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Abstract  Quorum sensing (QS) is a regulatory system that regulates the behavior of microbial populations by sensing the concen-
tration of signal molecules that are spontaneously produced and released by bacteria. The strategy of blocking the QS system and 
inhibiting the production of virulence factors is termed as quorum quenching (QQ). This strategy attenuates virulence without killing 
the pathogens, thereby weakening the selective pressure on pathogens and postponing the evolution of QQ-mediated drug resistance. 
In recent years, there have been significant theoretical and practical developments in the field of QS and QQ. In particular, with the 
development and utilization of marine resources, more and more marine microbial species have been found to be regulated by these 
two mechanisms, further promoting the research progress of QS and QQ. In this review, we described the diversity of QS signals and 
QS-related regulatory systems, and then introduced mechanisms related to QS interference, with particular emphasis on the descrip-
tion of natural QQ enzymes and chemicals acting as QS inhibitors. Finally, the exploitation of quorum sensing quenchers and the 
practical application of QQ were introduced, while some QQ strategies were proposed as promising tools in different fields such as 
medicine, aquaculture, agriculture and biological pollution prevention areas. 
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1 Introduction 

Bacteria regulate the expression of the related genes by 
quorum sensing (QS) system, which is also an important 
mechanism of information exchange among bacterial 
cells. QS system involves the production, release, and 
detection of extracellular signal molecules called autoin- 
ducers (AIs). These molecules allow cells to coordinate 
gene expression based on cell density and play an impor- 
tant role in many physiological metabolic processes, such 
as bioluminescence, sporulation, motility, antibiotic pro- 
duction, the formation process of sea-snow, biofilm for- 
mation and bacterial virulence factor secretion (Nealson 
and Hastings, 1979; Jatt et al., 2015; Hmelo, 2017). Quo- 
rum sensing is closely related to human healthcare, agri- 
cultural production and environmental protection. For a 
given QS system, the QS signal molecules can be sensed 
and the expression of the target genes can be regulated to 
adapt to (i.e., a threshold population density) is reached 
the complex environment once a threshold concentration 
(Defoirdt, 2018). Quorum quenching (QQ) can attenuate 
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the pathogenicity of pathogens by destroying the QS sys- 
tem, which is crucial to the prevention and control of 
pathogens. The mechanism is to prevent bacteria from 
expressing virulence factors through degrading specific 
signal molecules to control the concentration of signal 
molecules (Kalaiarasan et al., 2017). Meanwhile, QQ is 
considered as an environment-friendly disease prevention 
and control measure. This measure postpones the evolu- 
tion of drug resistance and reduces the production of su- 
per bacteria because it only targets virulence factors or 
the expression of virulence factors without killing the 
pathogens. Microorganisms contain abundant quorum quen- 
ching substances, including enzymes and natural product 
small molecules (Tang et al., 2015). With the develop- 
ment and utilization of marine resources in recent years, a 
large number of ocean-derived quorum sensing quenchers 
play an increasingly important role. The emergence of 
QQ has provided new ideas for healthcare, agriculture, 
aquaculture and the environmental protection. 

2 Diversity of Quorum Sensing Systems 
and Signaling Molecules 

QS is a microbial communication mechanism that re- 
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gulates gene expression and coordinates microbial group 
behavior. Bacteria use specific enzymes to synthesize a 
class of signal molecules and release them into the envi- 
ronment. When the concentration of signal molecules in 
the environment accumulates to a certain threshold, signal 
molecules can be recognized by the receptor proteins, and 
then regulate the expression of the target genes directly or 
indirectly to initiate the ‘cooperative’ behavior to benefit 
the whole population.  

QS is commonly found not only in bacteria but also in 
fungi (Table 1). QS phenomenon in fungi was revealed by 
the inhibitory effect of farnesol on pathogenic polymor- 
phic fungus Candida albicans. The lipids (oxylipins), pep- 
tides (pheromones), alcohols (tyrosol, farnesol, tryptophol, 
and 1-phenyl-ethanol) and acetaldehydes are involved in 
fungal QS system and regulate their various physiological 
behaviors. Although the study of fungal QS system is still 
in the infancy, population density behaviors similar to QS 
have been found in several fungal species (Padder et al., 
2018). Furthermore, several remarkable results have shown  

 

that bacterial QS signals can also be perceived by plants 
and animals. An example is that plants treated with 
3OC14-HSL have increased resistance to the fungal patho- 
gen Blumeria graminis. Another example is that when 
Arabidopsis roots were treated with N-acylhomoserine 
lactone (AHL), they could produce systemic resistance to 
the biotrophic fungus Golovinomyces. The protection 
system in plants may be closely related to AHL-mediated 
QS system (Schenk et al., 2014). The animal studies have 
shown that azithromycin (AZM) can improve the infec- 
tion of Pseudomonas aeruginosa. In the experiments of 
mice, treatment with AZM reduced bacterial load in the 
lungs of mice, and the QS-regulated lasB gene expression 
was down-regulated in vivo. AZM treatment also down- 
regulated the production and polymerization of alginate, 
which, combined with reducing QS responses, was an im- 
portant reason for reduced survival (LaSarre and Federle, 
2013). The perceptions of QS signals by animals and 
plants have some differences: plants respond differen- 
tially to various AHLs, while animals only respond to 
3OC12-HSL.  

