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XRE FKi&iEFE AT XrpA s B0 F KB BT ER &8

Ik BEH BES KD REE BHE BEEAL REW
TR TRE: TAEWHARHE MRS T e 214122

B OE [H7] D LHARGFBREE S B K AR P — KRR, R E K H (Serratia marcescens)
VA IATE A —F i, TAR 23-T8. LEBREAHSESFSEMMET S, Km B T
KR E KA BRAZ A 60 FAE s RF R, [8 6] @84 A4 BT XepA 693423800 Bt 2
KR, WA E KE BRATZ 48 D 00T AR, A BLE T E AR AT BR 78 ) R AT 49 Rk,

[755]) @R E RARITHETI/ARE, MET —/A Tns5G #ETH/EANRTEE, FIA
LB i T —HRBREURAA R AR, JEat AT A5, RIEE REFAKRY 5Bl X X4 AR
A5 FOKF AR BB S M. e i T B A H -ATPase 975 M T vk ir4em|, [£ R AT —
o) L BR 16 64 4% B 4% B F BVG90_23400, 3BT XRE #A R4 FTALERE T, ¥4 4 XipA.
BEBHEMHT, 55 AR FHRINBS-DAA, xpd AW EFHKT 4R E KB %A &ALk,
L AT R E T H -ATPase 7& M 4K, 40 IR 69 18 15 A R R 802 B3R . [ 44 1 XipA
ok E KA TR L ) 6 - F AV BB i T am SR A A M. AN A A H - ATPase 7& 1
A9 E B AT R BRI T A RIEAES . FIAT, XrpA T vAB i3 BR M R OR A AR 49
BRKTF R ra i A RIEAL S, AR HE R 2 E KA K pH 89 & 68
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Abstract: [Background] The acid tolerance of industrial strains is a significant challenge in the
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fermentation process. The bacterium Serratia marcescens is part of the Enterobacteriaceae family of
eubacteria. It can produce 2,3-butanediol, acetoin, prodigiosin and other high value-added products.
However, the molecular mechanism behind S. marcescens acid resistance is not properly understood.
[Objective] By mining of the transcriptional regulator XrpA and studying its functions, the molecular
mechanism of acid tolerance of S. marcescens was preliminarily investigated, and a new direction was
provided for improving the acid-resistant ability of industrial strains. [Methods] A Tn5G transposon
insertion mutant library was constructed by transposon insertion mutation of S. marcescens, and an
acid-sensitive mutant strain was screened from the library for sequencing identification. Then, the
transcription level of key genes related to acid tolerance and the changes of cell membrane permeability,
cell membrane integrity and H'-ATPase activity in the mutant strain were detected. Finally, the mechanism
of XrpA regulating the acid tolerance of the S. marcescens was studied by analyzing the experimental data.
[Results] We screened for novel regulators that respond to acidic conditions and found mutations in a gene
encoding for the HTH_XRE super-family regulatory protein member, here named xrp4. We showed that
the xrpA disruption conferred pleiotropic phenotype changes, including highly decreased biomass,
H'-ATPase activity, and deficiency of cell membrane permeability and integrity, compared with those of
the parent (JNB5-1) strain at low pH. [Conclusion] These data revealed that the molecular mechanism by
which xrpA affects acid resistance of S. marcescens is through positive regulation of cell membrane
permeability, integrity, and H'-ATPase activity to maintain intracellular homeostasis at low pH.
Meanwhile, these results indicated that XrpA regulates tolerance to low pH by transcriptional regulation of
acid stress response genes to maintain cell membrane function in S. marcescens.
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Serratia marcescens
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Pkt B, BT A SBULSE N T
21 i T T IR BT a8 Y RR R B T B e E B AR
M, Hn o BRI IR 4 RS kR R
R R A S s TR 7 TR 18 Tl B R ) 3 85 Jly
BT AZ e T s R AR R R SR

B TR BV T IR KA ™ 2,3-T 2. &
HY IR RN R 21 3R 45 22 b s B I A= o i T Y
Tk fAEYy, HAERS BTy E FQ R & e AE 7= i 8
B 2 T A LR SRR 0 43 W T BUR TR R
HopH FRE, B, $R SR VD IR R Y i 52
eI AR LAY . AT E T TR R VD R R
SR FARA R SCE, WRABSCEF R T —k
TR FJ P B B R R AR R SX1-25, A iz )
PCR KHFE T 2875k SX1-25 o Tn5G ¥4 F4i AT
FHIT 7 HTH_XRE # K WA+ 2 111 BVG90-23400
(XrpA), XrpA MR T AR SX1-25 (W FRBE
TBE T WG, 058 T7EIK pH Z400F T 5%
K XrpA 164 Fh 40 B AR 42 4 v i) SC B4R
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L, AR AT SRS 5 XrpA SRS b
PR TR R RE 1 B9 23 T Bl o ASBIESE A 4 v T
b BRI IR RE 4R A — o (G SR

1 HMe5hE
1.1 8

1.1.1  E#KRFARRL

JUT FFL 400 A PR A LA B T A 357 i AR 52 56 2 R
AT ERIFEER 1)o
1.1.2  EFERFIFLEE

UIEVEEEE DNA RO A & . ok /N fE
RGN DNA R RBGAF G T HifghE
TP TR IR W], 400 DNA $2HGR & . 40
RNA $2BG &8+ RAR A RHE AL ) R
ol SR F & HiScript® I Q Select RT
SuperMix for gPCR F1 ChamQ™ SYBR Color gPCR
Master Mix {5 & W4 F R 5 i MEVE AL W RH A B
VNI

A Ak B 5 A W T b U BR E BT R A R
G COCINIR, Siivinti-$an Al ay/ WieY D[ @REVE <]

