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x 1. AXETABERRR
Table 1. The strains and plasmids used in this study

Strains and plasmids Relevant characteristics Sources

Strains
JM109 Escherichia coli, used for gene cloning This lab
WB800 B. subtilis, used for initial expression host This lab
168 B. subtilis, wild type This lab
NZ-X WBB800 harboring pWB980-X plasmid This study
Nz-C WBB800 harboring pWB980 plasmid This study
ZTS WB800, AxynA::Pgyq-sipS-Tet, Tet' This study
ZTT WBB800, AxynA::Pgyg-sipT-Tet, Tet' This study
VA WBB800, AxynA::Psg-sipS This study
ZT WBB800, AXynA::Pse-sipT This study
NZ-YlaE-X WB800 harboring pwWB980-YlaE-X plasmid This study
NZ-YfhK-X WB800 harboring pWB980-YfhK-X plasmid This study
NZ-EglS-X WB800 harboring pWB980-EglS-X plasmid This study
NZ-YqgxI-X WBB800 harboring pWB980-YqxI-X plasmid This study
NZ-YpjP-X WBB800 harboring pWB980-YpjP-X plasmid This study
ZS-YfthK-X ZS harboring pWB980-YfhK-X plasmid This study

Plasmids
pWB980 B. subtilis secrete expression vector, Kana' This lab
Cloned-T-FTF pMD19-T based vector with FRT sequence and Tet expression cassette, Amp" This lab
pNZT1-Kana-FLP Temperature sensitive plasmid with flp expression cassette, Kana' This lab
pWB980-X pWB980 based vector with endo-B-1,4-xylanase gene, Kana' This study
pWB980-P 43 pWB980 based vector, Kana' This study
pWB980-SC pWB980-P,; based vector, Kana" This study
T-AXyNA::Psgg-SipS pMD19-T based vector with the knock-in cassette of sipS, Amp' This study
T-AXynA::Pgoo-sipT PMD19-T based vector with the knock-in cassette of sipT, Amp' This study
T-AxynA::Pog-sipS-Tet T-AxynA::Pge-sipS based vector, Amp' This study
T-AxXynA::Pgog-sipT-Tet T-AxynA::Pggq-sipT based vector, Amp' This study
pWB980-YlaE-X pWB980-SC based vector, carrying YlaE signal peptide sequence, Kana' This study
pWB980-YfhK-X pWB980-SC based vector, carrying YfhK signal peptide sequence, Kana' This study
pWB980-EglS-X pWB980-SC based vector, carrying EglS signal peptide sequence, Kana' This study
pWB980-YqxI-X pWB980-SC based vector, carrying YgxI signal peptide sequence, Kana' This study
pWB980-YpjP-X pWB980-SC based vector, carrying YpjP signal peptide sequence, Kana' This study

actamicro@im.ac.cn
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F 2. AXFA5IY
Table 2. Primers used in this study

Primers

Sequences (5'—3’)

For amplification of endo-B-1,4-xylanase gene

X-F
X-R

CGGGGTACCATAATTAAGGAGGATTCTTATGAATTTGAGAAAATTAAGACTGT
CGCGGATCCTTAGTGGTGGTGATGGTGATGATGATGGCCACCGTTGCCAATAAACAGCT

For construction of signal peptides screening vctors

C1-F
Ci1-R
C2-F
C2-R

CCGGAATTCGATATCaGCATTATTGAGTGGATGAT
CTAGTCTAGAAATTACCGGAGCTCCGGTGGTACCGCTATCACTTTATATTTTAC
AATTACCGGAGCTCAGAACCATTACGAATAATG
CTAGTCTAGAGATCCTTAGTGGTGGTG

For amplification of signal peptides

AbnA-F
AbnA-R
AfsK-F
AfsK-R
AmyE-F
AmyE-R
BgIS-F
BgIS-R
CotC-F
CotC-R
Csn-F
Csn-R
DacF-F
DacF-R
EgIS-F
EgIS-R
MotB-F
MotB-R
Mpr-F
Mpr-R
PhoB-F
PhoB-R
YdjM-F
YdjM-R
XynC-F
XynC-R
YfhK-F
YfhK-R
YhfM-F
YhfM-R
YlaE-F
YlaE-R

