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Peptidoglycan fragments as key signaling molecules

SHEN Penshan, LIANG Yanqun, HU Yiwei, CHEN Yu, CAI Jingxiao, YU Zhiliang, YIN Jianhua

College of Biotechnology and Bioengineering, Zhejiang University of Technology, Hangzhou, Zhejiang, China

Abstract: Peptidoglycan as a key component of the bacterial cell wall is essential for maintaining
bacterial morphology and osmotic stability. During normal bacterial growth, peptidoglycan is
continuously remodeled through synthesis and hydrolysis, achieving a dynamic equilibrium.
Peptidoglycan hydrolases play a central role in regulating peptidoglycan homeostasis, and the
hydrolysis products (peptidoglycan fragments) are recycled for biosynthesis via the peptidoglycan
recycling pathway. Growing evidence indicates that peptidoglycan fragments function as important
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signaling molecules to regulate critical physiological processes such as antibiotic resistance,
endospore germination, and interspecies interactions, greatly expanding our understanding of
bacterial physiological regulation. This review summarizes the major classes of bacterial
peptidoglycan hydrolases and highlights recent advances in the role of peptidoglycan fragments as
signaling molecules in regulating cellular processes, providing a theoretical foundation for further
exploration of the multifaceted physiological functions of bacterial peptidoglycan.

Keywords: bacterial cell wall; peptidoglycan; peptidoglycan fragments; signal molecules; gene

expression regulation
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Schematic of cleavage sites of peptidoglycan hydrolases.
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Figure 2 Peptidoglycan fragments as key signaling molecules.
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=1 BRBHE/KEEYREEENEIRETRE
Table 1

Physiological function regulated by peptidoglycan fragments

Peptidoglycan fragment Species Sensor/regulator Physiological function References
anhMurNAc-peptides/ E. cloacae, C. freundii AmpR Induce/repress expression of [17,21]
UDP-MurNAc-pentapeptide B-lactamase AmpC
anhMurNAc-peptides/ P. aeruginosa AmpR Induce/repress expression of [23-24]
UDP-MurNAc-pentapeptide B-lactamase AmpC and other virulence
factors
GlcNAc-MurNAc-peptides A. hydrophila BIrAB Induce expression of B-lactamase AmpC [28]
Unknown Shewanella oneidensis PghKR Induce expression of B-lactamase BlaA  [35-36]
and trigger stringent response

Unknown V. cholerae VxrAB (WalKR)  Increase B-lactam tolerance [31-33]
y-D-Glu-m-A,pm (or-L-Lys) . aureus, Blal Act as coactivator to inactivate Blal [43,46]

B. licheniformis
y-D-Glu-L-Lys S. aureus Mecl Act as coactivator to inactivate Mecl [46]
GlcNAc-MurNAc-peptides B. subtilis PrkC Promote spore germination [57]
GlcNAc, peptidoglycan from P, aeruginosa PA0600-PA0601 Enhance virulence [62-63]
Gram-positives
Peptidoglycan from sensitive  B. subtilis ComP/ComA Induce antibiotic production [64]
competitors
GlcNAc, MurNAc-dipeptides  C. albicans Cyrlp Promote hyphal growth [65-67]
anhydro-MurNAc-dipeptides
MurNAc-tripeptide, Arabidopsis thaliana, NODI1/NOD2/ Activate innate immunity [68-69]
MurNAc-dipeptide Oryza sativa, lysin-motif