R 1 KW RERME KRB
Table 1 Strains and plasmids used in this study

BRONE]D; BRE.OHUAT Sigma /AH]; PCR §74
10, HEFALE T Bio-Rad AH] .
1.1.3 EHEE

LB WA FE(g/L): BRERFIIR 10.0, BEERR
5.0, NaCl10.0, pH 4.0 5% pH 7.0, JAZE 20.0 gL
35 LB [EAREFR3E

4P AR R A (g/L): 4HE 3.0,
HHAM 10.0, NaCl110.0, Zfg 20.0, pH 7.0-7.2,
1.2 KWH*E
1.2.1 HEIEFEH

PR RS AL T LB BARRE IR
=, 7 30 °C HFE I SIS TE 30 °C. 180 r/min
TR
122 H#HEFHANRTXEEE R RTEHK
B9

AR IzAT I8 (Escherichia coli) pRK2013Tn5G A
BUATE, KERVDERRE INBS-1 N2K5, FIf#EE
B R 0y M B A A AR SO, 1R EIDR
JVb e IR TnSG FEFIRA R, RIFHR

IR 5 BURL ik HeR
Strains and plasmids Description Source
S. marcescens strains
JNBS-1 S. marcescens wild type strain Laboratory collection

SX1-25
SX1-25/pSX1314
IJNB5-1/ pET28a
SX1-25/pET28a
E. coli strains
S17-1
BL21(DE3)
ASfsB
ASfsB/pCH1086
Plasmids
pRK2013Tn5G
pMD18T
pET28a (+)
pSX1314
pCH1086

xrpA::Gm® mutant of INB5-1, low pH sensitive mutant strain
Low pH-sensitive mutants SX1-25 with plasmid pSX1314

S. marcescens wild type strain with plasmid pSX1314

Low pH-sensitive mutants SX1-25 with plasmid pET28a(+)

F-recA hsdR RP4-2 (Tc::Mu)(Km::Tn7) lysogenized with Apir phage
F-dem ompT hsdS (rB-mB-) gal A(DE3)

Knock-out partial of sfsB gene in BL21

Mutant A SfsB with plasmid pCH1086

Tn5G carrying plasmid, Km®Gm®

Cloning vector, 2 692 bp, Amp", lacZ

E. coli expression vector, Km"

xrpA gene with its promoter cloned in pET28a(+), Km®
Low pH-sensitive mutants SX1-25 with plasmid pSX1314

This study
This study
This study
This study

Laboratory collection
Laboratory collection
This study
This study

This study

TaKaRa

Laboratory collection
This study

This study
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A PEH I 9E AR RETE 30 °C. 180 r/min 3537 16 h
o, TR A%MHEER R EERN R A 200 uL pH
4.0 LB WIAREFRIE 96 FLA 24, 30 °C. 180 r/min
Fig% 24 h, FIRBEFR O & HAY &R, AN
10 000 /™ ZRAS & H i BE45 21 it iR BE ) BB T R R
kR SX1-25. BFFE S PR BRAR A BRI SR 1.
123 FAREKKLE

Bk 7D 8 O HE INB5-1, JNBS-1/pET28a .
SX1-25. SX1-25/pSX1314 F1 SX1-25/pET28a X4
AR IR AN CE KT Z ODeoo 0 0.8, H414
WA TR BERRRE(10 A5) IR IR 1 pL AR BIANE] pH
{E.(pH 4.0 #1 pH 7.0)%) LB -4 F . 7E 30 °C FH;5+
24 h WEAR b VR TE U O o
1.24 HRFEEDH

J T HEAR pH A RSN, HE
Pk JNB5-1 (WT). INB5-1/pET28a. xrpAd 875k
SX1-25 . TRk H #h i Bk SX1-25/pSX1314 LU}
SX1-25/pET28a 43+ HI7E 100 mL pH 7.0 ¥ LB {4k
R A R BAEE RIS, 4 000 r/min B0
15 min, PESRIFBCERIK, P05 % 100 mL
pH 4.0 /) LB B335, 30 °C. 180 r/min #4784
I, EHEE, FmR R EOE R, TR
AT 2, WK R AL Viability=
(WVo)x100%, o v F Vo il 3R it [a] 4 ¢
F1 0 B AR AT AR MO E
1.2.5 RHEFRANILGREE

PRI SRR SX1-25 FE 2 DNA, LB 4
VIl Taq 1 §Y) . DNA B HER, SRR
DNA FBt. RIEFIHEIY RP1-F (5-GATCCTGG
AAAACGGGAAAG-3")HI RP1-R (5'-CCATCTCATC
AGAGGGTAGT-3") i# 17 [ 1] PCR % & %€ 718 Bk
SX1-25 H T TnSG AN FHERIFHITH S
NCBI e 7 Ho (http:/www.ncbinmlnih.gov/),
DAfAE TnSG 5540 ANL 8 o PR i 3 8 K
A 879 19 s 212K pET-28a 155 F 4 it
ki pSX1314. FEHA TR 58/ SX1-25
AT RE B AN S o 38 2 — 3R 41 e 1 S0 ik B i

SEVAPE R XrpA KRG BV 8 FR IR 52 F W8 11
M

W PCR Jz Wi H& & : 2xTag Master Mix
25uL, 5% RP1-F, RPI-R (10 pmol/L)4% 2.5 uL,
LEBRIS ARAF IR DNA HBE 2 uL, #MIGEKE
50 pLo JZm) PCR Wi g&f4: 95 °C 5 min; 95 °C
455, 58°C30s, 72 °C 1 min, 30 MEH; 72 °C
5 min, 10 °C 10 min,

JLia) PCR 7= AT 1%H0 2% 0 B AR W EE
JE HL ARG A BB [ET e, Xt [ DNA 2% 4 ERY
AR RN A BR 2wl R 7 5 43 Ar
1.2.6 RT-qPCR 3 E R FKFR ST

PEICAN TR & RNA: KRS Vb3 G INBS-1
(WT) Rl SX1-25 (xrpd ZE7F#R) K 26 F 40k i
50 pg/mL MR EHEE LB HitkFk |, 7830 °C
fEIRREFRAA IR, ARG HRICINBS-1 A1 SX1-25
HTEHFIE 10 mL A& LB KigdtH, 30 °C,
180 r/min Z5F T FREXEBUEKY], 2052
pH 7.0 1 pH 4.0 ] 50 mL LB 53556, B2 ks
F£% ODgoo N 0.8-1.0, 4 °C. 4 000 r/min Z.L»
10 min YWAEFAR, I RNA 3RO SR BN
RNA, FFA RNA (4R R =

SO 7 . B s €2 HiScript® 11 Q Select
RT SuperMix for qPCR 4 RNA S % 5% A cDNA, H
A EL RS R G .