CGGGGTACCATAATTAAGGAGGATTCTTATGAAAAAGAAAAAAACATGGAAACG
AATTACCGGAGCTCAGCTGCCTCTGCGGGAGCAGCA
CGGGGTACCATAATTAAGGAGGATTCTTATGGTCAAGTCATTTCG
AATTACCGGAGCTCAGCCGCATAAGCAGCTGTCG
CGGGGTACCATAATTAAGGAGGATTCTTATGTTTGCAAAACGATTCAAAAC
AATTACCGGAGCTCAGCAGCACTCGCAGCCGCCG
CGGGGTACCATAATTAAGGAGGATTCTTATGCCTTATCTGAAACGAG
AATTACCGGAGCTCAGCAGCTGAGGCAGTAGCAG
CGGGGTACCATAATTAAGGAGGATTCTTATGAAAAATCGGCTCTTTAT
AATTACCGGAGCTCAGCAGATTTTGCGGCTTGG
CGGGGTACCATAATTAAGGAGGATTCTTATGAAAATCAGTATGCAAAAAG
AATTACCGGAGCTCAGCCGCAAAAACCGTTTCGC
CGGGGTACCATAATTAAGGAGGATTCTTATGAAACGTCTTTTATCCAC
AATTACCGGAGCTCAGCTGCAAATGCAGACGGTG
CGGGGTACCATAATTAAGGAGGATTCTTATGATGCGAAGGAGGAAAAG
AATTACCGGAGCTCAGCTGCTGATGCCGGCGAAG
CGGGGTACCATAATTAAGGAGGATTCTTATGGCGAGAAAAAAGAAGAAGAAGC
AATTACCGGAGCTCAGCGCTGCTCGCGTACAGC
CGGGGTACCATAATTAAGGAGGATTCTTATGAAATTAGTTCCAAGATTCAG
AATTACCGGAGCTCAGCCGCTTTTGCCGGTACGC
CGGGGTACCATAATTAAGGAGGATTCTTATGAAAAAATTCCCGAAGAAATTACT
AATTACCGGAGCTCAGCGGCGCTGGCTTCAGGC
CGGGGTACCATAATTAAGGAGGATTCTTATGTTGAAGAAAGTCATTTTAG
AATTACCGGAGCTCAGCCGCACTGGCATCTGATG
CGGGGTACCATAATTAAGGAGGATTCTTATGATTCCACGCATAAAAAAAACAAT
AATTACCGGAGCTCAGCTGCCAAAACTTCAGTAGCG
CGGGGTACCATAATTAAGGAGGATTCTTATGAAAAAGAAACAAGTAATGC
AATTACCGGAGCTCAGCAGCTTTTGCTGCGGGAG
CGGGGTACCATAATTAAGGAGGATTCTTATGAAAAAAATAGTGGCAGC
AATTACCGGAGCTCAGCCGCGTCTACCGATTGATAC
CGGGGTACCATAATTAAGGAGGATTCTTATGAAGAAAACATTTGTAAAAAAAGC
AATTACCGGAGCTCAGCTGCGCTGGCTGCATCAG

(7528
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YncM-F CGGGGTACCATAATTAAGGAGGATTCTTATGGCGAAACCACTATC

YncM-R AATTACCGGAGCTCAGCAGCGTCTGCCGCGGGT

YolA-F CGGGGTACCATAATTAAGGAGGATTCTTATGAAGAAGAGAATTACATATTCAC

YolA-R AATTACCGGAGCTCAGCCGCTTTTGCTTTTGATG

YpjP-F CGGGGTACCATAATTAAGGAGGATTCTTATGAAATTGTGGATGAGAAAGAC

YpjP-R AATTACCGGAGCTCAGCCGCCATAAGGGCAGCCG

Yqfz-F CGGGGTACCATAATTAAGGAGGATTCTTATGAAGCGTCTCACCTT

YqfZ-R AATTACCGGAGCTCAGCTGCTGATGCTTCATAGACAG

YgxI-F CGGGGTACCATAATTAAGGAGGATTCTTATGTTTAAGAAATTACTTTTAGCAAC

YgxI-R AATTACCGGAGCTCAGCAGCTTTGGCATGTCCAT

YgxM-F CGGGGTACCATAATTAAGGAGGATTCTTATGTTTCGATTGTTTCACAATCAGC

YgxM-R AATTACCGGAGCTCAGCAGCGCTTGTATCATCGG

Yurl-F CGGGGTACCATAATTAAGGAGGATTCTTATGACAAAAAAAGCATGGTT

Yurl-R AATTACCGGAGCTCAGCCGCGCTTGCTGAAGCTG
For the construction of expression cassette of SipS and SipT