Nicotiana tabacum proteins

PR R BRERBE , Gl R O T AT
WYL 7 A DL R AR 3R A W o M i 24 4
H S sE g
232 PESEHEZENHEEER

H 052k 8 (Candida albicans)&— Mg N
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FERIL, MG GleNAc BERSIHA S I% 3 M IFEE
AR B 2 BV G s A BF ST R
anhMurNAc-L-Ala-D-Glu Fl MurNAc-L-Ala-D-Glu
X A5 A8 W) PR A5 B AR, X LRI BE2H o)
AENS 5 BT IR ML Cyrlp M E S REARER
(leucine-rich-repeat, LRR)Z5 #3254, il 1< P0G
IR W TR AR I 4K 2R U B (cAMP-dependent
protein kinase A, cAMP-PKA)i5 5 i [ ie i/ 17 22
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BT, 2 TG DR v 4 A B A 1 B0 A 22 0
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FINL
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F T PR SR = 2 T 20 L BE TP R A R RO
Sy 75 S D A R )RR, A RS A )
T B IR SO R 8, DA M 47 400 R ) AT
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F(microbe-associated molecular patterns, MAMPs)
B ARG, SEMOE 1 BRI,
PErnE ER A g ae T, BT, R
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W LY A KA T (Arabidopsis thaliana) .
IKFG (Oryza sativa) M1 5L (Nicotiana tabacum) =5
Z A T 4 & R BEVE ) MAMPs fi
e EPIEAE LS, St R EE A
2 PN R R I SZ A BT IR 4 & SE R Ak ah
¥ 38k & F 1 (nucleotide-binding oligomerization
domain protein 1, NOD1)#1 NOD2, H.rtp NOD1
PRI A m-Aypm Y MurNAc-tripeptide, 1]
NOD2 #& il #4 L-Lys Y JIk 2885 2L A MurNAc-
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VR SR 1 2 AR B W A R LT (ysin-motif,
LysM)F R U750 235 1 7 40 B 114 R SR AR K
il A

BRI 15 3 R R g bh, 9T R BT IR R b
KA PRt e 0 AR RE A N g Ak .
AW Lo KB, Wi E. coli 77 A
K SR M 2 43 (GleN Ac-MurNAc-peptides) X T 75
1l Bt AT 2k HL (Caenorhabditis elegans) ) & & Fl B,
BTN EAEENEN], X LIRS 73 7E Lohn
R LR, 5 ATP & B B #2454 i fe if
ATP 7= A, bl S Ak e aa Bl st er ol
JIR RN AN 1 3 20 B SRR D 240 BT Y 155 40
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SRR TENE - 314 S 20 B - A o ] 4 AR
PERT . IRRBEAL T 4l B AP IHT, 2 40 e R o
PG <l P, HoK = PResh 5
Il 240 TR i Ak A R PR B A AR, B RTAR  fie AR
IRARM RS A K A5, REME M IUE(S 5,
SETH AR AE A M BAEE A AR A3 N fE

SR, Y AN IR ME K i 7= W) 155 T ERY

INBUAL TR BB, EZZRT 24 J5m
—IERRBEK iR B 2 | B Pk H ) hE
FEAETCUAY ;s AR5 0 T RE A B™ AE AL L
VRIS (S AR S F) K Z 1 R B . 2T
e, R s AT 07 AL (1) ff AT IR
SBEK Sige = 0 7 L2 5 O 2 AL, BT
a7 A BB B 2R R R IR SR A A
PRy SEAR 2 A 18] IR SRBE K it )
55 SR S IR 1 LK B A5 1 3 64 T Tl
T B PP R IE R R 26 5 (2) TR IR
R SRR E N iA=L ERBEZ) ., R
VIR I IRAR S S 55 LA K A - Bl E /e
V-t Wy B A B BARYERIBL ;- (3) A
)2 T BORS B 45 2 R o IR SR K ik 7= 4 1) 7=
A R, DA RE 1 R4 A0 T 1 A IR A, A
SESRYUE AU L MR (R Bk g AR
S5 (4) s R R b 2 R A i s
IRRMEAS S RIS, da " HAE T 2 A2
(VAR Z 25 o S s

& STk = FR

AN BlidR S e . S mBocs; 2
JERE: BRI SR BESGE; WA HdEik
EHWE; R B S S5, SR
oL BB S RER . R, R
H; Fe RIS RBOEE . TIHAR, Y
SCE ., SEME L

1B P M SR A FF AR

VR PR WA AEATAT A BE 22 RN AS SR 4 o T4
R E R A i s AR R

RPN

[1] EGAN AJF, ERRINGTON J, VOLLMER W. Regulation
of peptidoglycan synthesis and remodelling[J]. Nature
Reviews Microbiology, 2020, 18(8): 446-460.