WIGE R PCR: cDNA JREWIHEAE] 100 ng/uL,
FH ChamQ™ SYBR Color gPCR Master Mix 7] &
47 RT-qPCR, EARSOW S54SR @il W 45 .
P51 03 2.
1.2.7 YHRERRESTEEE SR

R SV QR A0 P RS 7% . R RV R
JNB5-1 (WT) . SX1-25 (xrpd %€ 7% £k ) Al
SX1-25/pSX1314 (Mg HAMF )WL T LB itk
Mr b, 7€ 30 °C $EFaA sk, FRRIRL B8 I
FATE AL BRAR PRI 75 36 F0 2 10 mL A LB 53756,
F 30 °C. 180 r/min S5 PR BXEA KM, &
2% pH 7.0 Fl pH 4.0 /%) LB 5532 R85 52 2 ODgoo M
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0.8-1.0, FHMLAL P BE (PRI 20 ff S f) S22t . PI
ANREBE L SRR AN RRSE, K REIE 1 A Y At
XTIz, DR A I 20 MRS ) e e vk . L
PRSI 3 B 71278 SCRR[15-16]
1.2.8 ZHBEARIEIE 5
KV B R a0 1.2.7 frik. Wik
PBS 2 R 5 E A, TR ZE VR, B ODgoo
N 0.8 ity W5 mL FEEERESL, ~FI5 W
Fz2 IWAHERSIY

Table 2 Oligonucleotide primers used in this study

— A S5 pL PI, S7BPEESERNV S min, ICHEFE 1A
VR 2.5 mL PBS 28 Ml E AN ; 5 — Iy AN
R b3, F PBS S8 B AR BN, Bl 7ET R
WK 536 nm F& SR 617 nm 428 FARIR YL (4
gt ja aifeh o6 E, HAH LR AR
i B PN PTOWR i [ T =[F(PBS+ 40 i +
PI)-F(PBS+4iiJf1)|/[F(PBS+P)-F(PBS)], =Xt F#
TRIGME, RS NFRRR .

S1MTIRES 24 PR il K

Primer function and name Sequence (5'—3") Size (bp)

Identification of Tn5G in

mutant SX1-25
RPI-F GATCCTGGAAAACGGGAAAG 20
RPI-R CCATCTCATCAGAGGGTAGT 20

RT-qPCR
Acid shock protein-F  TGGTGCGTCGCTTTAG 16
Acid shock protein-R ~ TCTTCTGTTGCTTTCGCT 18
OmpA-F CTGCGTCACCGATGTTGCTT 20
OmpA-R CGCTGGCTGCTGTTGGTG 18
FadR-F CACGGACAGCAGGTTATCG 19
FadR-R AAACCGACCAAAGTGAACAA 20
FabR-F GTGAAACTTCCCGCAGGCTC 20
FabR-R GGCGTCAGAGCACAACAAAA 20
FabA-F GAAACCAACCAACTGCCACATC 22
FabA-R AAGACGGCGGGACTCACAAC 20
FabB-F GCCATTTCCCAGCACAGC 18
FabB-R ACGGCGTGAACTACTCCAT 19
16S-F CCGCCTCGGCTTCTACATA 19
16S-R CAGGGCAAAGGGGTGGTT 18

Knock-out

BL21-ssBA-F
BL21-sfsBA-R
Knock-out check

AGTCCTAGGTATAATACTAGTAAGCCCTGGGAACTGACCCCTGGGTTTTAGAGCTAGA 58
TTCTAGCTCTAAAACGTAAATCCTGACCGAATTCGACTAGTATTATACCTAGGACT 56

ASfsB-YZ-F AATGCGGCAATCCTTGAGCAG 21
ASfsB-YZ-R CCAGGGCCTTCGCAATAATCAT 22
Complementation
SX1-25-xrpA-F tttaactttaagaaggagatatacgaattc ATGAATTCAAGGAACCCAGATTGGC 55
SX1-25-xrpA-R tcagtggtggtestostestecgtcgacTCACGATTTGATACGTGCTTTGCG 52
A\ STsB-sfsB-F tttaactttaagaaggagatatacgaattc ATGGAAAGTAATTTCATTGACT 52
A STsB-sfsB-R tcagtggtggtggtggtggtegcgtcgacCTACACTAAACCGAAAAAATGA 50
Complementation check
SX1-25-YZ-F TTAGCAGCCGGATCTCAGTGG 21
SX1-25-YZ-R AGCCATCATCATCATCATCACAGC 24
ASfsB-YZ-F AATGCGGCAATCCTTGAGCAG 21
ASfsB-YZ-R CCAGGGCCTTCGCAATAATCAT 22
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1.2.9 [EFE H-ATPase ;EHHINE

