviation of three biologically

parallel samples.

3 w5k

il e ZF AT TR B MR R AN Y
—RIE T M T EHABEE RGN 597k
[T SN 4 = B A =B L 1 e SR 7 7 o o W N 11
H T B IA R H 2 22— SR, HATRER 1
R SN IR PR REZF fRURT B R R R G P
BT RRERIE , REZBOMNRE B AR 2F AT
I FRIBROR AR N T i RSN R R 0K
OISR, ARAGHALPERER ok BRIk 1, K
71308 3 DG P o 2 ST 1 v A ) A 0 e fh 55
EREROA, 454 A sh b Sme s, JEAL 1 AR 2F
TR B P15 5 IR Bl i A s i e
e 55, R RO e AR A2 05 70 MA Y 55 ) TR B LA
L5 R AR AN SR B G T H S PR T R4
FAF AR 1 BRI IR EE T, AT Y

<l actamicro@im.ac.cn, & 010-64807516

AR AT AL L LAt . [, EEr B Bk
i 0 B NSO T A 5 2 6 AT B A1 R
MG IR e UL A A, ST i
R Ao Ay Al e B R 2 1 %) "l TR A s
P& TH AL AR AT 0 S %

AMFFELL GFP gk HE IR,
F#E 91 MR E R [RME 5 kY GFP AL #k . it
W5 AR ZERIAT R GFP 129, ik
5 MAAEIRES GFP MAMMIBEE S 015 5 Rk
SPromG+ SPags SPeitis SPiyir Fl SPywpo HHEE
A BR SCK6/pHP13-Pgapr-SProme-gfp 515 GFP
HANT I R A, HARMIAN i) GFP %45
55X TR F R R T 236%. R FaR S E
Hili B ZE AT T R AR T 5 AR 0 R B
eyt 5 & , FATH— SO T A
BT DA BT X 22 i A I A 5, RS



ZRE F | MUEYEA, 2024, 64(8)

3071

74 MRS ANEE S R0 PulA TE2H Ak . e 2
PRI 6 22 W TR L RS T 2 N EA = ks
S 24 i AN S IR 1 S S K SProme 1
SPags, HHE AR SCK6/pPMA0911-SPypre-pul A
(1) 2 T ) i o HLAt R A PR PR A EL e
AN S 2 BEETE 52 U/mL, BAEEHS ATk
116 U/mL . B4 # Fk SCK6/pMA0911-SP55-pul A
() 3068 4 Tl 4 M R FT AR B 74%, 5 % BE P Bk
SCK6/pMAO0911-pul A A FL /I RAE = T 68%,
H A0 AMBEG A 62 U/mL, Sy 84 U/mlL.
b, ATV R R B, e T2 TR
A 55 KT 9 ) AR 58 AR Bk, X
FEARKREH T EH WG 8746 % R k&
A 1) A5 5 I 4 JB0RE A AR B 2E AT B R
FEARBCRAL, BRI EAERE D, T
I 5 W 51 AT e B 20 T Rk ) 2B K= A 5
ARSI ST T 80 oA R AAT I 5 5 IR S =
HMIGEEE LA 3 RE T, 4 Ja wT DL 3E 2o A4 A
i B 22 0 ANl S BRI B4 A Rk, AR A5 i
TR R A 7 2 R P R 2T B T A R

FAk, X R E SRS T GFP Fl PulA
A5 5 KR 1) 0 1B S5 AR AL 25 2%, R BUAE & Ik
SProme 515 GFP I3 6 =2 i it 1 53104 114 e T #
A, (558K SPags ¥ GFP FIE & 24 g #l
HLA B 5 A 31 1 BE 7 o AT LA o i —
AT AA B ZE AT B P AR 05 5 KPR 1 3
A S ST & RIS R X5 5K
o s, R AR S5 ik, X kA
B 5 I AN TIN5 AT, A5 5 K 5 AM A
B Z R VC AL AL

B 30K

[1] SUY, LIU C, FANG H, ZHANG DW. Bacillus subtilis:
a universal cell factory for industry, agriculture,
biomaterials and medicine[J]. Microbial Cell Factories,
2020, 19(1): 173.

TOLIBIA SEM, PACHECO AD, BALBUENA SYG,
ROCHA J, LOPEZ Y, LOPEZ VE. Engineering of
global transcription factors in Bacillus, a genetic tool
for increasing product yields: a bioprocess overview|[J].
World Journal of Microbiology and Biotechnology,
2022, 39(1): 12.

EJAZ S, KHAN H, SARWAR N, AQEEL SM,
AL-ADEEB A, LIU S. A
advancement in expression strategies used in Bacillus
subtilis[J]. Protein and Peptide Letters, 2022, 29(9):
733-743.

VOLK MJ, TRAN VG, TAN SI, MISHRA S, FATMA Z,
BOOB A, LI HX, XUE P, MARTIN TA, ZHAO HM.

review on recent

Metabolic engineering: methodologies and
applications[J]. Chemical Reviews, 2023, 123(9):
5521-5570.

STULKE J, GRUPPEN A, BRAMKAMP M, PELZER
S. Bacillus subtilis, a Swiss army knife in science and
biotechnology[J]. Journal 2023,
205(5): e0010223.

LIU YF, LIU L, LI JH, DU GC, CHEN 1J. Synthetic
biology toolbox and chassis development in Bacillus
subtilig[J]. Trends in Biotechnology, 2019, 37(5):
548-562.

ER, ER, AR, RaE, BIE. MR REE
IRy 0 S IR AR AR ST R (D] A W
2021, 48(8): 2815-2826.