[2] TYPAS A, BANZHAF M, GROSS CA, VOLLMER W.
From the regulation of peptidoglycan synthesis to
bacterial growth and morphology[J]. Nature Reviews
Microbiology, 2011, 10(2): 123-136.

[3] PARK JT, UEHARA T. How bacteria consume their own
exoskeletons (turnover and recycling of cell wall

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



524

SHEN Penshan et al. | Acta Microbiologica Sinica, 2026, 66(2)

[7]

(14]

[15]

[16]

peptidoglycan) [J]. Microbiology and Molecular Biology
Reviews, 2008, 72(2): 211-227.

GILMORE MC, CAVA F. Bacterial peptidoglycan
recycling[J]. Trends in Microbiology, 2025, 33(3):
340-353.

R, WIGE, BRAERE, ORIG Y, AR IR A S
N R RLHI AT SRR [T]. T 924, 2023, 63(1):
106-123.

LOU J, HU X, LIANG YQ, ZHU YL, YIN JH.
Peptidoglycan  biosynthesis and  the regulatory
mechanism[J]. Acta Microbiologica Sinica, 2023, 63(1):
106-123 (in Chinese).

B, VLAEIN, VRIEESE, R, 4 . ppGpp T 1Y
PUA= ZR W30 0 AL IF 5 7E JE (0] B 274, 2024,
64(3): 687-700.

HU X, SHEN PS, XU JP, YU JQ, YIN JH. Research
progress in ppGpp-mediated antibiotic stress response[J].
Acta Microbiologica Sinica, 2024, 64(3): 687-700 (in
Chinese).

DWORKIN J. The medium is the message: interspecies
and interkingdom signaling by peptidoglycan and related
bacterial glycans[J]. Annual Review of Microbiology,
2014, 68: 137-154.

ESCOBAR-SALOM M, BARCELO IM, JORDANA-
LLUCH E, TORRENS G, OLIVER A, JUAN C.
Bacterial ~ virulence  regulation  through  soluble
peptidoglycan  fragments sensing and  response:
knowledge gaps and therapeutic potential[J]. FEMS
Microbiology Reviews, 2023, 47(2): fuad010.

IRAZOKI O, HERNANDEZ SB, CAVA F. Peptidoglycan
muropeptides: release, perception, and functions as
signaling molecules[J]. Frontiers in Microbiology, 2019,
10: 500.

MUELLER EA, LEVIN PA. Bacterial cell wall quality
control during environmental stress[J]. mBio, 2020,
11(5): e02456-20.

JOHNSON JW, FISHER JF, MOBASHERY S. Bacterial
cell-wall recycling[J]. Annals of the New York Academy
of Sciences, 2013, 1277(1): 54-75.

ALVAREZ L, HERNANDEZ SB, CAVA F. Cell wall
biology of Vibrio cholerae[]J]. Annual Review of
Microbiology, 2021, 75: 151-174.

DIK DA, FISHER JF, MOBASHERY S. Cell-wall
recycling of the Gram-negative bacteria and the nexus to
antibiotic  resistance[J]. Chemical Reviews, 2018,
118(12): 5952-5984.

LAM H, OH DC, CAVA F, TAKACS CN, CLARDY J, de
PEDRO MA, WALDOR MK. D-amino acids govern
stationary phase cell wall remodeling in bacteria[J].
Science, 2009, 325(5947): 1552-1555.

BOUDREAU MA, FISHER JF, MOBASHERY S.
Messenger functions of the bacterial cell wall-derived
muropeptides[J]. Biochemistry, 2012, 51(14): 2974-2990.

WOODHAMS KL, CHAN JM, LENZ JD, HACKETT
KT, DILLARD JP. Peptidoglycan fragment release from
Neisseria meningitidis[J]. Infection and Immunity, 2013,
81(9): 3490-3498.

P4 actamicro@im.ac.cn, 7 010-64807516

[17] LINDBERG F, WESTMAN L, NORMARK  S.
Regulatory components in Citrobacter freundii ampC
beta-lactamase induction[J]. Proceedings of the National
Academy of Sciences of the United States of America,
1985, 82(14): 4620-4624.

