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Abstract: Food-borne pathogens pose great risks to human health and public safety, and the formation of biofilm
exacerbates their pathogenicity and antimicrobial resistance. Enzymes can target special substances in the biofilm to
disintegrate the biofilm of food-borne pathogens, which has great potential for applications. This review summarized the
progress of using enzymes to disintegrate the biofilms of food-borne pathogens, highlighting quorum-quenching enzymes,
C-di-GMP metabolic enzymes, as well as extracellular matrix hydrolases. Finally, challenges and perspectives on developing

enzymes into effective products for disintegrating the biofilms of food-borne pathogens were discussed.
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Fig. 1 Process of enzyme-targeted disintegration of biofilm of food-borne pathogens.
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Fig. 2 Categories of enzymes that are able to targeted-disintegrate the biofilm of food-borne pathogens. (A) Enzymes act
at quorum sensing signaling molecules. (B) Enzymes act at C-di-GMP. (C) Hydrolases act at exopolysaccharides. (D)
Hydrolases act at extracellular proteins. (E) Hydrolases act at extracellular DNA.
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Table 1 The sources, target bacteria, and target quorum-sensing (QS) molecules of quorum-quenching (QQ) enzymes

Quorum-quenching enzymes Source Target pathogenic bacteria References
AHLs-lactonases
AiiA Bacillus spp. strain 240B1 Erwinia carotovora [27]
AiiAgss Bacillus spp. strain B546 Aeromonas hydrophila [28]
AiiM Microbacterium testaceum strain StLB037 Pectobacterium carotovorum [29]
AidH Ochrobactrum spp. strain T63 Pseudomonas fluorescens [30]
DIhR and QsdR1 Rhizobium spp. strain NGR234 Pseudomona aeruginosa [31]
Chromobacterium violaceum
Agrobacterium tumefaciens
BpiB01 Nitrobacter spp. strain Nb-311A Pseudomona aeruginosa [32]
BpiB04 Pseudomonas fluorescens Pseudomona aeruginosa [32]
AHLs-acylase
AiiD Variovorax paradoxus VAI-C Pseudomona aeruginosa [33]
Aac Shewanella spp. strain MIB015 Vibrio anguillarum [34]
Aac Ralstonia solanacearum strain GMI1000  Chromobacterium violaceum [35]
HacB (PA0305) Pseudomonas aeruginosa strain PAO1 Pseudomonas aeruginosa [36]
PvdQ (PA2385) Pseudomonas aeruginosa strain PAO1 Pseudomonas aeruginosa [37]
Oxidoreductases
BpiB09 (Short-chain Acidobacterium spp. strain MP5ACTX8 Pseudomonas aeruginosa [38]
dehydrogenase/reductase [SDR])
Reductase Burkholderia sp. GG4; Pseudomonas aeruginosa; [39]
Klebsiella sp. strain Sel4; Erwinia carotovora
Acinetobacter spp. strain GG2
2.1.2  AHLs-BtiLES AHLs-EALiE 5l . 40, Bijtenhoorn 2%k

AHLs-BEAL R E T NTN-7K fif i 8 0%, e -
K ILT 418 500 TE VAI-C Variovorax paradoxus
AR, BEZK AR AHLs PRk Jh4 A 22 2 R 3
43 22 1) Y I e B 331 Waahijud 24138V )A i 5 (15 20 i T
FhARAS Y HacB i, X6 el 21 5 b 7T 1 K 5% AHLs
SRR AT Y, BRI AR R AR
Sio %P MHALEIS M PAOL HKFHH PvdQ
B, REFEMRIZEP S 11-14 SREER AHLs,
R AR 20 B 2 1k
2.1.3  AHLs-EfbRJFEEE

AHLs-%A L0 I BERES A AHLS it ik Al %
AL BRI BT, DR SR R K
J& Burkholderia spp.. w8 1K EFJE Klebsiella
spp. . A s JE Acinetobacter spp. 45 41 4 H & B
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Table 2 C-di-GMP metabolic enzymes

The type of enzyme Name Source Function Domain References
Diguanylate cyclase PleD Caulobacter crescentus C-di-GMP synthesis GGDEF domain [44]
WspR Pseudomonas aeruginosa C-di-GMP synthesis; GGDEF domain [45]
Biofilm formation and
persistence
DgcA, DgcB  Listeria monocytogenes Biofilm formation GGDEF domain [46]
and DgcC
Phosphodiesterase  Ykul Bacillus subtilis C-di-GMP hydrolysis EAL domain [47]
BIrP1 Klebsiella pneumoniae C-di-GMP hydrolysis EAL domain [48]
was regulated by light
Bd1817 Vermiculite isolated bacteria  Unknown HD-GYP domain [49]
PdeB, PdeC Listeria monocytogenes C-di-GMP hydrolysis EAL domain [46]
and PdeD
i DGCs fll PDEs AI il C-di-GMP HIF#f#, i Pk, fiEfLinE C-di-GMP M& IS M, IAFI
T R B R B0 T A AR R BR A= Y H A o
(NEZ & DGCs 24 C-di-GMP [
(R N M 25 mF Rk
{ i -di- 4 N
fesrnl, i PDEs WIH15¢ C-di-GMP I fiE FL I - MO A R B RS

DGCs i —M#5F GGDEF (Gly-Gly-Asp-Glu-Phe)
2ER BRI BERS AL GTP 43 T4 A C-di-GMP.,
PDEs HAG{#<F EAL (Glu-Ala-Leu) # HD-GYP
(His-Asp-Gly-Tyr-Pro) #5444, ¥ C-di-GMP
IKSfE NN R SR (pGpG) , I Jo 1l A% M
KRG i AW GMP 431 BT, ARG B
5EHLL_E IR C-di-GMP Ui T 20 i A=

BEE P B O SR ORI, s O i T &
e 4 B A AN XA B A ARHLAE IR 2 iR
TR, MR AW e m s ik oI A ) Bt
RECTES Ji ot v s kA T2 5800 A K A
i A FHBILTR 2 AT B Y & — 4, SR ml T
HIIESUR ST, DTG5 03 Bk £ DR 807 T A W 9
HREE F . 2 3 F RS T 4RI ADoK A 1 )

PIWER ], AR ARSI X PRI LR D)2 SRS VR TR A AP EE K i il 20 3 2%
®3 MIMEFUKREBMTRE. RIFEMIEALS

Table 3 The categories, sources and targets of extracellular matrix hydrolases

Extracellular matrix Category Source Target/Matrix References
Exopolysaccharides Alginate lyase Pseudomonas aeruginosa B-glycoside bond that links a brown [54]
alginate polymer
PsIGh Pseudomonas aeruginosa Psl exopolysaccharides [55]
PelAh Pseudomonas aeruginosa Pel exopolysaccharides [55]
Lysozyme Microbial, animal and plant Peptidoglycan layer of bacterial cell wall [56]
extracts
a-Amylase Bacillus subtilis a-1,4 glycosidic linkage [57]
Dispersing B Periodontal actinomycetes B-1,6-N-acetyl-D-glucosamine [58]
Extracellular protein Bacillus subtilis Bacillus Peptide bonds in protein structures [59]
protease

Lysostaphin Staphylococcus aureus Pentapeptide bond of peptidoglycan layer [60]

Bacteriophage Bacteriophage Bacterial cell walls based on [61]
lysin Vb-SepiS-philPLA7 peptidoglycan
Extracellular DNA DNase Widespread in living organisms The phosphodiester linkage of DNA [62]
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