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Abstract: When microorganism confronted with unfavorable environment, it can perceive the stress signal and start
stringent response quickly to make bacteria more adaptive to all kinds of environment. The guanosine
tetraphosphate ppGpp is the most celebrated alarmone to trigger the gene regulation for environmental adaptation
according to its physiological status in prokaryote. ppGpp plays an active role especially in extreme environment
adaptation, i.e. stress response to high temperature, high pressure et al. This paper reviews the mechanism of ppGpp

regulation and the recent progress on the causal relationship between ppGpp and various environmental adaptations.

Key words: ppGpp; stringent response; environmental adaptation

e FEBEIRAG I S IR 70 1 (RO S 1 1R TUih IR
&ﬂ]ﬁ?’i@ﬁ?, T #% ppGpp) J2& J5Uk% 259 % A [H] FR 85
TE T, 3 B DG AR BRI W DR 3R T A 1) 4R
B AE G A o AR RIS S5 1) ppGpp HA1E
Rz W E . TR S o R iRs s, EHA0A
FH) I ppGpp A& B PE B W52 B Ead sk “ B
BE”. BEEHT IR, ppGpp X 40 i A B ZS 11
4 JRy P VRN LA T N5

1 INERERFREFES 2 FppGpphYiS
=L

YR Z T A A B T P A e R
T ppGpp S 314 JR P PR AR W A AR B T
T RIS, reld BRI spoT

NS5 T ppGpp A 5 785 22 FCPH P4 B
15 AT —28 rel JEIN [ B) 4157 ppGpp 1 & A&
fift o A BEAETIN Z SE R YL, e E O
A S I (RNA, S5 a4 & 4%
BEAR L11 8 A1) RelA & HPTEAN, RelA fiEfh GTP
FEREIR AL, SRS 570 T ppGpp ;AR N AR DT R
YUVHAS &l BEEE 2R 2 1 ACP 55 TGS X I
HAE PR SpoT 4 145 1 ppGpp''e 411 41 i i v 1)
SpoT # FI e 4 fif S & 1 ppGpp [ IfE. SpoT 4
H 2 AR AR 4 D IyRegifian, b N 3 67 97 ppGpp

i BEA: 2011-12-31; {EEIHER: 2012-02-19
HEEME: EHEAAAREEEEIH (41076078)
*BIE1EE: E-mail: xujunn@sjtu.edu.cn



386 1t

Bl 243

F% fi (HDC X 35k ) #1145 Bl (Rel-Spo AHABLIX 85 ), C
it 1 ST IR 5 A (TGS X8, ) K 8 1 B A Fn 45 1
P (ACT X3 ). Vinella 55 ™ (050 W, MK
Fe W Z R SpoT i 1 43 S £ A 19 ol i 7% 1)
P ppGpp 2 B AE DNA S il K 1 Fll i 5 K1 f
FERAT AT, 08 IR Z SRR A BT,
ppGpp BE N5 8 A . Fase RNAL BEiR. AR
PRSI A I OGIE N, MR (TR . B A
o SRR IL IR FE 1S KAHOCKER . Tl X Thermus
thermophilus [¥] RNA ZE & (RNAP) 5 ppGpp 4L
S50 IIWT ST, UESE T ppGpp BE4S & T RNAP 3%
Ho AT L SR R B R BB LR,
ppGpp i #5551 U 4% H A6t DsA 25 1 16 W [7) 4 1 o
DksA 5 [1 /& RNA % £ [ 45 & & 11, ppGpp/DksA
FERE SR EOOIRZ B A4 2R 1 R TRNA (16 i i 2 10k
AT,

7L LW, ppGpp M E v T 52 il #E At
AR VA - RS ppGpp W0 Lrp 1%, &
RS IR A LA SN AR I S PR R
e VA 2 110 ppGpp MIH 3 B80T % % X7~ RpoS, )i )
IAITE I 0 IS N 5 A2 LA T 05 ) A S 3
WA PO D). X R HLE e a I E ) R AE A
S AR T8 1A R AN M2 A58 5 873 1o A ke 82 AH BV (1)
WENHUE, RRIEE. BN . BUwTE. Bk
B AT s B