[18] HANSON ND, SANDERS CC. Regulation of inducible
AmpC beta-lactamase expression among
EnterobacteriaceaelJ]. Current Pharmaceutical Design,
1999, 5(11): 881-894.

[19] JACOBY GA. AmpC beta-lactamases[J]. Clinical
Microbiology Reviews, 2009, 22(1): 161-182.

[20] ZENG XM, LIN J. Beta-lactamase induction and cell
wall metabolism in Gram-negative bacteria[J]. Frontiers
in Microbiology, 2013, 4: 128.

[21] VADLAMANI G, THOMAS MD, PATEL TR, DONALD
LJ, REEVE TM, STETEFELD J, STANDING KG,
VOCADLO DJ, MARK BL. The f-lactamase gene
regulator AmpR is a tetramer that recognizes and binds
the D-Ala-D-Ala motif of its repressor UDP-N-
acetylmuramic acid (MurNAc)-pentapeptide[J]. Journal
of Biological Chemistry, 2015, 290(5): 2630-2643.

[22] #R#HZE . Shewanella oneidensis 1 XU 2H 73 2 Gt JH 5 B-

Pt M it 2 S5 HIL A ) BF SE (D], LM - iV Tl s i
SIS, 2020.
XU CY. Studies on mechanism for [-lactamase
expression regulated by the two-component system in
Shewanella oneidensis[D]. Hangzhou: Master’s Thesis of
Zhejiang University of Technology, 2020 (in Chinese).

[23] KONG KF, JAYAWARDENA SR, INDULKAR SD, del

PUERTO A, KOH CL, H@QIBY N, MATHEE K.

Pseudomonas  aeruginosa  AmpR is a  global

transcriptional factor that regulates expression of AmpC

and PoxB beta-lactamases, proteases, quorum sensing,
and other virulence factors[J]. Antimicrobial Agents and

Chemotherapy, 2005, 49(11): 4567-4575.

BALASUBRAMANIAN D, SCHNEPER L, MERIGHI

M, SMITH R, NARASIMHAN G, LORY S, MATHEE

K. The regulatory repertoire of Pseudomonas aeruginosa

AmpC B-lactamase regulator AmpR includes virulence

genes[J]. PLoS One, 2012, 7(3): e34067.

[25] GROISMAN EA. Feedback control of two-component
regulatory systems[J]. Annual Review of Microbiology,
2016, 70: 103-124.

[26] AVISON MB, NIUMSUP P, NURMAHOMED K,
WALSH TR, BENNETT PM. Role of the ‘cre/blr-tag’
DNA sequence in regulation of gene expression by the
Aeromonas hydrophila B-lactamase regulator, BIrA[J].
Journal of Antimicrobial Chemotherapy, 2004, 53(2):
197-202.

[27] NIUMSUP P, SIMM AM, NURMAHOMED K, WALSH

TR, BENNETT PM, AVISON MB. Genetic linkage of

the penicillinase gene, amp, and blrAB, encoding the

regulator of B-lactamase expression in Aeromonas spp.[J].

Journal of Antimicrobial Chemotherapy, 2003, 51(6):

1351-1358.

TAYLER AE, AYALA JA, NIUMSUP P, WESTPHAL K,

BAKER JA, ZHANG LF, WALSH TR, WIEDEMANN

[24

—

[28

—_



N 25 | BUEY~#4R, 2026, 66(2)

525

(29]

(30]

[31]

[32]

[33]

[34]

[33]

(36]

[37]

(38]

[39]

B, BENNETT PM, AVISON MB. Induction of beta-
lactamase production in Aeromonas hydrophila is
responsive  to  beta-lactam-mediated changes in
peptidoglycan  composition[J]. Microbiology, 2010,
156(Pt 8): 2327-2335.

BRAUNER A, FRIDMAN O, GEFEN O, BALABAN
NQ. Distinguishing between resistance, tolerance and
persistence to antibiotic treatment[J]. Nature Reviews
Microbiology, 2016, 14(5): 320-330.

WINDELS EM, MICHIELS JE, van den BERGH B,
FAUVART M, MICHIELS J. Antibiotics: combatting
tolerance to stop resistance[J]. mBio, 2019, 10(5):
€02095-19.