K Vb TR R B AN R85 =R 1.2.7 Fnik.
H'-ATPase 1147 M0 2 43 SRy T LR 1 il 2 1 )
E L AR SR EOR H -ATPase FTH PEAS I =3
4y, B X H'-ATPase S B R B350 oA 22 7 il
HTHFE ATP M2EBRE HURK I 4347 77 %%
25 SCHR[18]
1.2.10 XrpA RlEZEBZ F5Itbx o4

| F NCBI %42 H 19 BLASTp (protein- protein
BLAST#RIETTARE TS (nr), BFIE XepA TR
FERLEREYIH TS . S AR AT E
HRERE T 9 NRIEER (L T 288 LA 3T
1.2.11 CRISPR/Cas T 5H] E. coli F sfsB BYELFR

E. coli BL21(DE3)F TAY R RANMATE M, 7
AN EH 52 W SCHR[19]. B 5eK pCas 51k
E. coli BL2I(DE3)H, #RJ5HKHUS A pCas I E. coli
BL21(DE3)#i5afE, hIA 50 mg/L KHFE XM LB
Wi, 30 °C. 220 r/min ¥53: % ODgg M 0.2
BF, MR IMAZHR S 10 mmol/L Y FIH7{1
Wi, S pCas #lk I A-Red BEAMEL, BHEE
ODq00 2974 0.4—0.5 B [FISC R A il A LR IRSZ S . W
FEARRT, ] 40 pL (EEZASAIEFIMA 80 ng 1)
pTarget F Gk A1 400 ng [Al1J#E DNA B, BFR
A, MARITAH 1 mm B, 76 1.8 kV 1Y
SRR S, S A IS MA 1 mL
) LB B3 (Z ), 30 °C. 180 r/min 1555 1 h ik
TTEH, RIGHEMEETE 50 mg/L RAEZEM
50 mg/L HEME R LB WP ARSI, 30 °C
BRI BRI AL, FAb T H PCR SEA TR .
2 HR54H
2.1 EHMBRUCFEIRER pH Tt = 88 HiERIFE
& F XrpA 89% I

SRy BEAS IR VD TR EC PR N AZ A% pH A9 AH C I
, A E 1A Fron Ik, LLK R R
pRK2013TnSG AHLATE, LKL F VD FRE INBS-1
KZARE, WS T TnSG #% T4l ARAEC
J,  MAZEAE S g XHIE pH it 32 6 1 T R

RAFMR, FEIXBERATMRP SX1-25 58 A U 1 #k
INBS3-1 A IR 52 687 B TR, F—2adat
J2 0] PCR AN 4387, %578 T TnSG 5% BT 1ER AR
PR SX1-25 HHHANI S, KIFEET TnSG fhA
PR EEE BYG90 23400, %35 4 i h B8 AR A1
FFE SRR (B 1B). #E—l il A feE B
I REL, BVG90 23400 4t XRE FEIEE N
DNA 4% 4 5 1 (XRE family regulator protein ,
XrpA), HEAH BT XRE # 5 IEHE-H -
B2ifE (helix-turn-helix) i DNA Z5&38(& 1C). 1EF
M SRz, SEPAE RIS INBS-1 Fa g =
A ELHF L INB5-1/pET28a AHIL, BLK xrpd Y
28 bR SX1-25 %A A A5 4 H 4 W bR
SX1-25/pET28a 1F pH 4.0 It A= K- B @ yaihe . 1E3hhE
HANEEG R, BT xpd HOEA TR S ARR
PR SX1-25 1, B AR T XHIK pH {H 1 52
fEJ1(#l 1D), iXEZERM] XRE G kR A
T XrpA PR B vb 5 [C A i 52 A% pH M Fr b o
2.2 XrpA BEFINH RV E K& At ZE B
BE

J T M XpA SHRE R VD B FCE 524K
pH FREZMIFLIE , 3 B 2 ) T B A R B AR
INB5-1., xrpAd RAFHME SX1-25. HIREH KPR K
SX1-25/pSX131, HAEH JNB5-1/pET28a Fll
SX1-25/pET28a HAKKTE pH 4.0 F&14F K
2k, WK 2A BN, 7EpH 4.0 54 F, SX1-25 Htk
FEE A 25 B0 EE 2 B Pk SX1-25/pET28a Hitk K52
FHE R, 2R AR R R AR INBS-1
PEAR A S A B E Bk INBS-1/pET28a FF& T
93.6%. ULAh, MANMAFIE KRG RP LRI, 5
WT A 25 B E A Fdk INBS-1/pET28a
Eb, Z975KE SX1-25 TERRYESRIF NG R TR T
60.93% (1€ 2B), iXELZEH 5 E 1D 1A S gs
SIPTEE IR 3, RUIRARMK SX1-25 FiEif 2
ZR 0 T 2H Bk SX1-25/pET28a 7 pH 4.0 B 142 K- B
AT WT A = B EH R INB5-1/
pET28a. K THESE XrpA SR VR I Anig A= K
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&

VOREN

Sequence
analysis N\ N7 N/ NN ; Q ;
) PCR \&G QG qQ QO ,{O QG
Conjugal|transfer /T ® A

) os-1 I
———- INB5-1/pET282 [N

Transposon insertion mutation m X105
reader SX1-25/pSX1314

HC T RN G
O I R

D

C
laa 7aa HTH 7222 86aa $X1-25/pET284a |
sx1-25 [

pH 7.0
4
” 3 |
£ HM EAMG {
el ﬁnﬂ Il E ‘ n QE i SX1-25/pSX1314

s
INBs-1/pET28: [
(I s sl AL e
N Woblooo Eorkel SX1-25/pET28a
eblogo. ber eley.edu PH 4.0

1 WBESEREMNZE pH MELFERE xrpd LI

Figure 1 The discovery of xrpA gene was necessary for S. marcescens to tolerate low pH environments

TE: A MR TR A SRRSO, itk SR b iR R 321 pH AHSGIGZEIN s B wrpd SR FIER IR ML I C: XipA
EALH; D FHUIFNSEREN], XepA RSBV FRBETEAR pH 450 T A K st 1.