2 ppGppiBiE MR REITMEE R 14

2.1 ppGppEEKERIFT
P Sk A R S R L —, Y

GEt7/Es

ARCUHAR DKL R
(Lrpifi#)

N M B KN A0 I TR 2 SRR s = i, REPLIE S )32
ppGpp F il (1) A= Kt R A T AL

KA TR 2B A 4l i RN/ 2K 115 S RNA/
DNA (1 Eb 3, B 35 40 i A K 3 = 1 A2 40 1 AN [
20 g A 1 A KR A IS R B, 17 24 40
AT A KR RN, BT AE KRR, I
ECAE -t 4k TG K T o 75 ppGpp  (ppGpp 5 BB FE 1 )
i JfuH, RNA/ 2 1 5t S RNA/DNA [ Eb 5 78 ik
Az K 1 A P RIS A K Al e L AR A, T L
FEM A K1 ppGpp” 41, RNA &880, i
W] ppGpp” 40 it 32 2 A Kok A W o g 24 40 7E
IR E NI PR A, g S RS
HIERIEAT, BUAKEM RNA ; 1298 F5 6= i
ppGpp VAT 51 SN, 4 A L TR A R
s, AR YRR AR I AR IR B, RNA &
N,

T iR RNA S A5 il 58 4% 2 45 ppGpp” 41 i 1)
RNA A Mk AERA, WiEdl ik T ppGpp
WL AL, £ () RNA A B AR B,
SR AER N T ppGpp 7 1K) ppGpp 4 i, S/
KR m Ny ohaemameE V.

2.2 ppGppEiREERN

T o 0 A AR A K L R 3 PR L A B 5
Graumann F1 Marahiel™ A & 35025 P90k AN [R) 3 18 1) i
I 55 K WA e A 38 tRNA IR AT %V R R Bk
AT IR 2 2%, IR N, BRI
IR L T (RNA EEH R, SRR A £
HILASAL, DI RelA 4545 B0 A 1, JF tiks]
it ppGpp 145 e, ppGpp WL THE « A TR

FREE 8 1735 AR L A
(RpoSifi#x)

[ppGpp]

HUAhAF I S 2
Gzahtk e, BN )

(]

Bl ARG R ERE 5 E I A R R BB R AL H)



430 JICH, Gk

{7593 1 ppGpp 5 R E AT N R 387

VS NEINE P IR T R I 1] BRI, 1S tRNA K
JEFFm, 33 ppGpp i R

Yang Fll Ishiguro™ #5% T ppGpp 5 K HT Hik
JE 3 I 1 1R 96 2R, R IR W AT B relA 58 78RR A
A2°CHAEBOCIR B T M 52 VERRAS, FEstent bk —2
H 3 T reld M spoT FEPRIXUR AR, I IL il B Tird
ZERE P AR, X E RV TR AT v U
Pk 5 41 i Py ppGpp 75 = 1K &, W78 T ppGpp £
R V1 P 3 8 P A R L

Xt Streptococcus thermophilus T ¥k #VE S WV
g, R ERIE T deoD W SEALRE . U 2L
SR B AR AR AN G AR T I, AR5 23 AT ppGpp &
N, gRRY], B AERRAE BN ppGpp WAL
RT3 A%, AR ppGpp % & LT
. BT deoD K& K Mt & A 15 1 42 v 11 DG Bk
filg, DA deoD ik, ppGpp A KK
T B R— AL T N R S AR A T, BT EA
FEAFRAE TSN I B2 Gy A73% , 0 et 3 307
RAFKRANREAE A PSR MY,
2.3 ppGppEHEIEFNE