DORR T, ALVAREZ L, DELGADO F, DAVIS BM,
CAVA F, WALDOR MK. A cell wall damage response
mediated by a sensor kinase/response regulator pair
enables beta-lactam tolerance[J]. Proceedings of the
National Academy of Sciences of the United States of
America, 2016, 113(2): 404-409.

DORR T. Understanding tolerance to cell wall-active
antibiotics[J]. Annals of the New York Academy of
Sciences, 2021, 1496(1): 35-58.

SHIN JH, CHOE D, RANSEGNOLA B, HONG HR,
ONYEKWERE I, CROSS T, SHI QJ, CHO BK,
WESTBLADE LF, BRITO IL, DORR T. A multifaceted
cellular damage repair and prevention pathway promotes
high-level tolerance to P-lactam antibiotics[J]. EMBO
Reports, 2021, 22(2): €51790.

TAN CT, XU XL, QIAO Y, WANG Y. A peptidoglycan
storm caused by P-lactam antibiotic’s action on host
microbiota drives Candida albicans infection[J]. Nature
Communications, 2021, 12: 2560.

YIN JH, ZHU YL, LIANG YQ, LUO YK, LOU J, HU X,
MENG Q, ZHU TH, YU ZL. Development of whole-cell
biosensors for screening of peptidoglycan-targeting
antibiotics in a Gram-negative bacterium[J]. Applied and
Environmental Microbiology, 2022, 88(18): ¢0084622.
YIN J, XU C, HU X, ZHANG T, LIANG Y, SUN Y,
ZHEN X, ZHU Y, LUO Y, SHEN P, CHENG D, SUN Y,
CAI J, MENG Q, ZHU T, WAN F, GAO H, YU Z. A
novel bacterial signal transduction system specifically
senses and responds to peptidoglycan damage[J/OL].
bioRxiv, 2023. DOI: org/10.1101/2023.05.05.539549.
PEIERE . Shewanella oneidensis T 43 R G5 1Y ik
AL 32 MEDFFE D). HUM - WL Tl K2 A2
fiI83C, 2023.

LIANG YQ. Studies on tolerance to peptidoglycan
damage mediated by the two-component system in
Shewanella oneidensis[D]. Hangzhou: Master’s Thesis of
Zhejiang University of Technology, 2023 (in Chinese).
BORASTON AB, CREAGH AL, ALAM MM,
KORMOS JM, TOMME P, HAYNES CA, WARREN
RA, KILBURN DG. Binding specificity and
thermodynamics of a family 9 carbohydrate-binding
module from Thermotoga maritima Xxylanase 10A[J].
Biochemistry, 2001, 40(21): 6240-6247.

GUILLEN D, SANCHEZ S, RODRIGUEZ-SANOJA R.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Carbohydrate-binding domains: multiplicity of biological
roles[J]. Applied Microbiology and Biotechnology, 2010,
85(5): 1241-1249.

AE, R . KA B A & S5 S g 2R SR 0], T
AR, 2017, 57(8): 1160-1167.

LI H, TANG SY. Carbohydrate-binding modules: assisted
polysaccharide recognition[J]. Acta Microbiologica
Sinica, 2017, 57(8): 1160-1167 (in Chinese).

YIN JH, SUN YY, SUN YJ, YU ZL, QIU JP, GAO HC.
Deletion of lytic transglycosylases increases beta-lactam
resistance in Shewanella oneidensis[J]. Frontiers in
Microbiology, 2018, 9: 13.

WIS . Ay FUIGTR P ppGpp A5 Y SR SRS 13 115§ 52 F1 4
WL/ INJR PR 5T [D]. A0 WL Tl K0 2= 47 18
3, 2023.

HU X. Studies on peptidoglycan damage tolerance and
cell size regulation mediated by ppGpp in Shewanella
oneidensis[D]. Hangzhou: Master’s Thesis of Zhejiang
University of Technology, 2023 (in Chinese).