S1-F AATTACCGGAGCTCAGCGGCTCGGTTACATCCCACAGTTAC

S1-R ATGTTACCTCCTATAATATTTTTTCCGAC

S2-F GTCGGAAAAAATATTATAGGAGGTAACATGATCGTCACAATGCGCCATC

S2-R CATGGATCCCACTTTATGGACGC

S3-F AGCTAGCTAACAGATCATCCTTAATCAGGG

S3-R CGGGGTACCCCGCTACGTAGTGTGATTATATCACCG

S4-F CGTCCATAAAGTGGGATCCATGTTGAAATCAGAAAATGTTTCGAAG

S4-R ATTAAGGATGATCTGTTAGCTAGCTAGGGAAGATCTTTAATTTGTTTTGCGCATTTCG

S5-F CGTCCATAAAGTGGGATCCATGTTGACCGAGGAAAAAAATAC

S5-R ATTAAGGATGATCTGTTAGCTAGCTAGGGAAGATCTTTATTTTGTTTGACGCATTTCG
For gRT-PCR

gyrB-F AACTCAGAAGCACGGACGATC

gyrB-R CTCTTGCCGCCATTAAACCTT

sipS-F TATTTTTGCGCCGTATGTCGTTG

SipS-R CTCCTCTATCAAACTCGCCGATG

1.2 REBARRHE

DG /INZE R B 5 PR A AR, A X-F | X-R
J 514 (X-F 530 Kpn | B4 5 . RBS & I
B 741, X-R 358 6xHis A BamH | f 41137 15)
PIm e B-14-MUIRRIEMERFE, 5
pWB980 k{473 %I Kpn |, BamH | XY J5 i
B, 15RK8 K pWwB980-X. K pWB980-X il
pWB980 4544k & B. subtilis WB800, #k75H
ZH T NZ-X FIXF BRI NZ-C.
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1.3 MisMEH SDS-PAGE 4+#r

KR 12000 r/min .0 2 min 5, BETF
Amicon® Ultra-15 3K B5.0ad s P L 4500xg 4%k
BLOHE 40 min, W45k 1T SDS-PAGE 73#T.
ARCHEE 5%, HIPKHLE 80 V; 4B 15%,
HLJKHLE 120 V.
1.4 B-1,4-NEIARFMEEG BEIE 4 &

K H 3,5- . ff 3k /K 4 B2 (3,5-dinitrosalicylic
acid, DNS)@E#EE:1® 11 0.067 mol/L pH 7.5 1
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W R ARV A G2 0B, DA D-AHEERREMZE . 17
1 mL 3@ YRR AR P I 1 mL AR
10 mg/mL ARZBHAW, 45 °C S 10 min J5 s
BIA 2 mL DNS IR 4], WK% 15 min, Jish A
KK TFREEENR, E45E 10 mL, £ 575 nm
KA 5E WOLAE

Bt 16 72 L : B4R AR BE R 5 mg/mL AR R
WEE WP B 1 umol 38 JEUBE i 75 L () il 5 N
— AN Ty B U
1.5 55 RAmERR BRI

LI pWB980-X Wik, 4+HILk C1-F. C1-R
R 3G Pas 3 B (MBRJEBTRL Pas i3 2 +Hi
1Yy Sac | EEVIf74), DA C2-F. C2-R m5|#¥ 14