BBz, HA RN R
(1) e S RN JSURE, 8 B R ST I AE B)) B G BN IR
WAL AR DG . 70 R A ™8 S NI, ppGpp 23 1
P ME 2 1 45 1. Magnusson 25 U B 57 45 B % 1,
RelA Fil SpoT M SEALKE (ArelAAspoT) i Z #iE, JL
Pk TI25RE )] ; DksA 45Kk (AdksA) 123 g
Wik, VL] DksA/ppGpp IEHFEHIBRGMIEKIL.
Lemke %5 " R 45 i 1)f ¥ T DksA/ppGpp %t K i #F
W =R R G, I DksA/ppGpp H £ 41
il I IT 0 8EE R GG G, 1 A2 () 0 o) TIT 28 A
ERGEMNE I
2.4 ppGppSHEME HFM A

ppGpp X AEIIETE 1 B0 1R 1R 4% 7 R4 i
BESIEEZAN DT A W B0 B RN ppGpp HA
RCRERS IR S R B b, RS, A
AT HAFTE O A AE B TG N, . BRI, fEE
LIRS WTTIREE . &5 Aw . S tidrs . 4
I PG A5 B B ppGpp 2 15 42 1 JL 75 ) R G
I3 U9 o B LR 1 SO P TR I, reld 5N
5IE A B AR . M ALY G rE
RIVEAE N & A m i ppGpp,  [R]IN2E D) 7t 4b
TR M reld FER B R SEARE, &R T A
BN T IRBE ST, Ui reld 180 5 HE0R A 1,
2 o WA B N B, (RSl gl i b 4 i

I, R 2] I spoT JEBR Faf, iy Haz & 5 Hwg
JI 7 I35k . ppGpp 3 177 18 ) N6 T 1% B 7R
BRI R ARG SO R e g A T
A, ppGpp X Listeria monocytogenes [ 44
I AEMIRE R R 2 T s U7

XJ ppGpp $i2 & 40 B Bt 245 1 B AL ) 6 AV
A REM R A2 RNAP 2 VR 2 PRI G A0 T
ppGpp 5 RNAP (45 &2 X 514K 5 RNAP 455
PR e e e W BORS T ppGpp 1 FE AL
A S0 B BT E AR B — e R
2.5 ppGpp SR EHARELY

W EPE A . LA AR DL S R A A, AR
AR I R AN RN A SR SR 2 A AR R T,
51 322 (R AH G 3R LK 22 41 I 5 40 1) T8 A
HAAfF R B 2 O EE,

Pseudomonas aeruginosa & NS 80U/ H, HE
AR BN, RS LA o A1 RpoS [ X VT £
0 it 2% S R N MR 1 7 ) IR ) R A Ay i AT R
B4E ). van Delden 25 U % B BEAA N 5 reld
FER RIS K, reld [P B3R IEAT rpoS ik ETF.
T o K e reld HE TR bR 58 A8 bk, Erickson 45 P 4l
KIN P, aeruginosa X 21 R A2 G RE 1 A

X TE SRR AR B (Rhizobium etli), 4
G il = IS AT [v) T T 18 22 440 I %) 85 988 4 4 LA o H:
[ HE ), R. etli HAFAE S A11A reld-spoT KAl ]
(¥) rsh el o rsh ZEN IR FELR. etli ORI /K4
gk, AR B T, XA T
ppGpp 7ERE B REAA TR IME- . 76 R edi Kk
AR 2 %2 ppGpp 1 2 1) 51 Ik EK] A2 AJE 9 5% /) RNA,
e A 5 BRI AU 3 I A DG A [ Y

3 ppGppSRimIfEIE N 1%

WAES 2 oA T HARIR Y, —H LUK, A
NI A DI TR i B it S8 AR s ) A5 A
BE N WA AEURIAN L 7 o X A g A 5 5 B e AR 7
VSN O FR IR 4 A7 By T FRAT ) B R 220 b L i I 0
FEPERLEL, K0T 48 7s A P U ) R, DA TR K
L2 RGN LS i o A ) 0 YR 1) T e R 45 T
T A H K R

Thompson 25 P [ HF 5% R W, ZIER B = K
pH SR L RE 3 R AT TR BERT 135 1% ppGpp.
AT )i W T ppGpp (EARER A H A/ {557 1
VAR AR DI RIE o R Ay bl v i B AT
IES JE ORI TP A F B R 3, Bk S AT R



