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Abstract: Microbial cells are often subjected to acid stress in natural environments or industrial
applications, which severely restricts cell growth and product synthesis efficiency. In order to
survive in acidic environments, acid-resistant bacteria have developed diverse protective
mechanisms such as hydrogen ion consumption, membrane protection, and metabolic modification
to maintain intracellular pH homeostasis. Therefore, in-depth research on acid-resistant mechanisms
and improving acid resistance of strains are important for microbial biosynthesis of value-added
products. As a model microorganism, Escherichia coli has been well studied regarding the
acid-resistant mechanisms. In recent years, significant progress has been achieved in the research on
the acid-resistant modification of E. coli. This paper reviews the acid-resistant mechanisms of
E. coli in terms of oxidative or glucose-repressed system (acid resistance system 1, ARI1),
glutamate-dependent acid resistant system (acid resistance system 2, AR2), arginine-dependent acid
resistant system (acid resistance system 3, AR3), lysine-dependent acid resistant system (acid
resistance system 4, AR4), ornithine-dependent acid resistant system (acid resistance system 5,
ARS), cell membrane protection, and biomolecular repair. Furthermore, we summarize the progress
in constructing acid-resistant E. coli strains by metabolic engineering, global transcriptional
engineering, and adaptive laboratory evolution. Finally, we discuss the subsequent research directions
for further deciphering the acid-resistant mechanisms and improving acid resistance of E. coli.
Keywords: Escherichia coli; acid-resistant system; membrane protection; biomolecular repair;
strain modification

WA YITE B SR FREE BTl 0 vh 228 38 5
ZRETT, gk TR FAEMBENIESE . T
RE TN Y K R b 2 A IR o
DRI R 360 S i Ay i DL iy — A s 3t F i Tl
TR o e e (0 PR AR 9 15 A Y pH,
VA A e T O0T 20 I BORR I3, {ELIK 257 R R
PRAKIFHEIM T N s B iAs o (NG, TRk s
SiR TR PR IR PR , ol PR PR BT R R 7 A 1, 45 A
Tl Az 7 F R AR B 24 A R AR R T 56

RIGHFF & — P WA I AR, 5835 /Y

TS PR ML ) 1 BE A6 7 15 1R 5 0 S PR 1k 3 85 77
I ANEEAE . KT 1o B B AR Y
HR B AL DT FEAF BN EDT, T2 B AR i
PR A GUIHFE RS 1 A MO JEAG 1 5 1 SR itk
A RO TEE RGN A B T R BB
AL G TR . A Jmy B s TR AN 3 N7 1
WAFFBL, WS KT m i iRk,
2N A HURRAE 7 A SCIR B8 K I T T i
PATL ] A0 i R 1 o SR et R T i AN B, LA
ST0T T i R TR R A R AR A

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



R S AT B A PR AL ) e L O i e ik e

4669

1 KAATE R RS

HAr, KafrmE o a5l 5 iR R
GE(E 1) : A Akl 2 BEIT i) 22 45 (acid resistance
system 1, ARI). 22 BR KA BY it B2 3 45 (acid
resistance system 2, AR2) . A 2 i 4 5 72 i ik 31
% (acid resistance system 3, AR3). #fii 22 FR {< i
UM iR 22 4t (acid resistance system 4, AR4)FI5
TR AR PR T R 2R 4t (acid resistance system 5,
ARS). HH, BT AR1, HA 4 Fhifi iz RS H
T @ BRIy, kBRI IR
AP,