Note: A: The transposon insertion mutant library was constructed to screen the genes related to the low pH tolerance of S. marcescens; B:
Genetic map of the x7p4 gene and surrounding genes; C: XrpA protein structure; D: Spot assay showed that XrpA was required for S.
marcescens growth at low pH.

B +NB C -+ INB5-1 pH 7.0
105 == g(l?szl/pETzsa - gNl?Szé/pETZSa
* 8
-+ SX1-25/pSX1314 "+ SX1-25/pSX1314
. * SX1-25/pET28a + SX1-25/pET28a
SN 6L
= 10° H
g S 4
>
3 10
< 2
10? 1 1 | 0 | 1 1 1 |
0 4 8 12 16 20 24 28 0 5 10 s 0 4 8 12 16 20 24 28
1 ¢ (h) ¢ (h)

2 XrpA BRI SEUT #h B B R E A KRE O FILAARIE 71 BUPE(R

Figure 2 Disruption of XrpA decreased cell growth and cell viability

e A: BB BRNBS-1), SX1-25, SX1-25/pSX1314, JNB5-1/pET28a Fil SX1-25/pET28a FHELE pH 4.0 5504 F A K iliZk; B:
5 BREHATE pH 4.0 IFAYANIAFEIG R ; C. BPAERIBEFRONBS-1), SX1-25, SX1-25/pSX1314, INB5-1/pET28a il SX1-25/pET28a ££ pH 7.0
FMF RN, *. SEFARIGRAIL P<0.05; ***: SEPARIGRRAMILL P<0.001, i A0H0E. T .

Note: A: Growth curves of the parent (JNB5-1), SX1-25, SX1-25/pSX1314, INB5-1/pET28a and SX1-25/pET28a strains at 600 nm at pH
4.0; B: Cell viability of all five strains at pH 4.0; C: Growth curves of the parent (JNB5-1), SX1-25, SX1-25/pSX1314, INB5-1/pET28a and

SX1-25/pET28a at 600 nm at pH 7.0. *: P<0.05 compared with the parent strain; ***: P<(0.001 compared with the parent strain, as
determined by the #-test. The same below.
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M2 o2l T2 8 T pH Y5 R T A 2 52 3
XrpA A B ERIFEIT, 4T T X 5 AR RAE pH
7.0 BFRA KL . 75 pH 7.0 &M, RAKE
SX1-25 FI¥ A 25 AV E A Atk SX1-25/pET28a
A KB WT R A 2 80 & 4§k
JNB5-1/pET28a %A T FE, mAEY 7T Y
19.6%, T HAMARE SX1-25/pSX1314 5 WT Fl4#
WA HAEHFE INBS-1/pET28a 4K TGl
W2EF(E 2C), XU EY, EMpH AT,
B SRR PE IR Xep A FE IR ORS BT v o [ TR ) i 7R
JIrpE S
2.3 RT-qPCR WiERTE#H SMELRE HHX
EFERKETL

RS, R VD TR B kR B SR
K+ XrpA JFiZ X R 5268 1 3 TR, oA
RIEFRW], A PR T IR B WA (4T 32 g R
540 S H o R A A 0 R, FRATTEEL
T Z HEIE A 10— 26 5 41 R R A ) AR D R A=
YA A S B L, U FE SMWW4_RS19360
(2 S TR K 5 2K PP L K% 490 i B A A R O 35 1R

A
pH 7.0
4 mm NB5-1
mm SX1-25
" %k
© * *
5
<
z
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g
E
k=
Q
&
Q & A
%\q%b R\ @ & r\@b S
S
@h 7
o

ompA®? | fadR®* | fadA™ | fabRPOFN fubB"
45 Horp SMWW4_RS19360. ompA F fabR TE4NE
it 2 g 1 7 R I WEEAE R, M fadR . fadd F1
JabB TEAH LT R g 1 77 ik (7 EH . RT-qPCR
ZRRM], 5 WT ML, 2€78kk SX1-25 7 pH 7.0
M 461 SMWW4_RS19360 . ompA . fadA . fabR
1 fabB 5% KX N fadR WYFE 5K (#
3A); 1HFE pH 4.0 514 F SMWW4_RS19360. ompA
F fabR WGk -2 TR, T fadR. fadd F
fabB FER e KO B E (& 3B), X Legh
T, FERAE T XepA AT L R IA L R
Mt L SMWW4_RS19360 UL K 20 M -2 1 ke 56
[ ompA. fadR. fadA. fabR T fabB ¥ 5kK
S, DTS MDA 50 e AT R v
2.4 XrpA AR R E K E 0 iR EIE 1 FA
TRV E

FE TV E Y R e R ep A I ) 52
PR F VETE T 52 38 554 5 R ZOCH R
VERIES ) E— 298 XepA TE4H S 8 v rp e
FIER, ¥ HEkE INB5-1, SX1-25, SX1-25/

B
pH 4.0

= NB5-1
4} mm SX1-25

kk

* *
‘W a @@ &l .i
0

.
4
sk
_*E*
A

q”) 0\\'& i\@

Relative mRNA levels

E 3 XrpA % pH 7.0 (A)#A pH 4.0 (B)& 4 T inBR B X B E R RIZH M
Figure 3 Effect of the disruption of XrpA on the key genes of resist acid stress expression at pH 7.0 (A) and pH 4.0 (B)

1 HEPAERIGELE pH 7.0 (A)F pH 4.0 (B) %14 NAHLL , 2845k SX1-25 HiRMHAFERZRIK MR, *: P<0.05; **: P<0.01; ***: P<0.001.
Note: Changes in the gene of resist acid shock expression in the SX1-25 strain compared with the parent strain at pH 7.0 (A) and pH 4.0 (B).