388 1

R 244

1 Rel 45 AT BLAS A BEA# ppGpp, 71 LR SR A
R Z SRR TR, #RT LR ppGpp R
F5 1M rel R R T,  SE K Fe(IID) iLJ5 AE ). s
Jv M RT-PCR 45 KW, feifib KO, rel S8AR
FCEER B O R FE DR Ak B, T M R,
FHIR S Fe(TIT) 3 Ji 55 W, A 38 AH O (1) B PR 8 1
P Fe(ll) A MAK LT T, #HIHEA
(RBELRE fur JEIR, Fe-Fur 3& #0618k 2 14
KWL R v k& 1 BRI, T
ppGpp L2, ppGpp 2 fur FER AR IE,  InE 4
it AN BR 55 o BN T 7 1k 2 7 B, RLAE 1980 4R,
Ingrid 25t C 28 T 4R W 5T W8 FA R H4 3 7 ppGpp 1
PAEEAER, 2 )5 Kasai 2 " R A7 06 S50 4
4551 RelA HH, A5 B ppGpp 1 fE I HIL &R
R, T REI 7 T AR i ok A= ) 7 2 s N TR A L
il 5 WA 2= 5. BkAh, ppGpp K1) BT
BT T Z MR &L polyP (MR R, 1Ml Seufferheld %
N polyP BEAE Ny “IRTTER 7, ARG W) AR S A B
(103 A 55 T 2 EE AR

A ppGpp FRJH X TR I 1 oy i A RS 31 T
PE . XK K & Photobacterium profundum
[MBFFT R, SpoT [F]Js £ -1 PBPRAO189 H1 ) 5¢
ARV R s 1A A B P I RR I,
T spoT 2 X 41 57 ppGpp I 75 1% A1 B g, i ik 2%
spoT FE N IF 4%, 530 PBPRAO189 Z8 745 bk Bl i 7
B E AT A RAEEIREE ppGpp, s
K1) ppGpp 15 P profundum Wk s ) 8% K A
toxR, 5T ToxR HJKiL, Kk, PBPRA0I8Y 5
AR s g e A g B

A LR (Shewanella) & 7 55 v 8 2L 1)
VRTINS DU P h 43 B3R
1% Shewanella pizotolerans WP3 [ ¥k, X H.AF 57 #4
7N TR BT 52 v He A PR 48 (1) XUHE B R4
S I H5E I 07 TR AL ok B B2 AL 5 3 A T 22 IR W
P BT 285 22 SUARSE ML o AR S 6 3 B 0 4 F
PR R IE N TR R WAL T s [ WP3 R B
AT RS BEME RS . BTSRRI, WP3 Bk
REA UL B /KIS 5 401 ppGpp, W7 T % B PR
AR R S AL o 1T A N PR AR
W XUHEE R G0 2 0] 1 OC R A A — P .

4 MAXARHAR

— M TN Sk T 2 P A e A S TR R
ppGpp 75 %M RelA LAz SpoT, 11y PH 4 40 & 2

11K RelA/SpoT 125 T ppGpp MACH . ki
WETTIANWR AN, KL T oAt — 2% Rel A/SpoT [l
JE A, Nanamiya 25 ' {F Bacillus subtilis % % 5%
WA BT ppGpp 5 BBESE A = yibM R ywaC,  F1¥4
oA %k /M55 1-4 i (small alamone synthetases,
SASs). SEEGUER, YibM Hl YwaC 712 51875 75 b
5] & N TR AN 22 5 ppGpp 19 & G, H
YwaC 1255 1 4 AEGIPME 24T T ppGpp HIE AL
. SAS 5 RSH L[ P Das 2% B e 4
SLINER V. Cholerae ™ ¥ 2 ()4 BOBEEE X relV, i
T relV BIA77E, relA Fl spoT X578 1) 4E EL 9K 1 71
A TR LA R A R LR SRS DL, T R K
ppGpp. UbAh, YA T2 A, wEh. R,
HEEJE . TR S P PRI, SRk

257225 ppGpp 5 Sun %5 B2 75 2 41 b th R I
7 SpoT [A] Y5 £ 1 Meshl, Meshl 4% (Ameshl) ]
R IR gz, rylikae ) 2=, AW R reld/
spoT K& A e F[R] Y5 ik DX Ks 2 1) WY ppGpp 15 5 R 48
R 73 BT Ak R A (24