1.1 FUSEFENG RS

AR TEJC#I % BE 0 52 24 B s AR A 2 Wl ik
JE AR IR ER T (pH<2.5) 261 F i #E Y. ART &R
G RARLE M ASE R, HEICHIZRE S
IR HF RpoS. MWL IRF (cyclic adenosine
monophosphate, cAMP)FIFRBEIR I 32 & (cAMP
receptor protein, CRP)J D, #F58 %1, RpoS
KGR ARl RGTCEIER K IEWIRIEN,
1M RpoS A FRIKZ BN Z AR R AIHFE, U DsrA
RprA Fl ArcZ %5/ RNA (sRNA)®'L) J2 TorR/TorS
WAy 255 70] LU RpoS ik . I4h, cAMP
ST O A S e AR S AR Ay, Y
BOE IR IE S 9315 24 cAMP JKF =
2x 5 CRP HHAS SIS MR, BIE ARI
ARG MRRE, HEES MY S5 cAMP ¥k
JEMRRALY, X S5 #A A 7ERT ART RGETCTE
IEH RIEE N —2 5350, FOF1-ATP-5 il )&
T ARl R%t; £ WA FOF1-ATP-& B AL T
FafEE b —Fp A i Gk, BERT AR ATP K
i B 1L 7Y BB R A S TR BUMAN, AT DA
WIS iz SR i A5 R ATP ;38 2ok ff A
FOF1-ATP-5 A A BL, FO A EEZ S
ATk, M F1 EANS 54k ATP /Y

KB G SN pH {EREAIRAT, FOF1-ATP-45
BUEFRIH ATP $ & 3FE HAiiE, LA AN
pH MBI F1",
1.2 BFERBREBENR AR

AR2 MR A Gad RS, % RS FE L
THAEA 2R R 22 f MO N IR 36, DA T A 240 74 i
W AE pH {EAKTF 3.0 MERYEIRIE /7T ; Gad R
Gt B A2 0 B 50 A PR B Gad A T GadB LA K I 7%
ifE A GadC; HH, GadA F1 GadB i T4 A
F- B R Ml % ¥ (pyridoxalS-phosphatemonohydrate,
PLP)fiEfb A 2R A, y-24 5 T IR (y-aminobutyric
acid, GABA)FI — &k, FFIHFEMIN A+
[FEF, GadC 3™ A GABA Hiz 4L,
I HE 2 M A 2 R 2 M N FH B B )
AL, WF5E R GadC 6 m] LUREIE 4 2 Ik e ik
AN, Bl GlsA fiEfb A 2 ke i 1k h 75 2R
M ST HAEE S, W7 A RAE N
GadA Fll GadB [T iER" ", ik, AR2
REA RN IR, PRI A0 R 2 TR
PEIREE I

Gad RGEMRHENLH T34, HETCH
ML 20 MR OLHS H5IZ R G MR R, H
t GadE. GadW 1 GadX J& T FE ¥R T
LuxR FJ%K) GadE & Gad RGEH LTS K
¥, H50F gadA fil gadBC # 54E 4A 07 S 1Y
XA A, SRS gadA Fil gadBC Kk ;
GadW #1 GadX #BJE T AraC/XylS ZKi%, AL
HIEMOE Gad &%, ol LLE G gadE %
SEUE T (B #2306 Gad %% ; sSRNA GadY ol LL5
GadX A 3-AEBIF X454, 2 GadX L&,
PETT S Gad ARG Rk, 1Ak, PhoP
YdeO. EvgA. TrmE. RpoS. RcsB. Crp. H-NS
A TorR S5 5 2& 11t ] LA A8 ) 1 AN [] A 5%
HE AT Gad RGEFREN,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



4670 (YIS Gk Microbiol. China

(a) (b) .
Periplasm ®IF‘OF,] @ Gln~,  ,GABA  Glu. GABA
ATHO 09 iy g Ghal " 77T T T IERAE TS
~i% Cytoplasm A[)p+p|i\ ADP+Pi \.
‘/[ ”C Gin Gl v~ MGlu GABA
ATP ATP 7 s
o © GIsAGIsB GadA GadB
(0 : S Ho N D
ANANADsrA ) \ 2 5 €O, :
AV -RprAl— H-NS -
VAAAreZ \ &
EvgA YdeO | AAAGadY B4
SgrS '
co, co, co,
I < P
@ (HP—» AdiA ——— CadA SpeF
" ()
Arg  Agm Lys __Cad Omn Pot
S e CHB 9000:0:0:0,0:01 P{#
(©) Arg Agm (d) Lys~ Cad ) O Pot