Table 1 Quorum sensing systems of microorganisms 

QS signal mole-
cules types 

Chemical structure Representative microorganisms Associated phenomena Reference 

Intraspecies communication signal molecules 

AHL family 

 

Various gram-negative bacteria;
only one gram-positive bacteria:
Exiguobacterium sp. MPO 
Rhodopseudomonas palustris 
CGA009 
Bradyrhizobium spp. 
B. japonicum USDA110 
Archaeum Methanothrix harun-
dinacea 

Virulence, biofilm, 
swarming and biolumi-
nescence 
Regulate gene expression 
Not identified 
Not identified 
Growth 

Biswa and Doble, 
2013; 
Ng and Bassler, 2009 
Schaefer et al., 2008 
Ahlgren et al., 2011 
Lindemann et al., 2011
Zhang et al., 2012 

AIP family 

 

Many gram-positive bacteria; 
only one gram-negative bacteria: 
Thermotoga maritima 

Virulence, biofilm, sporu-
lation and exopolysaccha-
ride production 

Saenz et al., 2000 

DKPs 

 
Pseudomonas aeruginosa 

Virulence production and 
biofilm formation 

Borthwick, 2012 

PQS/IQS 

 

Pseudomonas aeruginosa 
Virulence production and 
biofilm formation 

Diggle et al., 2006 

DSF/DF 

 

Xanthomonas spp., 
Burkholderia cenocepacia, etc.

Virulence, biofilm and 
antibiotic tolerance 

Poplawsky et al., 2005

CAI-1 family 

 

Vibrio spp. and  
Legionella pneumophila 

Virulence and biofilm Kelly et al., 2009 

(to be continued) 
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(continued) 

QS signal mole-
cules types Chemical structure Representative microorganisms Associated phenomena Reference 

Pyrones 

 

Photorhabdus luminescens Virulence production Brachmann et al., 2013

DARs 

 

Photorhabdus asymbiotica Virulence production Brameyer et al., 2015 

CHDs 

 

Photorhabdus asymbiotica Virulence production Fuchs et al., 2013 

Interspecies and interkingdom communication signal molecules 

AI-2 

 

Many gram-negative and 
gram-positives bacteria 

Virulence production, 
biofilm formation, etc. 

Pereira et al., 2013 

AI-3 Unknown 

Many bacterial species, e.g., 
enterohemorrhagic Escherichia 
coli (EHEC), Salmonella,  
Erwinia carotovora, 
Pasteurella multocida, 
Haemophilus influenzae  

Virulence production 
Walters and Sperandio, 
2006 

Indole  

 

Many gram-negative and 
gram-positives bacteria 

Virulence, biofilm forma-
tion, etc. 

Lee et al., 2015 

QS signal molecules in Fungi 

Farnesol 

 
Candida albicans 

Inhibit or stimulate 
biofilm production 

Ramage et al., 2002 

Tyrosine 
 

Candida albicans, 
Saccharomyces cerevisiae and 
Aspergillus nidulans 

Induces apoptosis; Stimu-
lates hyphae production 
during the early stages of 
biofilm development 

Albuquerque and 
Casadevall, 2012 

Tryptophol 

 

Candida albicans 
Inhibit filamentation in 
C. albicans 

Wongsuk et al., 2016 

1-Phenyl-ethanol 

 

Candida albicans 
Inhibit filamentation in 
C. albicans 

Murzyn et al., 2010; 
Wongsuk et al., 2016 

Peptides Cryptococcus neoformans, 
Saccharomyces cerevisiae 

Affect the formation of 
colonies; exploration of 
compatible sexual partner 
to support karyogamy and 
plasmogamy between 
opposite mating types in 
S. cerevisiae 

Lee et al., 2007 

Notes: AHL, N-acyl-homoserine lactonse; AIP, Autoinducing peptides; DKPs, Diketopiperazines; PQS, Pseudomonas quinolone signal; IQS, 
Integrating QS signal; DSF, Diffusible signal factor; BDSF, Burkholderia cenocepacia diffusible signal factor; CAI-1, Cholerae autoin- 
ducer-1; Ea-C8-CAI-1, (Z)-3-Aminoundec-2-en-4-one; DARs, Dialkylresorcinols; CHDs, Cyclohexanediones; AI-2, Autoinducter-2; DPD, 
4,5-Dihydroxy-2,3-pentanedione; R-THMF, (2R,4S)-2-Methyl-2,3,3,4-tetrahy droxytetrahydrofuran; S-THMF-borate, (2S,4S)-2-Methyl- 2,3,3,4- 
tetrahydroxytetrahydrofuran-borate; AI-3, Autoinducter-3. 
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2.1 Quorum Sensing in Gram-Negative Bacteria  

The discovery of bacterial QS was featured by the report 
of luminescence phenomenon of gram-negative bacteria 
Vibrio fischeri (Nealson and Hastings, 1979). AHLs (N- 
acyl-homoserine lactones) is the most commonly used 
autoinducer for gram-negative bacteria, and there are more 
than 25 kinds of gram-negative bacteria regulated by 
AHLs. Marine snow is the product of the interaction of 
organic and inorganic matters mediated by microorgan- 
isms, which plays a crucial role in the transport of materi- 
als from the sea surface to the deep sea. Research has 
shown that marine snow particles contain AHL-type sig- 
nal molecules, and the N-(3-oxo-hexanoyl)-1-homoserine 
lactone (3OC6-HSL) and C8-HSL were identified directly 
from marine snow particles (Jatt et al., 2015). The AHLs 
signal molecules consist of a hydrophobic head, a highly 
conserved serine lactone ring, a hydrophilic tail and vari- 
able amide side chain with its tail determining its diver- 
sity (Dong et al., 2001). The typical AHLs-regulated QS 
system plays a regulatory role by binding the LuxI-type 
synthase to the LuxR-type receptor, in which LuxI en- 
codes AHLs signal synthase and LuxR encodes AHLs 
signal receptor regulatory protein. AHLs are membrane- 
permeable molecules and can diffuse to the exterior of the 
cell membrane randomly. When AHLs accumulated to a 
certain concentration in the environment, the molecules 
diffused through the cell membrane and bound to the 
amino terminus of LuxR receptor proteins in the cyto- 
plasm to form the LuxI/LuxR protein complexes and 
regulate the expressions of certain functional genes. At 
the same time, the LuxI/LuxR protein complexes also 
have a feedback regulation effect on the production of 
AHLs signal molecules and their receptor proteins. The 
LuxI/LuxR two-component system of V. fischeri is consid-  
 