A5 5K B-14- WU KRR MBI 7 B, %

pWBI80 5 iRy #1551 Pas Ji 8 50l
EcoR I. Xba | WUEGYI I 3%, FKAF Al 444k
pWB980-P,s. ¥ pWB980-P,; 5 I ik Tfg 5 ik
B-1,4- N YIA Mt 5L R Fr B 431 FH Sac 1. Xba |
MBI, FRAHE5 IR L 24 pWB980-SC,
& 1-A. DL B. subtilis 168 JLH4H Jkitk,
2 Py SRS (L5 190 5% I Kpn |
D)0 . RBS JRIRR )5, RS 14 3 i
GCT =M FEAN Sac | BEYINL L) 115 23 MF
SRIEH B, R 1-B. BHE S RIE R B
pWB980-SC 434l i Kpn I, Sac | XU % £,
B4k % B. subtilis WB800 345 23 MEM A& T
B. subtilis A7) {55 KA R/ IN2FFUFF 12T B-1,4- 14
P A SR 1t L R 19 R iR A 1 T2 1A
1.6 {55 RIREEEE G T RIXEMR I 2

A FH FLP/FRT %[5 48 2 41, 75 B. subtilis

WBB800 FE [ 41 xynA {3 15,43 5l 3 A
SipT WA~ £ 2055 Ik

LI B. subtilis 168 FE:[PH4] AR, 435I LA
S1-F/S1-R., S2-F/S2-R. S3-F/S3-R. S4-F/S4-R #ll
S5-F/S5-R 5| W1y 145 L il [FIRE armX-F, &
armX-F 33 [A] 95 F BE ) Psoo 2 Bl 7~ 3% [|) YRS
armX-R . & Pgog 3'31i [7] ¥ Bt S armX-R 5/ [7) i
B sipS A1 sipT {5 JR G BE DR o ) F B =5 2 fif
PCR AR Pf4k armX F-Pgge-sipS-armX R F
5y % % T-Vector
pMD-19 (Simple), FA5 1[4 T-AxynA::Pso-sipS
FI T-AxynA::Pgg-sipT.

Cloned-T-FTF 5iti FH BamH I \Nhe | X 1],
L K J5 e [T FRT-Tet-FRT H B, # T-AxynA::
Psoo-SipS Al T-AxynA::Psoe-sipT F Bgl I, Nhe I XX
V)5 435 FRT-Tet-FRT H Brif$, R34k
T-AxynA::Pgpo-sipS-Tet Fl T-AxynA::Pse-sipT-Tet,

4 T-AxynA::Pgo-sipS-Tet Fl T-AxynA::Pgo-sipT-Tet
FH Sac I. Kpn | U], HIKE ML armX F-
Psog-SipS-FRT-Tet-FRT-armX R F1 armX F-Pgo-sipT-
FRT-Tet-FRT-armX R @i A ik & 7 B, &l 1-C.
B2 ARARIZ G T B4k 2= B. subtilis
WB800, #R15 8 & &Kk &M H Rtk ZTS
ZTT. ¥ pNZT1-Kana-FLP ki o5l b = ZTS
M ZTT, FRIBEE Rl LB K5k | 30 °C &4
TSR A UG, DAUERR R B A o AR
Ktk FiEZEIP LB Ji3%E, T 42 °C &4
R 240, RIS R SR A 0 0 4 ook 2%
RIER, IRAAT5) ZS F1 ZT PRk B4 Gt ik
SipS 1 SipT 5= [T ) 2 2 B

1 ik SipS Al

armX F-Pgg-sipT-armX R,
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(A) (B)
Kpn 1 Sac 1 Xbal
A A T R T T A T A T |
Signal peptide| Endo-f-1,4-xylanase (without signal peptide) I K_p” I RBS Slgnal peptlde Sac 1
|ICGCGGTACCATTAAGGAGGATIC CTGAGUTCCGGTAATT
| AlaGlu Leu |
A S A S b oo I B,
Py
(©)
armXF P sipS  FRT Tet FRT armX R
pWB980-SC = —
3638 bp
armXF P, sipT = FRT Tet FRT armX R

. Kana® _of

1.
Figure 1. Cloning strategy of signal peptide screeni
schematic overview of the expression vector used in

s

ESIRIFEHKRIESREBRAREZMITE

ng vector and signal peptidase gene knock-in cassette. A:
this study. The signal peptide secretion target fusion was

Kpn I/Xab I cloned into the vector downstream of the P43 promoter. B: sequence details of the signal peptide

secretion target fusion. All fusions contain the junctio

n built from the amino acids Ala, Glu and Leu. The signal

peptidase cleavage site is between -1 and +1 residue. C: the overview of signal peptidase gene knock-in
expression cassette. Contain up- and downstream homologous arm, signal peptidase (SipS and SipT) controlled
by Pso9 promoter, and tetracycline screening marker flanked by FRT site used for resistance rescue.