AMOROSO A, BOUDET J, BERZIGOTTI S, DUVAL V,
TELLER N, MENGIN-LECREULX D, LUXEN A,
SIMORRE JP, JORIS B. A peptidoglycan fragment
triggers B-lactam resistance in Bacillus licheniformis[J].
PLoS Pathogens, 2012, 8(3): e1002571.

HACKBARTH CJ, CHAMBERS HF. blal and blaRI
regulate beta-lactamase and PBP 2a production in
methicillin-resistant Staphylococcus aureus[J].
Antimicrobial Agents and Chemotherapy, 1993, 37(5):
1144-1149.

ZHU Y, ENGLEBERT S, JORIS B, GHUYSEN JM,
KOBAYASHI T, LAMPEN JO. Structure, function, and
fate of the BlaR signal transducer involved in induction
of beta-lactamase in Bacillus licheniformis[J]. Journal of
Bacteriology, 1992, 174(19): 6171-6178.

SAFO MK, ZHAO QX, KO TP, MUSAYEV FN,
ROBINSON H, SCARSDALE N, WANG AH, ARCHER
GL. Crystal structures of the Blal repressor from
Staphylococcus aureus and its complex with DNA:
insights into transcriptional regulation of the bla and mec

operons[J]. Journal of Bacteriology, 2005, 187(5):
1833-1844.
MELCKEBEKE HV, VREULS C, GANS P, FILEE P,

LLABRES G, JORIS B, SIMORRE JP. Solution
structural study of Blal: implications for the repression of
genes involved in beta-lactam antibiotic resistance[J].
Journal of Molecular Biology, 2003, 333(4): 711-720.
ROSATO AE, KREISWIRTH BN, CRAIG WA, EISNER
W, CLIMO MW, ARCHER GL. MecA-blaZ corepressors
in clinical  Staphylococcus  aureus  isolates[J].
Antimicrobial Agents and Chemotherapy, 2003, 47(4):
1460-1463.

ALEXANDER JAN, WORRALL LJ, HU JH,
VUCKOVIC M, SATISHKUMAR N, POON R,
SOBHANIFAR S, ROSELL FI, JENKINS J, CHIANG
D, MOSIMANN WA, CHAMBERS HF, PAETZEL M,
CHATTERIJEE SS, STRYNADKA NCJ. Structural basis
of broad-spectrum f-lactam resistance in Staphylococcus

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



526

SHEN Penshan et al. | Acta Microbiologica Sinica, 2026, 66(2)

aureus[J]. Nature, 2023, 613(7943): 375-382.

[50] BLAZQUEZ B, LLARRULL LI, LUQUE-ORTEGA JR,
ALFONSO C, BOGGESS B, MOBASHERY S.
Regulation of the expression of the B-lactam antibiotic-
resistance determinants in methicillin-resistant
Staphylococcus aureus (MRSA)[J]. Biochemistry, 2014,
53(10): 1548-1550.

[51] FILEE P, BENLAFYA K, DELMARCELLE M,
MOUTZOURELIS G, FRERE JM, BRANS A, JORIS B.
The fate of the Blal repressor during the induction of the
Bacillus licheniformis BlaP [-lactamase[J]. Molecular
Microbiology, 2002, 44(3): 685-694.

[52] BERZIGOTTI S, BENLAFYA K, SEPULCHRE J,
AMOROSO A, JORIS B. Bacillus licheniformis BlaR1
L3 loop is a zinc metalloprotease activated by self-
proteolysis[J]. PLoS One, 2012, 7(5): €36400.

[53] McKINNEY TK, SHARMA VK, CRAIG WA, ARCHER
GL. Transcription of the gene mediating methicillin
resistance in  Staphylococcus —aureus (mecA) is
corepressed but not coinduced by cognate mecA and beta-
lactamase regulators[J]. Journal of Bacteriology, 2001,
183(23): 6862-6868.

[54] SETLOW P, WANG SW, LI YQ. Germination of spores
of the orders Bacillales and Clostridiales[J]. Annual
Review of Microbiology, 2017, 71: 459-477.

[55] CHRISTIE G, SETLOW P. Bacillus spore germination:
knowns, unknowns and what we need to learn[J].
Cellular Signalling, 2020, 74: 109729.