ered as a model system for gram-negative bacterial QS 
(Fig.1A). The luminescence phenomenon of V. fischeri 
was regulated by QS, which had provided protection for 
the symbiotic host and enabled V. fischeri to obtain suit- 
able habitats (Nealson and Hastings, 1979). In addition to 
AHLs, many signal molecules with different chemical 
structures are discovered in gram-negative pathogens, in- 
cluding AI-2, PQS, indole, pyrones, DARs and CHDs 
(Diggle et al., 2006; Brachmann et al., 2013; Pereira et al., 
2013; Brameyer et al., 2015; Lee et al., 2015). 

2.2 Quorum Sensing in Gram-Positive Bacteria 

In gram-positive bacteria, the QS pathway is essen- 
tially the same as the gram-negative bacteria. The differ- 
ence between the two types of bacteria is the gram-posi- 
tive bacteria mainly use AIPs to achieve the information 
exchange among cells. The immature AIPs molecules 
enter and exit cells through a specific transportation sys- 
tem and are modified into mature AIPs molecules in the 
transport process. Gram-positive bacteria encode the syn- 
thesis of AIPs precursor peptides in the growth process, 
and these peptides can be modified to be stable and active 
AIPs. AIPs cannot cross the cell membrane freely, but 
they can cross the cell membrane with the help of ABC 
transporter (ATP-binding cassette transporter) or other 
membrane proteins (Singh and Ray, 2014). When the con- 
centration of AIPs in environment reaches a threshold, the 
AIPs can bind to receptors located on the cell surface and 
activate the two-component phospho-kinase system (TCS) 
to initiate the corresponding signal transduction and fi- 
nally initiate gene transcription (Fig.1B). The AIPs are sensed 
by the two-component signal transduction system (TCSTS) 
comprising of transmembrane sensor kinase AgrC and res- 
ponse regulatory protein AgrA.  

 
Fig.1 Three typical QS pathways in different bacteria. A, LuxI/R pathway of Vibrio fischeri; B, AIPs-mediated QS system 
in gram-positive bacteria; C, The QS pathway of Vibrio harveyi. Different types of orange patterns represent different 
signaling molecules.
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The release of virulence factors of Staphylococcus aureus 
is regulated by AIPs-mediated QS system. AgrC could be 
activated by AIPs to inhibit the expression of agr-regu- 
lated virulence factors in S. aureus. In addition, the AgrC 
was also found in other Staphylococcus species, such as 
Staphylococcus epidermidis (Kleerebezem et al., 1997). 

2.3 Quorum Sensing in Interspecies Communication 

AI-2 is a kind of signal molecule mediated by LuxS 
protein, which widely exists in gram-negative and gram- 
positive bacteria and can sense the amounts of different 
types of microorganisms in the surrounding environment 
to regulate their metabolic behaviors (Pereira et al., 2013). 
LuxS/AI-2-mediated QS system was first found in the 
bioluminescence of Vibrio harveyi, which can produce sig- 
nal molecules AI-1 and AI-2. AI-1 is encoded by luxLM 
gene, and LuxN is the corresponding receptor protein. AI- 
2 is a new signal molecule, whose receptor proteins are 
LuxP and LuxQ. LuxN and LuxQ can transmit signals 
through LuxU which is a phosphotransferase. The phos- 
phorylated LuxU can transmit signals to the regulatory 
protein LuxO and activate the expression of certain genes 
with the help of protein LuxR (Fig.1C). The pathogenic- 
ity of Edwardsiella tarda is re- lated to the QS system 
mediated by LuxS/AI-2 (Zhang et al., 2008). 

2.4 Other Types of Quorum Sensing 

AI-3 is a less polar molecule that mediates the bacterial 
QS system, which can interact with the host adrenergic 
signaling system. The AI-3 system was first found in the 
intestinal tissues of gram-negative bacteria infected ani- 
mals, involved in the pathogenic process of Enterohem- 
orrhagic Escherichia coli (EHEC) and Shigella Castel- 
lani (Moreira and Sperandio, 2010).  

In pathogenic bacteria, several different QS systems 
coexist in the same cells, and they act together to regulate 
the expression of target genes. In P. aeruginosa, addi- 
tional QS systems are present using DKPs and PQS as 
signal molecules besides AHL mediated QS systems. At 
the same time, homologous genes encoding DKPs- and 
PQS-related proteins were also found in Pseudomonas 
and Burkholderia. 

Most DSF and DF are isolated from agricultural bio- 
logical control bacteria and agricultural pathogens. Among 
them, DF signal molecules can regulate the production of 
yellow pigment (xanthomycin) and extracellular poly- 
saccharides (exopolysaccharides, EPS) in Xanthomonas 
campestris pv. campestris. These two products are essen- 
tial for the colonization and pathogenicity of pathogens 
that parasitize in plant hosts. Previous research has shown 
that DF, a butyrolactone, is used as a signal molecule by 
Streptomyces (Poplawsky et al., 2005). 