*: P<0.05; **: P<0.01; ***: P<0.001.
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pSX1314, INBS5-1/pET28a Fll SX1-25/pET28a 435l
FERRM:A5A(pH 4.0)FIHPESF(pH 7.0) FE5SR 12 h,

IRIG RN IR 5 BRI A T PLAC TR LA J2 204 . SEB645
KW, 76 pH 7.0 #4FF, BpA BRI INBS-1 1)
Pl & 4 R O 7.09% , Ih BE T A B bk
SX1-25/pSX1314 [ PI YR Ny 6.87%, F7AEH Ik
SX1-25 Hy PI & YRy 11.30% , = 41 14 bk
INBS-1/pET28a [ PI JE&YRNy 6.64%, AR
SX1-25/pET28a () P& Y444 10.90%; 1M 7E pH 4.0
METF, EARTEME INB5-1 . I 8 1 #b B bR
SX1-25/pSX1314 . RAFPE R SX1-25, 4 W Pk

JNB5-1/pET28a il SX1-25/pET28a H P14 43 5]
M o155% . 14.8% . 82.1% . 152%F1 82.8% (I
4A . B). XEEZERLRI, XrpA WAV E FC A
i 7 e T AT )

R T xrpA SR FeroRS BT b E DG T 4 i
BRI, T WT. xrpd R WK
SX1-25. WIREHAMEE SX1-25/pSX1314., HELHH
¥k INB5-1/pET28a 1 SX1-25/pET28a (1) PI WA
To LIRLGERKI, 78 pH 7.0 KM, HAMNEKK
SX1-25/pSX1314 1) PLEH L4011 PT WS PR -4 F
HEFUTRAR INBS-1 FI4t A 25 B S 4 B bk INB5-1/

INB5-1 SX1-25 SX1-25/pSX1314 INBS5-1/pET28a SX1-25/pET28a
10°101 Q] 10%)Q1 Q2 10°f01 Q2] 10°/Q1 Q2 .[Q1 Q2
10°}0 0| 10°}o 0| 10°g 0| 10%g 0| 100 0
10'F s 10' s 10° 10° F— s
il M B R B pik 5
4 3 11Q4 3 Q4 Q3 1Q4 Q3 1Q4 Q3
1% 5o 709 1% §7 i3 100193.1 6.87) 191934 6.64  |0189.1 10.9
100 10> 10° 10° 100 107 10° 10° 10° 10° 10 10° 10° 100 10° 10° 10° 10> 10° 10°
INBS-1 $X1-25 SX1-25/pSX1314 INBS5-1/pET28a SX1-25/pET28a
10°[O1 ) 10° [QT Q2 10°R Q2
10° ()Q Q() 10° o 0 10°} 0
104 10° P b 10}
pH4.0 107 ¥ 10°} RRHEE 10°}
101104 Q3 10 14 Q3 10104 Q3
100 [84.5 15.5 . 19 [84.8 153 |$p72 82.9
100 100 10° 10° 100 100 10 10° 10° 100 10° 10° 10° 100 10° 10°  10° 10 10° 10°
B C
100 [
- - ko EEINB5-1
S % '?ﬁ%imsxm‘l ' 2 20 S psxiaia
ST 2 ; = [==]NBS-1/pET28a
P 60 Y PELAR g @ SX125/pET28a 0
8 30 + 3 60 + * %
B 20 g
'é }S ST I ; 40 + |
= s lal: =20
0

pH 7.0

pH 4.0

4 XrpA MHRERE TR BB

pH 7.0

Figure 4 XrpA affects membrane integrity and permeability
e A M AN I A T AR (INBS-1) . SX1-25, SX1-25/pSX1314, INB5-1/pET28a I SX1-25/pET28a I##k7E pH 7.0 1 pH 4.0
AR SE R, B: 75 pH 7.0 Al pH 4.0 50N, Zr B0 BPA B BR(NBS-1) . SX1-25, SX1-25/pSX1314, INB5-1/pET28a #il
SX1-25/pET28a B AR AN IE 52 B M 78 /0T, C2 76 pH 7.0 Fl pH 4.0 505 , 20 FIRTEF A2 U B AR (INB5-1) .SX 1-25 .SX1-25/pSX 1314 ,

JNB5-1/pET28a il SX1-25/pET28a Btk A THEIE LRI AE.

pH 4.0

Note: A: Flow cytometry analysis of membrane integrity in the parent (JNB5-1), SX1-25, SX1-25/pSX1314, INB5-1/pET28a and
SX1-25/pET28a strains at pH 7.0 and pH 4.0. B: Quantification of membrane integrity in the parent (JNB5-1), SX1-25, SX1-25/pSX1314,
IJNBS5-1/pET28a and SX1-25/pET28a strains at pH 7.0 and pH 4.0. C: Membrane permeability assays in the same strains as for panel B at pH