[56] SETLOW P. Dormant spores receive an unexpected wake-
up call[J]. Cell, 2008, 135(3): 410-412.

[57] SHAH IM, LAABERKI MH, POPHAM DL, DWORKIN
J. A eukaryotic-like Ser/Thr kinase signals bacteria to exit
dormancy in response to peptidoglycan fragments[J].
Cell, 2008, 135(3): 486-496.

[58] POMPEO F, FOULQUIER E, GALINIER A. Impact of
serine/threonine protein kinases on the regulation of
sporulation in  Bacillus  subtilis[J]. Frontiers in
Microbiology, 2016, 7: 568.

[59] RUGGIERO A, SQUEGLIA F, MARASCO D,
MARCHETTI R, MOLINARO A, BERISIO R. X-ray
structural studies of the entire extracellular region of the
serine/threonine kinase PrkC from Staphylococcus
aureus[J]. The Biochemical Journal, 2011, 435(1): 33-41.

[60] SQUEGLIA F, MARCHETTI R, RUGGIERO A,
LANZETTA R, MARASCO D, DWORKIN J,
PETOUKHOV M, MOLINARO A, BERISIO R, SILIPO
A. Chemical basis of peptidoglycan discrimination by
PrkC, a key kinase involved in bacterial resuscitation
from dormancy[J]. Journal of the American Chemical
Society, 2011, 133(51): 20676-20679.

[61] HEYDENREICH R, NACITA J, LIN CW, O’DEA F,
MESNAGE S, CHRISTIE G, MATHYS A. Revisiting
bacterial spore germination in the presence of
peptidoglycan fragments[J]. Journal of Bacteriology,
2025, 207(7): e0014625.

[62] KORGAONKAR AK, WHITELEY M. Pseudomonas
aeruginosa enhances production of an antimicrobial in

P4 actamicro@im.ac.cn, 7 010-64807516

response to N-acetylglucosamine and peptidoglycan[J].
Journal of Bacteriology, 2011, 193(4): 909-917.

[63] KORGAONKAR A, TRIVEDI U, RUMBAUGH KP,
WHITELEY M. Community surveillance enhances
Pseudomonas aeruginosa virulence during polymicrobial
infection[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2013, 110(3):
1059-1064.

[64] MAAN H, ITKIN M, MALITSKY S, FRIEDMAN 1,
KOLODKIN-GAL 1. Resolving the conflict between
antibiotic production and rapid growth by recognition of
peptidoglycan of susceptible competitors[J]. Nature
Communications, 2022, 13: 431.

[65] WANG Y, XU XL. Bacterial peptidoglycan-derived
molecules activate Candida albicans hyphal growth[J].
Communicative & Integrative Biology, 2008, 1(2):
137-139.

[66] XU XL, LEE RTH, FANG HM, WANG YM, LI R, ZOU
H, ZHU Y, WANG Y. Bacterial peptidoglycan triggers
Candida albicans hyphal growth by directly activating
the adenylyl cyclase Cyrlp[J]. Cell Host & Microbe,
2008, 4(1): 28-39.

[67] TAN KM, TESCHLER JK, WU RY, JEDRZEJCZAK RP,
ZHOU M, SHUVALOVA LA, ENDRES MJ, WELK LF,
KWON K, ANDERSON WF, SATCHELL KIJF, YILDIZ
FH, JOACHIMIAK A. Sensor domain of histidine kinase
VxrA of Vibrio cholerae: a hairpin-swapped dimer and its
conformational change[J]. Journal of Bacteriology, 2021,
203(11): e00643-20.

[68] BERTSCHE U, MAYER C, GOTZ F, GUST AA.
Peptidoglycan perception: sensing bacteria by their
common envelope structure[J]. International Journal of
Medical Microbiology, 2015, 305(2): 217-223.

[69] GUST AA. Peptidoglycan perception in plants[J]. PLoS
Pathogens, 2015, 11(12): e1005275.