The physiological functions of fungi are also regulated 
by some chemical factors. Kugler et al. (2000) studied the 
parasitic fungus Histoplasma capsulatum and found that 
it had yeast-like form and filamentous form. H. capsula- 
tum can adapt two morphological transformations by de- 
tecting the concentrations of cells in the environment. 

Farnesol (C15H26O) is a chemical signal secreted by C. 
albicans. It can not only be used as a virulence factor to 
prevent the transformation of C. albicans from yeast 
morphology to mycelia morphology, but also be used to 
inhibit the formation of biofilm during the early stage of 
cell adhesion. Tyrosine is another kind of QS signal mole- 
cule found in C. albicans, which can promote the trans- 
formation of yeast morphology into mycelia morphology. 
Farnesol and Tyrosine in C. albicans regulate the exis- 
tence of microorganisms in fungi by antagonistic action 
(Ramage et al., 2002). QS plays an important role in the 
formation of mycelium and biofilm during fungal growth, 
but its specific signaling pathways and receptor proteins 
need to be further studied.  

3 Quorum Quenching (QQ) in Nature and 
as a Therapy 

QQ is a mechanism to prevent pathogenic bacteria in- 
fection by interfering the QS system between microbial 
cells and preventing the expression of QS-dependent 
genes. In recent years, it has been found that bacteria can 
produce biofilm, a kind of membrane complex, to protect 
themselves. According to the statistics, there are more 
than 60 kinds of microbial infections caused by bacterial 
biofilm. QS system is involved in regulating bacteria to 
produce a large amount of extracellular mucopolysaccha- 
rides to form biofilm. Bacteria can be protected from the 
action of antibiotics and eliminate the host immune func- 
tion by forming biofilms. Previous studies have shown 
that the pathogenicity of P. aeruginosa is closely related 
to the biofilm. Bauer et al. (2002) successfully blocked 
the bacterial QS system and further prevented the forma- 
tion of biofilm by interfering with AI signal molecules, 
which provided a breakthrough for biological control of 
diseases caused by biofilm. QQ effect can occur at dif- 
ferent stages of the QS pathway, which mainly includes 
four mechanisms: 1) Direct inhibition of the synthesis of 
signal molecules; 2) Inhibition of the transport of signal 
molecules; 3) Chemical or biological degradation of sig- 
nal molecules; 4) Competitive inhibition of the combina- 
tion of signal molecules and receptor (Fig.2). An attractive 
aspect of QQ is that it does not kill pathogens and does 
not cause harsh selective pressures, thereby minimizing 
the production of drug resistance (von Bodman et al., 
2008). Therefore, QQ is regarded as a promising biologi- 
cal control strategy, and is expected to become a new ap- 
proach for antibacterial treatment and biological control. 

Usually, substances with QQ activity can be classified 
into two categories according to their molecular weight: 
small molecule QS inhibitors (QSIs) and macromolecular 
QQ substances. In general, QSIs and macromolecular QQ 
substances can affect the bacterial QS system independ- 
ently. However, when multiple QS systems exist in a sin- 
gle pathogen to jointly control their pathogenicity, they 
pose a challenge to biological control. Previous research 
has shown that the combination of QSIs and QQ enzymes 
almost completely blocked the QS system mediated by 
las and rhl in P. aeruginosa (Fong et al., 2018). 



ZHANG et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2019 18: 1427-1442 

 

1432 

 
Fig.2 Inhibition mechanisms of quorum sensing system. 1, Inhibition of signal molecule synthesis; 2, Inhibition of signal 
molecule transport; 3, Degradation of signal molecules; 4, Competitive inhibition in the combination of signal molecules 
and receptors. 

3.1 Small Molecule QS Inhibitors 

QSIs can interfere with the microbial QS system through 
competitive inhibition, disrupting the signaling pathway 
used for intra- and inter-species coordination for the ex- 
pression of virulence factors, so as to reverse the regula- 
tion in the expression of target genes. Quite a few studies 
have indicated that marine organisms are a potential source 
of QSIs. These results are supported in the metagenomics 
studies that many high-abundance of marine bacteria have 
high abundance of QSIs and QQ genes, such as α-D-ga- 
lactopyranosyl-(1→2)-glycerol (Floridoside) produced by 
Ahnfeltiopsis flabelliformis, a variety of compounds se- 
creted by Chlamydomonas reinhardtii (Kim et al., 2007). 
In addition, the natural halogenated peroxides produced 
by algae (Laminaria digitata) can also be exploited as 
QSI to interfere with the microbial QS system. Saurav  
et al. (2016) found that most of the 14 sponge extracts 
collected in the red sea and Mediterranean region had QQ 
biological activity, and these QQ bioactive substances can 
be used to inhibit the expression of virulence factors in 
pathogenic bacteria. The andrographolide has been proved 
to be one kind of QS inhibitors, which can interfere with 
the AI-2-mediated QS system and reduce cell damage 
caused by avian pathogenic E. coli (Guo et al., 2014). 
However, QSIs may have certain limitations in practical 
applications due to the weak stability or low efficiency of 
natural QSIs in the environment, or potential toxicity to 
higher organisms. The way to overcome these limitations 
may be to design and synthesize new biomolecules based 
on natural QSIs. 