7.0 and pH 4.0.
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pET28a FHHL AT 2555 MEK xrpd RAHE
SX1-25 Fi¥Ear A = B E A Rk SX1-25/pET28a
() PTIICIR -t WT 350 T 21.3% (&l 4C). 7£ pH
4.0 AT, Rl B 848k SX1-25 FEi A7 25 2%
FEZH PR SX1-25/pET28a Y PI EYL 4R ifLfY PT
WHF5 WT kA T B2k, Hpsaskk
SX1-25 Fi¥Ear A = A E A ik SX1-25/pET28a
) PT WRIIR 5 WT R AT 25 20 A0 B 4 T ik
INB5-1/pET28a #HLLIG N T 56.3%, 1M H. &b &
SX1-25/pSX1314 5 WT F 43 25 A0 FH 4L bk
JNB5-1/pET28a tHECIEA IR, DL E45 R85>
VLR T SR 7 XepA #EREIR S, RSRVD R
TR 2 BEORSE )3 375 i, DN RAAIR TR SV o
W Z A% pH LAY AE
2.5 XrpA TELEFFARERR H'-ATPase ;&4 RI1ER
AN FREE pH (A RS S2 J iae o3t
SEI, X T AERRANE A pH (E7EAE BRYE R N 2 OC
A, — kUL, B R R e R
H'-ATPase i+ B, Hit, 25178 pH 7.0
1 pH 4.0 Z5/F T e 7B ARG AR INB5-1., xrpA
RAFTERE SX1-25, HAMAME SX1-25/pSX1314, H
ZH F kK INB5-1/pET28a Fll SX1-25/pET28a T Ak # Ak
(SIS H -ATPase 151k . 78 pH 7.0 5544 F, ALKk
SX1-25 F#Eir A= By E A SX1-25/pET28a
() H'-ATPase 15 PERCEP A RITE IR INBS-1 filffiai A
2 H A A R INB5-1/pET28a R T 13.1%, H.
#NERR SX1-25/pSX1314 1) H -ATPase i5PES WT
LA 25 2 A EE 21 A Pk INBS-1/pET28a JoH i 22
S(E 5). TEpH 4.0 T, A5k SX1-25 Fli
WA A EH R SX1-25/pET28a () H'-ATPase
TEPEBCEAR R INB5-1 FFET 25.7%, i HAMNE
Pk SX1-25/pSX1314 1) H -ATPase 115 WT Flt
WA 23 3R 0 T 2H Ak INBS-1/pET28a #H b JCH B A%
o XEEBERRH, 7E(R pH Z&1F T, XrpAidiid i
i) H'-ATPase (3G MERAERFAMIE N PRSI
PN FREE ) pHo 5 BRTIR, A xrpA 1
Bhde 4 B 25000 H -ATPase [TETE, TTHELERRTE

AT, W T AN S R s, Sk
AN A e g e . 28 R, HsREEEF XpA
A 3 5 RS T VD A AN A L AT R S
HVEFN H'-ATPase 15 PE I 7EAS T V05 R F TR B2 BE 1
J5 T4 (e E A
2.6 XrpA-like EH S 5iFiE XA & it B2 &8

FARSEGEE R LN, SRR T XpA 25
PR VDR PG pH TR A2 P45 3 S A i 7
SEMRG VD3 R I 2 Fh 2R, F9E XrpA-like
E A YRR TR R TG, AR5
i, FATFE NCBI H X T E value /NF 5107
PN XrpA MFREEF . Hddg 9 FhE AR
JETE 63.95%-100%, FE50A Tk R, 54
AR TR & Rk R T 9 AR SR (I T 2781 H
ST (Bl 6A). BlfS, TERMATE BL21(DE3)H bR
T 4wt XrpA [RlVEFE T SfsB B9 sfsB, 7EAIE pH Y
LB Biflg A F a7 s, RBER sfsB FEH
JG WY E. coli A\StsB T pH {H 2 i AR A 1572 5]
FEE R, I pH (TN 32 B8 1 B 2 T B (&
6B). UL, XrpA KIAIE A0 A TEZ R AN 4
o, HAERI BN, AT REAE oAb 4N i ot B AT
KU TIRE

10 .

= JNB5-1 ol

g | ™SX1-25

SX1-25/pSX1314

ms JNB5-1/pET28a
6 I mSX1-25/pET28a

T

P1 absorption factor

pH 7.0

pH 4.0

5 XrpA %t H'-ATPase ;&8IS0

Figure 5 Effect of XrpA on H'-ATPase activity

. 7E pH 7.0 Fll pH 4.0 Z&F T, 7050 B AR RY AR (INBS-1)
SX1-25. SX1-25/pSX1314, JNB5-1/pET28a Fll SX1-25/pET28a
HREVEST H -ATPase 1% 11 €.

Note: H™-ATPase activity assays in the parent (JNB5-1), SX1-25,

SX1-25/pSX1314, INB5-1/pET28a and SX1-25/pET28a strains at
pH 7.0 and pH 4.0.
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A INER al ) o3 ot

. 20000000 00000000 0200000 0000000000 .
Serratia marcescens-XrpA |UNSRNPDWHPADIIAALRKQGTTLAAVERKAGLESSTLEWALSREWPKGEWLILEAIGVH
Salmonella enterica-S{sB IYESKLIDWHPADIIAGLRKKGT SMAAEFRRNGLESSTLIANALTRIFWPKGELI IMKALG T
Salmonella enterica-SfsB IMESKLIDWHPADIIAGLRKKGTSMAAL[JRRNGLESS TLIANALTRIJWPKGELI I \KALGT
Escherichia coli-SfsB IVESNFIDWHPADIIAGLRKKGTSMAAELRRNGLE/SSTLI\NALSRIJWPKGEMI IL KA T
Escherichia coli-SfsB IVESNFIIDWHPADIIAGLRKKGTSMAAERRNGLESSTL/\NALSRI:JWPKGEMI I/ KA T
Escherichia coli-SfsB IVESNFIIDWHPADIIAGLRKKGT SMAAEFRRNGLESSTLIL\NALSRIZWPKGEMI IV KA T
Citrobacter koseri-StsB 1VENKLIDWHPADIIAGLRKKGT SMAAE : T
Klebsiella michiganensis-SfsB 1VENQYVDWHPADIIAGLRKKRTSLAALFRESGLESSTLI\NALSRIJWPKGEF I IL\OALGY
Klebsiella michiganensis-Regulator 1 JENNDWHPADI TAGLRKKGTSLAAVSREAGLSSETLANLLRP WIKGEKL IADIL P

M#...idwhpadiiaglrkkgtsmaa.Sr..glSsstlAnal.rPwpkge.iiA.alg.e

INER

Serratia marcescens-XrpA 61BlsEIWPSRY Y DPH
Salmonella enterica-SfsB IWPSRYHDPH -r H
Salmonella enterica-SfsB IWP SRYHD P|HT|H]
Escherichia coli-StsB IWP SRYHDP|Q[S|H]
Escherichia coli-SfsB IWPSRYHDP QT H
Escherichia coli-StsB IWP SRYHDP|QT|H]
Citrobacter koseri-SfsB IWPSRYHDP ET|H]
Klebsiella michiganensis-SfsB 1 IWP SRYHDP|V|T|N]
Klebsiella michiganensis-Regulator 61 T I WP SRYFDSEGKLL