1 KPHEMBRAZREBETWETEER  a: ABGHEHMNG RS b BFRARUMEIN R R
Gi; c: KEARHEEIMR RS : d: BERIKBAINIR RS o SEAMIKBBHRAS; f: 2R
P ATP: JRUERSRHF — WML ; ADP. BREGMATT “WERR; Pi: JOMLBEMRER; Gln: SR&BEE; Glu: 4%
WM ; GABA: y-ZIETH; GlsA: WREBMME 1; GlsB: HAMMEE 2; GadA: BHETREAMRM
R A; GadB: HARBIRME B; GadC: HAMRy-2 Ik TR IZHEN; GadW. GadE. GadX #
GadY: & BRAKHIET IR RGN 75 Arg: KEIR; Agm: MUTME: AdiA: K2R R ;
AdiC: FEREMIUT B iz 8 AdiY : ARRARRMOBIEI R RGN 75 THF: BEE EHT;
SgrS: WHHIZAHICH) sSRNA; Lys: #iZMR; Cad: N _J%; CadA: HiZMRIGIRME 1; CadB: #iZR:I%
TEREGEE s CadC: BRI ETT IR RSV 5 Om: S%EPR; Pot: JEME; SpeF: #ASFH!
B IRR G ; PotE: Ik EiZ AR, DsrA. RprA 1 ArcZ: /N RNA; RpoS: RNA RA o8 Wi
CAMP: FBFERIETFT; CRP: HBFMRMRTTZIK; H-NS: AEAFKLEWEN; EvgA. YdeO: 454
DNA % % WH# N 73 RpoA: RNA AW o WA; ppGpp: & MUwERR

Figure 1 Schematic diagram of acid resistance system and its regulatory network in Escherichia coli. a:
Oxidation or glucose suppression system (AR1); b: Glutamate-dependent (Gad) system (AR2); c
Arginine-dependent (Adi) system (AR3); d: Lysine-dependent (Cad) system (AR4); e: Ornithine-dependent
(Orn) system (ARS); f: Global regulation level. ATP: Adenosine triphosphate; ADP: Adenosine diphosphate;
Pi: Inorganic phosphate; Gln: Glutamine; Glu: Glutamic acid; GABA: y-aminobutyric acid; GIsA:
Glutaminase 1; GlsB: Glutaminase 2; GadA: Glutamate decarboxylase A; GadB: Glutamate decarboxylase B;
GadC: Glutamate:Gamma-aminobutyrate antiporter; GadW, GadE, GadX, and GadY: Glutamate-dependent
acid resistance regulator; Arg: Arginine; Agm: Agmatine; AdiA: Arginine decarboxylase; AdiC:
Arginine:Agmatine antiporter; AdiY: Arginine-dependent acid resistance regulator; IHF: Integration host
factor; SgrS: Sugar transport-related sSRNA; Lys: Lysine; Cad: Cadaverine; CadA: Lysine decarboxylase 1;
CadB: Lysine:Cadaverine antiporter; CadC: Lysine-dependent acid resistance regulator; Orn: Ornithine; Pot:
Putrescine; SpeF: Inducible ornithine decarboxylase; PotE: Putrescine transporter; DsrA, RprA, and ArcZ:
Small regulatory RNA; RpoS: RNA polymerase sigma factor S; cAMP: Cyclic adenosine monophosphate;
CRP: Cyclic adenosine monophosphate receptor protein; H-NS: Histone-like nucleoid structuring protein;

EvgA and YdeO: DNA-binding transcriptional activator; RpoA: RNA polymerase subunit alpha; ppGpp:
Guanosine 3'-diphosphate 5'-diphosphate.
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Table 1

Research progress on characterization of Escherichia coli acid resistance system

Acid resistance system pKa of reactant and product Response Key elements Regulatory  References
value of pH element

Oxidation or glucose pH<2.5 FoF1-ATP-synthetase RpoS, CRP, [4-9]
suppression system etc.
(AR1)
Glutamate-dependent  Glutamic acid (2.2, 4.3 and 9.7), pH<3.0 GadA, GadB and GadE, GadX, [10-13]
(Gad) system (AR2) y-aminobutyric acid (4.3 and GadC etc.