3.1.1 Natural QSIs 

Studies have shown that various substances extracted 
from different species exhibited QQ activity (Table 2). At 
present, many reports indicate that QSIs can be isolated 

from natural plants to reduce the pathogenicity of in- 
fecting bacteria. The brominated furanone produced by 
Delisea pulchra is the first natural product to be found to 
have QS inhibitory activity. The structure of furanone is 
similar to AHLs, which is able to interfere with the bind- 
ing of AHLs to LuxR and then affect the QS system. 
Meanwhile, furanone can also inhibit the AI-2-mediated 
QS system (Defoirdt et al., 2007). Previous reports have 
highlighted the potential role of coumarin as an alterna- 
tive therapeutic method based on its ability to block the 
QS signaling system and inhibit the formation of clini- 
cally relevant pathogen biofilms. Meanwhile, it was also 
found that coumarins can effectively control plant patho- 
gens, aquaculture infection, food corruption and reduce 
the biological pollution caused by eukaryotes (Reen et al., 
2018). In addition, the witch hazel tannin, isolated from 
the witch hazel, can inhibit the QS system of Staphylo- 
coccus epidermidis and Methicillin-resistant Stphylococ- 
cus aureus (Kiran et al., 2008). Flavonoids contained in 
Combretum albiflorum can inhibit the production of pyo- 
cyanin, elastase and biofilm formation in P. aeruginosa 
(Vandeputte et al., 2010). The ajoene extracted from Al- 
lium sativum can reduce the mortality of mice caused by P. 
aeruginosa (von Bodman et al., 2008). 

3.1.2 Synthetic QSIs 

The competitive signal molecule inhibitors which are 
synthesized based on the chemical structure of natural 
signal molecules can be employed for obtaining QSIs. 
AI-2 homologues have potential applications in control- 
ling bacterial infection and biofilm formation. The lumi- 
nescence experiments of V. harveyi confirm that some 
AI-2 homologues can interfere with AI-2 activity, thereby 
block QS system (Nealson and Hastings, 1979). Tedder  
et al. (2004) reported several homologues of AI-2, which 
can inhibit the activity of MTA nucleosidase involved in 
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the synthesis of AI-2. Some boronic acid compounds and 
homologues of DPD (DPD is the synthetic substrate for 
AI-2) have proved to be an antagonist of AI-2. In addition, 
some studies have found that 4-[(anilino) thiomethyl] 
amino-N-phenylben-zenesulfonamide (LED209) can ef- 
fectively interfere with the QS regulatory system of E. 
coli, Salmonella and Francisella, and reduce their patho- 
genicity (Rasko et al., 2008). Based on the structure of 
natural brominated furanone, a library of chemical mole- 
cules with different substituents on the side chain and 
furan ring and with different side chain lengths was de- 
signed, while the QSI activity of some of these com- 

pounds was confirmed (Table 3). AIPs is a type of short 
peptide molecule and a signal molecule of gram-positive 
bacteria. According to the molecular structure of AIPs, 
some structural analogs of AIPs have been designed as 
QSIs. For example, the AIPs peptide containing only the 
sulfur lactone ring structure can simultaneously serve as 
QSI in the S. aureus and between the S. aureus popula- 
tions. RNAIII-inhibiting peptide (RIP) is a linear AIPs 
peptide which can reduce the virulence of S. aureus and 
has good therapeutic effects. At the same time, research- 
ers also found that the RIPs could inhibit bacterial resis- 
tance and biofilm formation (Giacometti et al., 2005). 

 

Table 2 Natural QS inhibitors 

Category Species Inhibitor Target Reference 

Bacteria Bacillus cereus D28 Cyclo-L-proline-L-tyrosine 
Chromobacterium violaceum,  
Vibrio harveyi and Vibrio fischeri 

Teasdale et al., 2011 

Bacteria 
Halobacillus salinus 
C42 

N-(2-Phenylethyl)-isobutyramide and 
3-Methyl-N-(2-phenylethyl)-butyramide

Vibrio harveyi 
Teasdale et al., 2011; 
Teasdale et al., 2009 

Bacteria 
Marinobacter sp. 
SK-3 Diketopiperazines (DKPs) CviR and LuxR 

Martins and Carvalho, 
2007 

Bacteria Penicillium Patulin Pseudomonas aeruginosa Rasmussen et al., 2005 

Cyanobacteria Lyngbya majuscula Lyngbyoic acid LasR Kwan et al., 2011 

Cyanobacteria Lyngbya sp. Pepitdes (microcolins A and B) LuxR Dobretsov et al., 2011 

Fungi Aspergillus spp. Kojic acid LuxR Dobretsov et al., 2011 

Fungi  Candida albicans Farnesol (sesquiterpene)  PqsA  Ramage et al., 2002 

Fungi Penicillium spp. Patulin and Penilillic acid  LasR and RhlR Xavier and Bassler, 2005

Marine alga  Delisea pulchra 
Brominated furanone  
and its derivatives  

LuxR and LuxS Defoirdt et al., 2007 

Marine bacteria Photobacterium Cyclodepsipeptides (solonomide a, b) agr system  Mansson et al., 2011 

Plant 
Andrographis pani-
culata 
(Burm. F) Nees 

Andrographolide LuxS Guo et al., 2014 

Plant 
Armoracia 
rusticana Iberin Pseudomonas aeruginosa Jakobsen et al., 2012 

Plant: garlic Allium sativum Ajoene LuxR family von Bodman et al., 2008 

Plant 
Baccharis 
cassinaefolia Benzopyran CviR, LuxR and LasR Dobretsov et al., 2011 