RGP R E MR EZ EY, 2Rk R
PG FE TR i A R A €. Rl A= 00 Y IR
N Tl SN =TIV 3% =1 NI 5 N W L = R A e Sy
WEEHHLEI RITRIETT, RT T At Bk A g Y S 3L
HEA AT E B S Wil AR o BB 1R 0 Y 2 1
KT AT ppGpp IFATEHENS, AR5 T3AT AW
IR R AT -

M 1969 F4 K I A4, % ppGpp I FEA)) A&
MR, BAR CHIE 52 ppGpp il T 45 5 RNAP K
AT D Re, (AR R 5 Sl ER 2
J7 3 75 EE R NS . T ppGpp 1E AR 5 70
THASEMA 5T 0 IR, KRB I
KITE FEWOT TG AT By 1 0) FEBkAT HEA 11 € =
. geAh, N A A YE S S 5 A
AYE R TR, o aprtmal. Hatdl. 18
A SR ARG 4 Jm Ml Hodls, gk — 2P 5esg
ppGpp AR A M2, KA T N RGE AV =%
IRANTUAE D A5 1 W PR

(& % X #

[1] Battesti A, Bouveret E. Acyl carrier protein/SpoT
interaction, the switch linking SpoT-dependent stress
response to fatty acid metabolism. Mol Microbiol, 2006,
62 (4):1048-63

[2]  Vinella D, Albrecht C, Cashel M, et al. Iron limitation
induces SpoT-dependent accumulation of ppGpp in



4] JICH, Gk

{5593 1 ppGpp 5 R E AT N

389

(18]

Escherichia coli. Mol Microbiol, 2005, 56 (4): 958-70
Artsimovitch I, Patlan V, Sekine S, et al. Structural basis
for transcription regulation by alarmone ppGpp. Cell,
2004, 117 (3): 299-310

Lemke JJ, Sanchez-Vazquez P, Burgos HL, et al. Direct
regulation of Escherichia coli ribosomal protein promoters
by the transcription factors ppGpp and DksA. Proc Natl
Acad Sci USA, 2011, 108 (14): 5712-7

Balsalobre C. Concentration matters!! ppGpp, from a
whispering to a strident alarmone. Mol Microbiol, 2011,
79 (4): 827-9

Traxler MF, Zacharia VM, Marquardt S, et al. Discretely
calibrated regulatory loops controlled by ppGpp partition
gene induction across the 'feast to famine' gradient in
Escherichia coli. Mol Microbiol, 2011, 79 (4): 830-45
Potrykus K, Murphy H, Philippe N, et al. ppGpp is the
major source of growth rate control in E£. coli. Environ
Microbiol, 2011, 13 (3): 563-75

Graumann P, Marahiel MA. Some like it cold: response of
microorganisms to cold shock. Arch Microbiol, 1996, 166
(5): 293-300

Yang X, Ishiguro EE. Temperature-sensitive growth and
decreased thermotolerance associated with re/4 mutations
in Escherichia coli. J Bacteriol, 2003, 185 (19):5765-71
Varcamonti M, Graziano MR, Pezzopane R, et al.
Impaired temperature stress response of a Streptococcus
thermo-philus deoD mutant. Appl Environ Microbiol,
2003, 69 (2): 1287-9

Magnusson LU, Gummesson B, Joksimovic P, et al.
Identical, independent, and opposing roles of ppGpp and
DksA in Escherichia coli. J Bacteriol, 2007, 189 (14):
5193-202

Lemke JJ, Durfee T, Gourse RL. DksA and ppGpp directly
regulate transcription of the Escherichia coli flagellar
cascade. Mol Microbiol, 2009, 74 (6): 1368-79

Pal RR, Das B, Dasgupta S, et al. Genetic components of
stringent response in Vibrio cholerae. Indian J Med Res,
2011, 133 (2): 212-7

Song M, Kim HJ, Ryu S, et al. ppGpp-mediated stationary
phase induction of the genes encoded by horizontally
acquired pathogenicity islands and cob/pdu locus in
Salmonella enterica serovar Typhimurium. J Microbiol,
2010, 48 (1): 89-95