[70] PAJON C, FORTOUL MC, DIAZ-TANG G, MARIN
MENESES E, KALIFA AR, SEVY E, MARIAH T,
TOSCAN B, MARCELIN M, HERNANDEZ DM,
MARZOUK MM, LOPATKIN AJ, ELDAKAR OT,
SMITH RP. Interactions between metabolism and growth
can determine the co-existence of Staphylococcus aureus
and Pseudomonas aeruginosal[l]. eLife, 2023, 12: e§83664.

[71] CHOU HT, LI JY, LU CD. Functional characterization of
the agtABCD and agtSR operons for 4-aminobutyrate and
S-aminovalerate uptake and regulation in Pseudomonas
aeruginosa PAO1[J]. Current Microbiology, 2014, 68(1):
59-63.

[72] HOU QH, KOLODKIN-GAL I. Harvesting the complex
pathways of antibiotic production and resistance of soil
bacilli for optimizing plant microbiome[J]. FEMS
Microbiology Ecology, 2020, 96(9): fiaal42.

[73] BUTCHER RA, SCHROEDER FC, FISCHBACH MA,
STRAIGHT PD, KOLTER R, WALSH CT, CLARDY J.
The identification of bacillaene, the product of the PksX
megacomplex in Bacillus subtilis[J]. Proceedings of the
National Academy of Sciences of the United States of
America, 2007, 104(5): 1506-15009.



N 25 | BUEY~#4R, 2026, 66(2)

527

[74]

[75]

[76]

[77]

(78]

COMELLA N, GROSSMAN AD. Conservation of genes
and processes controlled by the quorum response in
bacteria: characterization of genes controlled by the
quorum-sensing transcription factor ComA in Bacillus
subtilis[J]. Molecular Microbiology, 2005, 57(4):
1159-1174.

VAIDYA S, SAHA D, RODE DKH, TORRENS G,
HANSEN MF, SINGH PK, JELLI E, NOSHO K,
JECKEL H, GOTTIG S, CAVA F, DRESCHER K.
Bacteria use exogenous peptidoglycan as a danger signal
to trigger biofilm formation[J]. Nature Microbiology,
2025, 10(1): 144-157.

SIMONETTI N, STRIPPOLI V, CASSONE A. Yeast-
myecelial conversion induced by N-acetyl-D-glucosamine
in Candida albicans(J]. Nature, 1974, 250(464): 344-346.
WOLF AJ, UNDERHILL DM. Peptidoglycan recognition
by the innate immune system[J]. Nature Reviews
Immunology, 2018, 18(4): 243-254.

GUST AA, BISWAS R, LENZ HD, RAUHUT T, RANF
S, KEMMERLING B, GOTZ F, GLAWISCHNIG E,
LEE J, FELIX G, NURNBERGER T. Bacteria-derived
peptidoglycans constitute pathogen-associated molecular

patterns triggering innate immunity in Arabidopsis[J].
Journal of Biological Chemistry, 2007, 282(44):
32338-32348.

[79] LIU B, LI JF, AO Y, QU JW, LI ZQ, SU JB, ZHANG Y,

LIU J, FENG DR, QI KB, HE YM, WANG JF, WANG
HB. Lysin motif-containing proteins LYP4 and LYP6
play dual roles in peptidoglycan and chitin perception in
rice innate immunity[J]. The Plant Cell, 2012, 24(8):
3406-3419.

[80] WILLMANN R, LAJUNEN HM, ERBS G, NEWMAN

MA, KOLB D, TSUDA K, KATAGIRI F, FLIEGMANN
J, BONO JJ, CULLIMORE JV, JEHLE AK, GOTZ F,
KULIK A, MOLINARO A, LIPKA V, GUST AA,
NURNBERGER T. Arabidopsis lysin-motif proteins
LYMI1 LYM3 CERKI1 mediate bacterial peptidoglycan
sensing and immunity to bacterial infection[J].
Proceedings of the National Academy of Sciences of the
United States of America, 2011, 108(49): 19824-19829.

[81] TIAN D, HAN M. Bacterial peptidoglycan muropeptides

benefit mitochondrial homeostasis and animal physiology
by acting as ATP synthase agonists[J]. Developmental
Cell, 2022, 57(3): 361-372.e5.

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