Plant Brassica oleracea Erucin LasR Ganin et al., 2013 

Plant 
Combretum 
albiflorum 

Flavonoids LuxR and LuxS Vandeputte et al., 2010 

Plant: 
 Compositae 

Centratherum 
punctatum Sesquiterpene lactones  Pseudomonas aeruginosa Amaya et al., 2012 

Plant: turmeric Curcuma longa Curcumin CviR Packiavathy et al., 2014 

Plant Grapefruit Limonoids (obacunone) 

Enterohemorrhagic Escherichia coli 
(EHEC), Salmonella, Erwinia 
carotovora, Pasteurella multocida, 
Haemophilus influenzae 

Moreira and Sperandio, 
2010 

Plant: 
 witch hazel 

Hamamelis 
virginiana 

2,5-di-O-galloyl-D hamamelose RNAIII Giacometti et al., 2005 

Plant Houttuynia cordata Houttuynin Pseudomonas aeruginosa Wu et al., 2014 

Plant Many plants Cinnamaldehyde and its derivatives LuxR and AI-2 Brackman et al., 2011 

Plant Quercus Tanic acid Proteus mirabilis biofilms Jones et al., 2009 

Plant; Bacteria 
Streptomyces;  

Aspergillus spp. 
Coumarins LuxR and LuxS Reen et al., 2018 

Plant Witch hazel Witch hazel tannin LuxR and LuxS Kiran et al., 2008 

Red algae  
Ahnfeltiopsis 

flabelliformis 
α-D-galactopyranosyl-(1→2)-glycerol 
(Floridoside) 

TraR  Kim et al., 2007 

Sponge Hymeniacidon aldis Alkaloid (hymenialdisin)  LuxR and LasR  Dobretsov et al., 2011 

Sponge  
Luffareilla 
variabilis  

Manoalide, manoalide monoacetate, and 
secomanoalide  

LuxR and LasR  Skindersoe et al., 2008 
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Table 3 Several representative brominated furanones 

Chemical structure Function Reference 

 

Inhibiting the QS system based on AHLs and AI-2s; inhibiting the movement 
capacity of E. coli and the formation of biofilm; inhibiting the formation of biofilms 
of Bacillus subtilis and reducing the survival of bacteria; inhibiting the growth of 
Bacillus anthracis. 

Jones et al., 2005 

 
Inhibiting the growth of Bacillus anthracis Jones et al., 2005 

 
Inhibiting the growth of Bacillus anthracis Jones et al., 2005 

 

Inhibiting the QS system; removing the biofilms that has formed P. aeruginosa, 
increasing the sensitivity of P. aeruginosa biofilms to tobramycin, and enhancing 
the clearance of P. aeruginosa by the mouse immune system; inhibiting the growth 
of Bacillus anthracis. 

Manefield et al., 2002

 
Inhibiting the QS system Manefield et al., 2002

 

Inhibiting the QS system Manefield et al., 2002

 
Inhibiting the formation of biofilms of E. coli Han et al., 2008 

 
Inhibiting the formation of biofilms of E. coli Han et al., 2008 

 

Inhibiting the formation of biofilms of E. coli Han et al., 2008 

 

Inhibiting the formation of biofilms of Staphylococcus epidermidis and controlling 
the infection of this bacteria against sheep models 

Hume et al., 2004 

 

3.2 Macromolecular QQ Substances 

In addition to QSIs, a variety of macromolecular QQ 
substances were discovered. Unlike the competitive inhi- 
bition mechanism of QS small molecule repressor, the 
macromolecular QQ substances mainly blocked the QS 
pathway by degrading the QS signal molecules. The mac- 
romolecular QQ substances have been discovered mainly 
to inhibit the QS system that depends on AHLs-type sig- 
nal molecules, but some studies have also reported the 
enzymatic hydrolysis of DSF, PQS and AI-2. For example, 
DSF molecules can be degraded in various bacteria hosts, 
such as Bacillus, Staphylococcus, and Pseudomonas (New- 
man et al., 2008). At present, the studies on macromolecu- 
lar QQ substances are mainly focused on the QQ enzymes 
of degradable AHLs signal molecules. Some studies have 
also found that some antibodies can block QS by isolating 
or degrading AHLs signal molecules (LaSarre and Fe- 
derle, 2013). AHLs degrading enzymes can be classified 
into three types according to their degradation mecha- 
nisms: AHL lactonases, AHL acylases and AHL oxidore- 
ductases (Bzdrenga et al., 2017). The general structure of 

AHL signals and two mechanisms by which AHLs can be 
inactivated are showed in Fig.3. 

 

 
Fig.3 Structure of AHL signal molecule and two mecha- 
nisms of degradation of AHL. A. The structure of AHL. B. 
Two mechanisms for degradation of AHL signal molecule. 
I: AHL acylase cleaves amide bond and produces HSL 
and the corresponding fatty acids; II: AHL lactase cleaves 
the lactone ring to obtain the corresponding acyl-homo- 
serine. 
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3.2.1 AHL lactonase 