WANG J, WANG C, DU Y, XU JY, BAN R. Advances
in heterologous protein expression and secretion of
Bacillus subtilis[J]. Microbiology China, 2021, 48(8):
2815-2826 (in Chinese).

A, URERE, MREE, B, T, EILE,
LA, SRR, XJE. Al 2E AR A LR
B mE 5TR (0], AW TR AR, 2021, 37(5):
1619-1636.

LU XQ, WU YK, LIN L, XU XH, YU WW, CUI SX,
LI JH, DU GC, LIU L. Strategies and tools for
metabolic engineering in Bacillus subtilis[J]. Chinese
Journal of Biotechnology, 2021, 37(5): 1619-1636 (in
Chinese).

FEAH, 1880, sRORAh. M 2R AT R TE RS S AR
AW AR PR FE S B Tl A [T). A9 TR,
2021, 37(3): 923-938.

KANG Q, XIANG MJ, ZHANG DW. Research
progress and industrial application of Bacillus subtilis

of Bacteriology,

in systematic and synthetic biotechnology[J]. Chinese
Journal of Biotechnology, 2021, 37(3): 923-938 (in
Chinese).

http://journals.im.ac.cn/actamicrocn



3072 LI Haoni et al. | Acta Microbiologica Snica, 2024, 64(8)
[10] #RaGiH, FH, XVH#R, A5H, TEH, BEe, HAJIEBRAHIMI A, GHASEMI Y. A comprehensive
22k, k%t {4k Bacillus subtilis XF 575 B-1,4-14 review of signal peptides: structure, roles, and
YA W 43 36 22 3k AU BF SR [T]. T #0244, 2021, applications[J]. European Journal of Cell Biology,
61(10): 3222-3234. 2018, 97(6): 422-441.
XU SH, XIN Y, LIU JM, SHI GY, DING CY, GU ZH,  [19] 214, sKEEHE, skilik, X202, Rk, FamE
LI YR, ZHANG L. Optimization of secretion of 1 1 M5 5 IR 0 28 1A g A % 5 15 5 IR O 1 [0, 3
heterologous endo-fB-1,4-xylanase in Bacillus JbAgell K249, 2021, 44(4): 69-75.
subtilis[J]. Acta Microbiologica Sinica, 2021, 61(10): LI CM, ZHANG WY, ZHANG X, LIU HX, XU DQ.
3222-3234 (in Chinese). Construction of a signal peptide-probe vector and

[11] GREEN ER, MECSAS J. Bacterial secretion systems: screening of strong signal peptides in Corynebacterium
an overview[J]. Microbiology Spectrum, 2016, 4(1): glutamicum[J]. Journal of Hebei Agricultural
10. University, 2021, 44(4): 69-75 (in Chinese).

[12] PALMER T, BERKS BC. The twin-arginine [20] $A¥HE, tRiE, TOLEL. AZfbEEEREARERL™
translocation (Tat) protein export pathway[J]. Nature YA R R R T]. A REY 2, 2023, 4(5):
Reviews Microbiology, 2012, 10: 483-496. 932-946.

[13] FREUDL R. Signal peptides for recombinant protein HU ZH, XU J, BIAN GK. Application of automated
secretion in bacterial expression systems[J]. Microbial high-throughput technology in natural product
Cell Factories, 2018, 17(1): 52. biosynthesis[J]. Synthetic Biology Journal, 2023, 4(5):

[14] WANG N, GUAN F, LV X, HAN D, ZHANG Y, WU N, 932-946 (in Chinese).

[15]

[18]

XIA X, TIAN J. Enhancing secretion of polyethylene
terephthalate hydrolase PETase in Bacillus subtilis
WB600 mediated by the SPamy signal peptide[J].
Letters in Applied Microbiology, 2020, 71(3): 235-241.
FENG Y, LIU S, JIAO Y, WANG YL, WANG M, DU
GC. Gene cloning and expression of the L-asparaginase
from Bacillus cereus BDRD-ST26 in Bacillus subtilis
WB600[J]. Journal of Bioscience and Bioengineering,
2019, 127(4): 418-424.

FU G, LIU JL, LI JS, ZHU BW, ZHANG DW.
Systematic screening of optimal signal peptides for
secretory production of heterologous
Bacillus subtilis[J]. Journal of Agricultural and Food
Chemistry, 2018, 66(50): 13141-13151.

NIELSEN H, TSIRIGOS KD, BRUNAK S, von

proteins in

HEIJNE G A brief history of protein sorting
prediction[J]. The Protein Journal, 2019, 38(3):
200-216.

OWII H, NEZAFAT N, NEGAHDARIPOUR M,

<l actamicro@im.ac.cn, & 010-64807516

(21]

[22]

LIU Y, ZHENG H, ZHAN GH, QIN W, TIAN L, LI
WL. Establishment of an efficient transformation
protocol and its application in marine-derived Bacillus
strain[J]. Science China Life Sciences, 2014, 57(6):
627-635.

LIU Y, CHENG HJ, LT HN, ZHANG YZ, WANG M. A
programmable ~ CRISPR/Cas9  toolkit improves
lycopene production in Bacillus subtilis[J]. Applied
and Environmental Microbiology, 2023, 89(6): ¢0023023.
MILLER GL. Use of dinitrosalicylic acid reagent for
determination of reducing
Chemistry, 1959, 31(3): 426-428.
AN, WIEL, BWDT, RIS, KRR — AR B A
WG MRS5S IRE]. AW TR %R, 2014,
30(1): 119-128.

ZHEN J, HU Z, L1 SF, XU JY, SONG H. Structure and

function of a novel

sugar[J]. Analytical

thermostable pullulanase[J].
Chinese Journal of Biotechnology, 2014, 30(1):

119-128 (in Chinese).