1.7 GitEath

fdi I 1BM SPSS Statistics 26 #4740 112
O, SLIRBIR A X £s Rk, RAMSIAEA tH
I9 (WU k) LA P 4 ) 22 Sk, P<0.05 BN
YRR 22 R, I R, P=0.05 NIAN
AL 2R
1.8 qRT-PCR 437

i FHSERT 296 68 i PCR AR, Aprik il 3%
IRAF 5 KT R PR A 5 JOR 8 5 81 194 A X6 2 SR KO o
PEHRE AR B RNA, 517 cDNA S—EE P31, B
J5 4T qRT-PCR 4738k CofE . & RNA $2HL
CDNA 55—8E 93 LU K qPCR A BRI &k
BIEEME . BT LRl gyrBM, §093 H SE
F1 sipS FEH 5 [ e 0 D3R 2. 43301 0 7 ok B B A
HAnmE S IR S R C (H, &M
278 PO A B BRI IR A R X B SRR <
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2 HERAPAT

2.1 B-14-WHIR MBI 7R 5

o E LT NZ-X FIXT R NZ-C 4390 L) 1%4%
Fh B Rh %% 50 mL LB (¥ 250 mL ¥, T
30 °C. 200 r/min Z&F T3¢ 36 h, KB
12000 r/min #.L> 5 min J5 B E IS BB .
BRI EETE 5.33 U/mL, T %) B8 T 3 1
FIFEE , KB I SDS-PAGE 43 #r (A 2) Wi
W /INZEFLAT TR IR B - B-1,4- N DR SR il
2.2 {55 RKIfE

W FH T NZ-X 1 23 MRS T B. subtilis
ANE A5 R B-1,4- N DDA R BR iGe 14 2 14
(4 2 R 43 0 LA 1% 3l s el & 24 LR,
fL%E 2 mL LB ¥55% %L, F 30 °C. 200 r/min &1F
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kDa M  NZ-C NZ-X

23.39 kDa

10

E 2. HaSMER SDS-PAGE 74

Figure 2. SDS-PAGE analysis of the extracellular
proteins. 15% SDS-PAGE analysis of the fermentation
supernatant after concentrated by ultrafiltration. M:
molecular weight marker; NZ-C: B. subtilis harboring
the pWB980 vector as control; NZ-X: B. subtilis
harboring the expression vector containing full-length
endo-B-1,4-xylanase gene.

NEEFE 36 h, W KRB b3 R RO B
ZERNE 3. R (RS IRFRIACHEAESS 11 07, 3R
PIRAF I 5 43 ARG T YlaE, YFhK, EgIS.
Yoxl. YpjP 155 Ky B-1,4- N UIASRWERG, BEE
MYk M 715, 6.69, 6.36. 6.32, 6.18 U/mL.
2.3 555155 IKEFH AT

¥ pWB980-YlaE-X . pWB980-YfhK-X . pWB980-
EglIS-X. pWB980-YgxI-X . pWB980-YpjP-X 43 il 4%
16 ZS 1 ZT [FAE LA 1%4% Fh fa 42 Fh 28 24 LR,
FRFL%E 2 mL LB B33, F 30 °C. 200 r/min %%
FTFEEE 36 ho W KRR FIHREE , 45540
Bl o4, BUCRE, o RBG 5 KR E A5 Wa
—EMEHEVER, Hrb SipsS Xfal4 T YK 5
SRR B-1,4- N AR SRBERG /3 I AR A W 4

YlaE

YthK

EglS

e
YpjP

YdjM
AbnA
PhoB
YurL
YolA
Original
Csn
XynC
DacF
Mpr
BglS

Signal peptide

AfsK |

YqxM
YqfZ
CotC
YhtM
MotB | | 1

]
AmyE |

1 Il 1 1

0 1 2 3

4 2 6 7

Enzyme activity/(U/mL)

3. REHFMERNE

Figure 3.