10.4), glutamine (2.2 and 9.1)
Arginine-dependent Arginine (2.0, 9.0 and 12.5), pH=4.4 AdiA, AdiC AdiY, CysB, [14-17]
(Adi) system (AR3) agmatine (9.0 and 12.5) etc.
Lysine-dependent Lysine (2.2, 8.9 and 10.3), pH=5.8 CadA, CadB CadC, etc. [18-21]
(Cad) system (AR4) Pentanediamine (9.1 and 10.3)
Ornithine-dependent ~ Ornithine (1.7, 8.7 and 10.3), pH=5.0 SpeF, PotE [22]
(Orn) system (ARS) Putrescine (8.7 and 10.3)
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Figure 2 Protection and repair mechanism of acid-resistant cells in Escherichia coli. A: Protection of cell

membrane. B: Repair of macromolecule.
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Figure 3 Modification of acid resistant strain of Escherichia coli. A: Regulation of traditional metabolic
system in acid resistant system of Escherichia coli. B: Global transcription engineering screening of acid

tolerance targets in Escherichia coli. C: Adaptive evolutionary screening of acid tolerance targets in
Escherichia coli.
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Negrete %53 % 35 4% 20 W 1 61 8L Tif i
e 7 gadY, ffi pH 6.0 25444 F TRE R R 40
e 25 Sl ot BB RR B9 1.55 4% o Adso &t ik
[ L RNA ArrS iE— 3% gadE RR 5, R
AP IM109 7E pH 2.5 5440 N i M A7E 75 3R i &
$2Ft. Gao SFUONH i) ik 42 ey A H-NS,
o KM A TR AE P SF R W38 (pHL 4.5) 254 2 i
PR 24%. Tan S5 U7V 10 I Bk 40 A AL 3
H 1 ompF i R AT 32 PRS- T, [R]IEE 7 1R
(18 2 77 R 240 i 5 e M R R A R R ] 1)
TE TR R A & iIg W BR B WE 58 f, AT
CRISPR F#f(clustered regularly interspaced short
palindromic repeat interference, CRISPRi)$; A Fll
H A BORIRGAZ o ™ N DT TR AL 45, e A x4
4 %6 F AT (integration host factor, IHF)f) o .
AL IhfA | A S PR AR MY It IR R e A% 0 o)
GadA. DNA BEEM AidB LI E M
RyfA BYLGIRE, (ERRE Sz s, i
IR i i T 360%. K T SEILERIRIZH B8R i
I, Yao S5V 1) SE AL AL S — AN ] 3R 32 1Y
BRI W I 31, 7E pH 5.0 254 M E AR &
GLHHE RN T gadE . Ji dk (1 #1165 hdeB. ROS
lif B sodB 1 katE MIRAERIBME, FFHx
4 FpEEN ST TG, mAEA G RERTE pH 6.0
FMN, BERTNE . 7 EZ ODgoo ¥4 .
FhewE .

g A TR G T DU T 2 A AW A5
SRRt e A R AR A AN R, SRR B
iR R E 1 B4 w5 o (ELIRTE X 22T B AH S ALY
FEACHEAT U IR PR P, T B A 4G i i
FEA REARAT UM 32858, AT i 1 AF 5 It
[ FBAS o J 2] LAgh & N T REFBLAR 7~
SEHOR, Fi5 -5 S AR AN S AR AR e
32 =R¥EXIE

RIGHFw HAT & 7R R RN %,

b A A A {40 BE A% e 12 13 SR BRI AR Ak
(I pH., S EFRFBELR). Fg 1R
T LB Bl 0 7 e R A a0 (RLAL G B Sk R
SRR T B T A0 L AR A AN AR 7 RE 0 S ) A
R . 4= Jmy &% 5% 1T %2 (global transcription machinery
engineering, gTEM)if i i 42 Jm % sk K+,
T4 BA] 400 3l 42 Jm e S A A I % 3K R — il
AL PR AT 240 J K P 07 2 il R A 1 A 0 Y
G 7