AiiA isolated from Bacillus sp. 240B1 was the first 
AHL lactonase to be found. AiiA can interfere with the 
QS system by degrading signal molecules, for example, it 
can degrade the AHLs signal molecules in Erwinia caro- 
tovora to attenuate the degree of decay (Dong et al., 
2001). Muricauda olearia Th120, isolated from the gill of 
Paralichthys olivaceus, has obvious AHLs degradation 
activity. It can effectively inhibit biofilm formation and 
virulence factor release of P. aeruginosa PAO1 (Tang et al., 
2013). Tang et al. (2013) isolated a novel AHL lactonase 
MomL from M. olearia Th120. MomL belongs to the 
metallo-β-lactamase family and shares 24.5% identity 
with AiiA. According to liquid chromatography mass spec- 
trometry, MomL had significant degradation capability on 
AHLs molecules from N-hexanoyl-homoserine lactone (C6- 
HSL) to 3OC14-HSL. And the degradation activity of C6- 
HSL was 10 times higher than that of AiiA. In addition, 
MomL can significantly reduce the extracellular protease 
activity of P. aeruginosa PAO1 (Tang et al., 2015). How- 
ever, AHL lactone enzyme also has certain structural de- 
fects. AHL lactonase can cleave the lactone ring to form 
N-acyl homoserine, but the product was unstable and 
could automatically close the loop under acidic conditions 
to restore AHL signal molecules activity. Therefore, AHL 
lactonase is not an excellent quorum sensing quencher. 
Recent studies have found that in the QQ system of pro- 
karyotes, a group of ‘lactoneases’, encoded by the bpiB 
gene, is responsible for inhibiting the formation of the 
biofilm. At the same time, three homologues encoding 
BpiB01, BpiB04 and BpiB07 were detected in Nitrobac- 
ter sp. strain Nb-311A, Pseudomonas fluorescens and X. 
campestris (Schipper et al., 2009). 

3.2.2 AHL acylase 

AHL acylase is a class of QQ enzymes that can cata- 
lyze the degradation of amide bonds in AHLs molecules 
and release homoserine lactones and the corresponding 
fatty acids. The AHLs degradation catalyzed by AHL 
acylase is an irreversible reaction. Compared with AHL 
lactones, it is a quorum sensing quencher with great ap- 
plicability. Variovorax paradoxus is the earliest discov- 
ered bacteria with AHL acylase activity. It can use AHLs 
signal molecules as its sole source of energy and nitrogen 
to sustain survival, but its related genes have not yet been 
identified (Leadbetter and Greenberg, 2000). In addition, 
the AhlM in Streptomyces bacteria and AiiD in Ralstonia 
XJ12B also belong to the acylase family. In vitro experi- 
ments showed that AiiD and AhlM could greatly reduce 
the swimming of P. aeruginosa, extracellular elastase 
activity, secretion of pyocyanin, and the pathogenicity of 
nematodes (Tang et al., 2015). 

3.2.3 AHL oxidoreductase  

AHL oxidoreductase is the third group of QQ enzymes, 
which is the same as the AHL lactonase, AHL oxidore- 
ductase can catalyze the cleavage of lactone ring in AHLs 

signal molecules to form homoserine (Bzdrenga et al., 
2017). AHL oxidoreductase activity was firstly found in 
human epithelial cells and was later found to be wide- 
spread in mammalian cells. There are three isozymes of 
AHL oxidoreductase, which usually have high hydrolysis 
activity for long-chain AHLs signal molecules and low 
activity for short-chain AHLs molecules. 

3.3 Quorum Quenching Antibodies 

QS signal molecules cannot be used as immunogens 
because they are unstable small molecules. However, re- 
cent studies have found that bacterial AHLs signal mole- 
cules can induce apoptosis in mammalian cells and regu- 
late the activity of NF-κB, which is the key regulatory 
factor of innate immunity (Kravchenko et al., 2008). Thus 
the use of antibodies to neutralize QS signal molecules 
has also become a promising strategy to quench the QS 
system of bacteria.  

Kaufmann et al. (2006) made the first attempt to apply 
immunological drugs to treat QS-mediated bacterial in- 
fections, using monoclonal antibody RS2-1G9 produced 
by the 3-oxo-AHL homologue RS2, which could inhibit 
QS system based on the AHLs in P. aeruginosa. RS2-1G9 
showed good specificity and affinity for 3-oxo-C12-HSL. 
The effect of active immunization with 3-oxo-C12-HSL- 
carrier protein conjugate on acute pulmonary infection 
caused by P. aeruginosa in mice were investigated, and the 
result showed that 3-oxo-C12-HSL had protective effect in 
acute pulmonary infection. Along with the in creasing in- 
terest in AHL-targeting antibodies, a novel series of tar- 
geted antibodies directed against different AHL molecules 
have recently been developed. The active antibodies are 
able to efficiently recognize OC10-HSL and C8-HSL, as 
well as cross-react with other AHL molecules. These anti- 
bodies are more effective in recognizing the forms of AHL 
open lactone ring, such as OC10-HL (homoserine lactone), 
C10-HL and C8-HL (Chen et al., 2011). The other QS sig- 
nals such as PQS analog coupled to BSA as the antigen is 
another development strategy for antibody-based quorum 
quenching strategies. In addition, sulfone compounds with 
structure similar to the hydrolysis products of AHL lac- 
tone ring can inhibit the activity of lactonase, and the ac- 
tive antibodies produced by this compound can reduce the 
toxicity of bacteria (De Lamo Marin et al., 2007). The 
above data demonstrate the effectiveness of the anti- 
body-based QQ strategy, which has been verified in ani- 
mal models. In the future, this method aiming at interfer- 
ing with cell communication and eliminating the control 
of key pathogenic functions is expected to become a new 
therapeutic strategy for animal and human pathogens. 