B
ASfsB/ ASfsB/
ssinpcrioes [ scviose o RN
pH 7.0 pH 6.0 pH 5.0

6 XrpA-like & H SfsB 1= KA E M Z 1K pH &

Figure 6 The XrpA-like protein SfsB regulates the tolerance of Escherichia coli at low pH environment

1. A: fi] ESPriptt 4 R AR A 5 MORRIZNR B2 F 50 a5 8, Hoh Rk b & IR . v IR . KA . sk
FRAT I AN BAR e (A FC 1A s B: 7EAIA] pH 44 F 9 LB K5 375k ¥R #k BL21(DE3), ASfsB. ASfsB/pCH1086 HtkATA: K
T80, S KSR, STSB R RMATE LN pH 44 F A K A abh T .

Note: A: Multiple sequence alignment from the five different bacteria, including S. marcescens, Salmonella enterica, Escherichia coli,
Citrobacter koseri, and Klebsiella michiganensis generated with ESPript®®; B: Growth profiles of the parent BL21(DE3), ASfsB, and
ASfsB/pCH1086 strains grown on LB medium at different pH. Spot assays showed that SfsB is required for E. coli growth at low pH.

3 W54 TG, LR AR AR RS T — AR
KRBT —F XRE Wi e HE T JEPRIRE S Vb FQ TR 288 AR SX1-25, A IR HAEFE 5%
XrpA, FoP il 25 Vb 2 R T A TR R B af BE 7 PR XepA B RHIr 5 50T XT B8 1T 32 Be

EABRAI XepA 1 BRI g de UV PER. DOCEIRE], (EHGEIEDL T
SR E AR, IR 0RRS T VD B 1 4 i XrpA HEIRITEOL T, 2L HMR SX1-25 5RATE

SocbE AV H -ATPase 1EVE. ME—iigcE Pk INBS-1 AHE, 7€ pH 7.0 WY R TR T
W1, 7EM% pH &1FF, XipA-like B SfsB (fFy  19:6%. TITEpH 40 BAYIRTHE T 93.61%, f7if
Py R BB 5 SN — P B B PP Ry g T TP S 60.93%: KU pd XETIREERGRI R G
e BRI AP TR (] 2).
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), ABFREEREH, 5EAREK INBS-1
FHE, 7E pH 4.0 Bl FHE XrpA SR AL FRE
SX1-25 b &2 SRR S A B L DL K
PR PR v 2 1 DR e e s oK B R AR T B AR .
FFGR R, XIS 56 U 7R XU Y
KR, SN BRI T 2K S gk i B
240 0 I3 X 45 i 20 R R TR g 5 s BT A
SEXTARG VD TR FCH 1Y RT-qPCR  Bda k4700 M &
P, AHESTF WT, 7€ pH 4.0 B, 287458k SX1-25
it BRI 0 2 I ALK SMWW4_RS19360 ., 4mfisAth
MEEE LR ompA . Hat g DT FRA QI AZ O R 45 R
FEH fabR WG FACER R T, gRisigime s
RO TR H F IR fadR . SRS BEHTG A 2T
FLEERS AL fadA FZRATS B-FE-ACP 4 T 1
(EER fabB WG SRACEI TR . a5 R 5 5EnT
WFRARE RIS T SMWW4 RS19360 Fl4H it i
IG5 A i B A A 6 B PRI 78 22 5040 TR Hp T T 1 T
R E =R G R 5%, Hd, BRIk
FEH SMWW4 RS19360 1F #4540 Jifd it 12 i 17 ,
OmpA LI G (saturated fatty acids)™
SR AAE 2 (unsaturated fatty acids) > He A5k
A R A PEDS ) FadR B] DSBS IF m s 2 4
FEEfF FabA (3-hydroxydecanoyl-ACP dehydratase)#l
FabB (B-ketoacyl-ACP synthase ©) & ik ik i 8 4%
UFA G s FadR AR 580 SFA/UFA 1 EL i)
P, HEEmAETERITNZ 88 S, EEEEA
FadR HZ5- 5 40O xHA M 32 B8 1 AR, A
W ZE RN, AP B bk SX1-25 7E pH 4.0 B FadR
1 FabB Y75 BRI, X AT REE FEOLG R
I 32 e 1 T R E R R (R 3). 25 RRH,
XrpA #E R g R A S AR DGR [ 1Y) 358
IRV B AT 200 PR ) S 3 1, TG SRR e T
XrpA WHATREATC A I 1 S 2

AT IAE pH 4.0 504 F, SX1-25 RAFH
PS5 WT M, SX1-25 2 [ ) i 3 M Fn og B b
FEFEBUA, H-ATPase 1EETFFET 25.7%. iXLbsk
W5ILN ompA . fadR. fadA. fabR F fabB [%% 3%

KFEAE WT FIZEAERE SX1-25 ik R —
o L, ATRAHERTE SRR R T XepA 2@ i
2 043 200 R S5 A DX 35 DR ) 8k A 4 il 240 i e
ThRg, JEmIE Y 4 A BTER Mg ) RE

25 TR, XRE FEH = N+ XpA BAT
VARG BV R TR RN R IPME i 57 B 1 1 ThRE, X
AAMEZENZE X, R T = 4 AR
TR HE 5 Tl B R 1 T2 i T AR A B B K
(4G 45 20 R R (LB 1) SR AN e % o TRIBS, ARDFSE
WA H) XRE KR T C A ReY e 28
K7D IR pH 2504 T AT AR BE 71 F152 1R
MBI RE . BLAh, THEARLRIR AT 55 S
HF XrpA RYZIEE, 1 HHALE A EAE KK
WA
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