cAMP % 1K % H (cAMP receptor protein,
CRP)ZE KM IEH 7 2R FZ—,
TR FORY) 490 MR B KA ; @it CRP
F 4 Jmy B S TR, A AR S 3 7 22 b 3 34
B (A% pH. B33 A A0 0 S5 ) I T 52 T
1 Basak ZE0@ it B 5% PCR (error-prone
polymerase chain reaction)i¥ i1 |~ CRP K 5848 3
J, A B iR A AcM1 7E pH 4.24 7%
P A K R L2 BEZE Y 2 /% (0.113 h ™" Al
0.062h™"). Chong % TF ] CRP &AL ASCPEHAY
TEWE R 15 g/L B L A Kd % 4 0.083 h
CWRECH 0.016 h HIZEAETEHE A2, ILAh, Basak
SFPRIF CRP 2878 (RSO AR AR 1) 5828 T ik
OM3 7£ 12 mmol/L i A ML A P AE KR A 0.6 h ',
T X B R 2 4 58 4 52 B ]

o A+ RpoD Al LIHZE RNA KA (RNA
polymerase, RNAP)#%.0» B JE B 4= Wl LA i3 3l 5%
&, HERBE KB RZEEERN, JF HAE
VFZ a2 T Al IR U o (7~ RpoS 1E
FIB7, Gao S5USF] FI BE LA A B B 5 4175745
(random insertional-deletional strand exchange
RAISE) /7 %1% 11 T RpoD 4 )&
R AR A, AR MR O R AR A B 1
AN, ZEARTE pH 3.17 55 T YA K%
EET 022 h', WX BRERRACN 0.15 bty %
SR RY], SRARA S ERARSC R I gadX

mutagenesis,
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gadW % &% EiH. B4, Alper ZEPTt KT
DH5a 11 RpoD #47 = 405748, FfERALR P
1E 70 g/L LFEFPRE4EfrIEH A, M B Ak
ToEAERK iR EoR, el RpoD R4S Rk
Fh 5 44 WSO AR DG B L L, 4n groEL i htpg
Fp i E B,

H-NS &—# 15.5 kDa WEHA R, EHEMW
SEM KT 5% 13k, A4 i B Pk AH
KM BB, Gao LRI 58 PCR Jy ik
H-NS (%, F£7E pH 4.5 95444 FIEE 24 h,
DLk B i PR T Ak s 59 6 BRTRTRRAH LE 3R 1S T R
AREARMEN 5 AREMK, X 5 F HNS
RAFKEY ODgoo 151 26%—53%, 1E pH 2.5 5514
T, ETRAAERE S T 10-100 f5. FEC BRI
BEHIR IR L B R 32 3w, H-NS AR AR I A Kt
1538 T ek,

A Jr s TR —FA B TR AT i
IR TR TN L Wy B O o X
CRP. RpoD Fll H-NS 4 4 Jay#% 5 [ 1Y TR
T, B A e TR R P R R A ) e
X RRAG AT B AR AR AT ZE R FEPE 047, A
B A 28 R4 FEE, AT DA — 2D b e N o 3%
Tt PR HIL i o
3.3 EMMREEHL

& W PE 52 56 = iF 1k (adaptive laboratory
evolutionary, ALE)JZ W53 14 W) %% B2 T Wpi8 24
53 J 38 o M S vy ) B S ) vk . ALE T H
SRIEFER & AR HA E N Iy AR, B
Ml AR TG, X TG TR S IR b A Ak i R
PR MOAE . AR AR H Y, ALE AT LA
AR RN . AR 2 MO R E AR
it B/ B 1 AN [ 28 A

A KR E T 1E , Du Z%E pH 5.5
FA) e /N R 280 M 5 R 2 P X R BT I MG 1655 1%
X800 ¥k, HEALIFEIN 6 ANy S AR LR i

BRI A K A 18.0%, it PRI 20 I st 4 43
BrR: Hrh s ARAEPHILT poC 748,
RN ) S AR (A R PR P 38 ELA AN [ S, (H 3=
5 SRR ARG AN BB R = A M FE LA 5. Seong
SRS 5 o/l LIREN MO Kigi ket fT
9 # Ak, FRAF Y e 5B /R FE 10250 mmol/L
LERE) M9 BRI R IER AR, 1% BB bR
K B Z RS FOF1-ATP-4 %,
fiti (1) atpABCDEFGH 3t [H 1k B & #2TF