Determination of enzyme activity of recombinant bacteria. Comparison of signal peptides used for

export of heterologous endo-B-1,4-xylanase in B. subtilis WB800. The “original” represent the signal peptide

derived from endo-B-1,4-xylanase itself.
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[ B. subtilis WB800
ZS

Enzyme activity/(U/mL)

YlaE YthK EglS YaxI YpjP
Signal peptide

4. ESHREESEER T

Figure 4. Match signal peptides with signal peptidases.
Comparison of the enzyme activity of the strains that
harboring endo-B-1,4-xylanase express vector fused
different signal peptide that overexpress different
signal peptidase. ZS: the strain overexpress SipS; ZT:
the strain overexpress SipT; *: P<0.05.
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Table 3. The transcription analysis of sipS using qRT-PCR
ZS-YfhK-X NZ-YfhK-X
Cycle number i AC, _ AC, AAC, 27AAC
sipS gyrB sipS gyrB
12 h (mean) 20.48 21.33 -0.85 22.34 22.09 0.25 -1.10 2.14
18 h (mean) 22.44 23.28 -0.84 24.26 23.32 0.94 -1.78 3.43
24 h (mean) 24.27 25.38 -1.11 26.13 24.79 1.34 -2.45 5.46
36 h (mean) 19.71 22.40 -2.69 21.14 19.97 1.17 -3.86 14.52
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Figure 5. Determination of growth and enzyme
activity curves. NZ-YfhK-X: B. subtilis WB800
harboring the expression vector that fused signal
peptide YfhK; ZS-YfhK-X: ZS (The strain
overexpress SipS) harboring the expression vector
that fused signal peptide YfhK.
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Optimization of secretion of heterologous endo-f-1,4-xylanase
in Bacillus subtilis

Shanheng Xu?, Yu Xin?, Jianmin Liu?, Guiyang Shi', Chongyang Ding*, Zhenghua Gu',
Youran Li', Liang Zhang"”

! National Engineering Laboratory for Cereal Fermentation Technology, Jiangnan University, Wuxi 214122, Jiangsu Province,
China
2 shandong Huishilai Biotechnology Co, Ltd, Jinan 250101, Shandong Province, China

Abstract: [Objective] We aimed to perform and optimize the recombinant secretory expression of neutral
endo-pB-1,4-xylanase derived from Bacillus pumilus in Bacillus subtilis WB800 on the basis of important role of
signal peptide and signal peptidase. [Methods] We amplified the full-length neutral endo-B-1,4-xylanase gene from
B. pumilus genomic DNA and then ligated to the downstream of the P43 promoter in the pWB980 vector. Thereafter,
the recombinant vector was transformed into B. subtilis WB800 to construct the recombinant strain NZ-X. Signal
peptides were screened among 23 signal peptides that were amplified from B. subtilis 168 genomic DNA. On this
basis, we constructed two strains that overexpress two signal peptidases (SipS and SipT), respectively. And the
effect of these two signal peptidases on the secretion of endo-p-1,4-xylanase was investigated. [Results] Neutral
endo-B-1,4-xylanase was successfully secreted from the recombinant strain NZ-X and the enzyme activity in
supernatant was 5.33 U/mL via shake flask fermentation. The results of signal peptide screening indicated that five
signal peptides (YlaE, YfhK, EglIS, YgxI, YpjP) were effective, and the enzyme activities were 7.15, 6.69, 6.36,
6.32, 6.18 U/mL, respectively. Among these signal peptides, the secretion of endo-p-1,4-xylanase was promoted
mostly by SipS signal peptidase when fusion with YfhK signal peptide. The enzyme activity could be increased to
10.64 U/mL, which was 1.99 times than that of NZ-X. [Conclusion] The secretion of heterologous proteins in
B. subtilis could be improved effectively through signal peptide optimization and signal peptidase overexpression.

Keywords: Bacillus subtilis, neutral endo-B-1,4-xylanase, signal peptide, signal peptidase

(ATt th: &)

Supported by the Natural Science Foundation of Jiangsu Province (BE2018055)
“Corresponding author. Tel: +86-510-85910799; E-mail: zhangl@jiangnan.edu.cn
Received: 29 December 2020; Revised: 7 March 2021; Published online: 27 August 2021

actamicro@im.ac.cn