Gaynor EC, Wells DH, MacKichan JK, et al. The
Campylobacter jejuni stringent response controls specific
stress survival and virulence-associated phenotypes. Mol
Microbiol, 2005, 56 (1): 8-27

Dai S, Mohapatra NP, Schlesinger LS, et al. Regulation of
Francisella tularensis virulence. Front Microbiol, 2010, 1:
144

Taylor CM, Beresford M, Epton HA, et al. Listeria
monocytogenes rel4 and hpt mutants are impaired in
surface-attached growth and virulence. J Bacteriol, 2002,
184 (3): 621-8

Wu J, Long Q, Xie J. (p)ppGpp and drug resistance. J Cell
Physiol, 2010, 224 (2): 300-4

(19]

(22]

(23]

[24]

[25]

(28]

van Delden C, Comte R, Bally AM. Stringent response
activates quorum sensing and modulates cell density-
dependent gene expression in Pseudomonas aeruginosa. J
Bacteriol, 2001, 183 (18): 5376-84

Erickson DL, Lines JL, Pesci EC, et al. Pseudomonas
aeruginosa rel4 contributes to virulence in Drosophila
melanogaster. Infect Immun, 2004, 72 (10): 5638-45
Vercruysse M, Fauvart M, Jans A, et al. Stress response
regulators identified through genome-wide transcriptome
analysis of the (p)ppGpp-dependent response in Rhizo-
bium etli. Genome Biol, 2011, 12 (2): R17

Thompson LJ, Merrell DS, Neilan BA, et al. Gene
expression profiling of Helicobacter pylori reveals a
growth-phase-dependent switch in virulence gene
expression. Infect Immun, 2003, 71 (5): 2643-55
DiDonato LN, Sullivan SA, Methe BA, et al. Role of
RelGsu in stress response and Fe(III) reduction in
Geobacter sulfurreducens. J Bacteriol, 2006, 188 (24):
8469-78

Kasai K, Nishizawa T, Takahashi K, et al. Physiological
analysis of the stringent response elicited in an extreme
thermophilic bacterium, Thermus thermophilus. J
Bacteriol, 2006, 188 (20): 7111-22

Seufferheld MJ, Alvarez HM, Farias ME. Role of
polyphosphates in microbial adaptation to extreme
environments. Appl Environ Microbiol, 2008, 74 (19):
5867-74

Lauro FM, Tran K, Vezzi A, et al. Large-scale transposon
mutagenesis of Photobacterium profundum SS9 reveals
new genetic loci important for growth at low temperature
and high pressure. J Bacteriol, 2008, 190 (5): 1699-709
Wang F, Li Q, Xiao X. A novel filamentous phage from
the deep-sea bacterium Shewanella piezotolerans WP3 is
induced at low temperature. J Bacteriol, 2007, 189 (19):
7151-3

Wang F, Xiao X, Ou HY, et al. Role and regulation of fatty
acid biosynthesis in the response of Shewanella piezoto-
lerans WP3 to different temperatures and pressures. J
Bacteriol, 2009, 191 (8): 2574-84

Nanamiya H, Kasai K, Nozawa A, et al. Identification and
functional analysis of novel (p)ppGpp synthetase genes in
Bacillus subtilis. Mol Microbiol, 2008, 67 (2): 291-304
Tozawa Y, Nomura Y. Signalling by the global regulatory
molecule ppGpp in bacteria and chloroplasts of land
plants. Plant Biol : Stuttg, 2011, 13 (5): 699-709

Das B, Pal RR, Bag S, et al. Stringent response in Vibrio
cholerae: genetic analysis of spoT gene function and
identification of a novel (p)ppGpp synthetase gene. Mol
Microbiol, 2009, 72 (2): 380-98

Sun D, Lee G, Lee JH, et al. A metazoan ortholog of SpoT
hydrolyzes ppGpp and functions in starvation responses.
Nat Struct Mol Biol, 2010, 17 (10): 1188-94

Ulrich LE, Zhulin IB. The MiST2 database: a compre-
hensive genomics resource on microbial signal transduc-
tion. Nucleic Acids Res, 2010, 38 (suppl 1): D401-7