TESR B it 52 )5 1, Hughes 2822 KT
B W3110 7€ pH 5.3, 6.3, 7.0 Fi1 7.8 Fh¥EFTidE
ML, 7E pH 5.3 4248 2 000 R4S fe L i
PR DRI MR, LT PRI 7 B 5% RE R R AR 5 20%
Harden Z£1°VJy T HE— 45 3845 KM #1581 it A% 14
¥k, 7F pH 4.6 i) LBK (Luria-Bertani with KCI)}%
FRIEFA NI TIE AL, ARAT 8 BRI R %S
AR TR AR, o B 28 A8 TR MR ZE pH 4.6 B 28 ODgoo
T2 2 f% . KA, Dragosits 2517 pH 5.5 1
SR AE MR HEAAR AR 500 IR, BRI RAS bR
P500 %< ODgoo $2 2 25%. [RIA, 3 WPk
R IE T 0d W T bk B500 1B 35 1 1V B bk
0500 7 i i P Jy it AT 57 2 81

FEAR 7 i i B T AT, Yang S5 1N 1
i R, TR 6 PR HLIR(L R . D-FLIR .
LR . AR . L-FLRR ABEHM) A1 T K
M ey bk, 7EdE it # v, p-FLER
K BRI A 1F T R RR I 32 P 2 P s Forp,
FE D-FLER T FR Il N P L Rk, % S gl b
¥ S AL G4 A 11 HypB A1 HypC % & M g
K1 s 76 D-FLER AL 4514 T , i HypB il HypC
()2 I8 AT A 4 M AA TS a4t i 336.3 5. AL,
Jinag HypB 1 HypC A E M p-ZLHER T B 4%
FRBR RN T 113.6%°°,

T o7 M S I = AR R R ELA R R A AT E
PERIR IS, AT DU RREE 1 B RIS L3 AR
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TR, AT MR AL TEAR , J2— oA i 0 gk
Worik. Ak, METHAMITE, ALE $ORT
RS Z WA REB R BUHEUR, K30 1
[VFIBE IR A o Jegn] LLgh& 28 IEa, i
R DR 2t R R 2 25 TSk P AR A R AR

4 HEH5RE

Tl b e P 228 TG R VR T, T 2R
MG 3, TR 2976 . R, T ERHL
il i BT RIS PR M s U B KRG AT LA
A 3 22 A A SRR 1 A BE R R e, A
HAEM N . AR F A Koy P&
SERL, R X Se AL 48 S TR ek W] o
PRI MR A KA = RE . SR, B FiREwR
28 1 5 e VE RN T AR, 2 T B A DG B O
DRI R ] 4 ML ) AN R fulF T8 R TS PR B 0 15 31 7840
TF, 4Rk s T AR A P S 06 28 Ak B R
A —E FREE B FF4R T TR AR R B A 142
it . JITAFSK, CRISPR #i R % ), CRISPR
SCHEET] ISR & (SR 2 e, B )it
Z VR PR RS, A KT TR i R AL ) A
T P2 T R e TS 3 i A B e A S

R Tk — 2GS i B ML 5 5 A T R I R
PE, RRAT DL ELR LA AT sE: (1) 3%
A SEAS [R) 25 B BILER F TG AL R X 248 A i) 5%
LTI K N9 778 LW i O N i B B 7
X A0 RS W 25 S O, BN ZEG o0 A 2 R AR
A5 A T 1 FR ML A AT o (2) I RS2 A
2T 6 A5 A BRI s, YA 0 BT 200 R TR R ) 97 R
Ao MM pH UM ICH: . A LA SRR T
ST HA EAN SR I RS, M ZREE 2
PR M 2 e AL o (3) PRI MR I A 251 5
HoAth 38 S5 A AR T o ZESEBR Tolk A2 7=
Al e[l AAAE Z R ban 2608, ang&E s . i
FER D15 ik, BFSTER M ia 5 At 0 45 1

A HAE, AT LR T A R AT T 4 4 i
WML, 4 5 AR SR R 4 5 el AR ) B T
A=A 5 e
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