4 QQ Applications in Agriculture, Aqua-
culture, Environmental Protection, 
Medicine and Food Processing 
and Safety  

4.1 Application of Quorum Quenching in Agriculture 

With the rapid growth of the population, the global 
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demand for food and agricultural crops is increasing at a 
rapid pace. However, plant pathogens cause huge eco- 
nomic losses to agriculture every year. Traditionally, anti- 
biotics are recognized as effective agents to control bacte- 
rial pathogens. However, the widespread use of antibiot- 
ics has created a series of problems, such as environ- 
mental pollution, ecological balance destruction and drug 
resistance. Therefore, more and more attentions have 
been paid to biological control of plant diseases. QQ can 
effectively control plant diseases by regulating the ex- 
pression of genes related to plant pathogens to improve 
the efficiency of agricultural production. For these rea- 
sons, QQ is considered to be a possible alternative or 
complementary strategy for antibiotics.  

Dong et al. (2000) transferred the plasmid carrying 
aiiA gene into Erwinia carotovora strain SCG1 and found 
that the expression of aiiA could interfere with QS system 
and inhibit the production of virulence factors. Several 
plants including Chinese cabbage, eggplant and potatoes 
were infected with the recombinant pathogens without 
getting soft rot symptoms. This is the first application of 
QQ in the area of biological disease control. Pseudo- 
monas aureofaciens 30–84 is a symbiotic bacterium that 
can regulate the production of phenazine antibiotics by 
AHLs-mediated QS system. At the same time, it can pro- 
tect wheat against Gaeumannomyces graminis var. tritici 
and improve the resistance of wheat to fungal infection. 
The exchange of signals between bacteria allows them to 
coordinate many different physiological activities. In 
legume rhizobia, the establishment and regulation of the 
symbiotic interactions between nitrogen-fixing bacteria 
and plant hosts are closely related to the QS system. This 
symbiotic interaction can enhance the nitrogen fixation by 
stimulating the QS system in these bacteria and reducing 
the demand for fertilizer and financial investment for crop 
hosts. It can protect the environment and maintain the 
ecological balance (Cao et al., 2009). 

4.2 Application of Quorum Quenching in Aquaculture 

Aquaculture is one of the fastest growing food produc- 
tion systems in the world. However, the frequent occur- 
rences of diseaseshave hindered its further development. 
Antibiotics are considered to be an effective treatment for 
bacterial diseases. The widespread and frequent use of 
antibiotics in aquaculture has resulted in the rapid propa- 
gation of antibiotic-resistance bacteria and has seen the 
situation becoming even more precarious in the near fu- 
ture if no adequate measures are undertaken. Finally, it 
may even threaten human health and safety (Harms et al., 
2016). In order to promote sustainable development of the 
aquaculture industry and reduce the threat to human 
health, novel strategies are needed to control bacterial 
infections. QQ technology has shown potential application 
values in the prevention and treatment of harmful aquatic 
pathogens. 

Bacterial diseases are one of the most critical problems 
in commercial aquaculture. Vibrio caused high mortality 
rates in almost every type of aquaculture organisms, such 

as mollusks, crustaceans and fishes. Research has shown 
that the virulence of V. harveyi towards different host or- 
ganisms depends on the QS system in vivo. We can re- 
duce its pathogenicity and improve the survival of fish 
and shrimp larvae by interfering with its QS system 
(Defoirdt et al., 2008). Some QQ enzymes are considered 
to be an economically-friendly alternative. Research has 
showed that AHL lactonase (AiiAB546) from Bacillus sp. 
B546 produced by Pichia pastoris reduced Aeromonas 
hydrophila infection in zebrafish. A. hydrophila and Vi- 
brio parahaemolyticus are common aquatic pathogens in 
aquaculture to use AHL-mediated QS system to regulate 
the release of virulence factors (Defoirdt et al., 2004). V. 
parahaemolyticus is responsible for significant infections 
in shrimp and contributes to gastroenteritis in people who 
consume the infected shrimp. QQ enzymes play a poten- 
tial role in inhibiting the formation of V. parahaemolyti- 
cus virulence and reducing its pathogenicity.  

Another strategy for disease control using organisms or 
extracts with autoinducer degradation capacities has been 
applied. For example, Bacillus sp. QSI-1 with AHLase ac- 
tivity, isolated from the intestines of the Carassius auratus, 
can increase the survival rate of infected zebra fishes 
(Chu et al., 2014). The ability to incorporate biocontrol 
bacteria in the rearing water or through bio-encapsulation 
in raw materials (e.g., Artemia nauplii) is an advantage of 
this strategy, suggesting that the QQ is particularly attrac- 
tive to restrict bacterial infections in aquaculture industry 
and is conducive to the development of new technology 
for the prevention and control of aquatic diseases. How- 
ever, the use of AHLs-degrading bacteria to fight bacte- 
rial fish disease may be harmful to invertebrates. There- 
fore, other strategies may be proposed, such as the use of 
probiotic bacteria. The relevant reports suggest that the 
combination of probiotics and QQ strategy may be bene- 
ficial because the inhibitory activity of Phaeobacter on 
Vibrio anguillarum is independent of the QS system in 
aquaculture environments (García et al., 2013). 

4.3 Application of Quorum Quenching in Prevent-
ing Environmental Pollution  

Marine environmental pollution has caused tremendous 
damage to marine organisms and posed a serious threat to 
people’s lives. Biofouling is a serious problem for marine 
industries and marine environment (Dobretsov et al., 2011). 
In the past, we used efficient antifouling molecules such 
as tributyltin (TBT) to control biofouling, but it was for- 
bidden due to its high toxicity and pollution. In view of 
the fact that QQ is an environmentally friendly control 
strategy, it has become an important technology for inhib-
iting the biological pollution at early stages. 

AHLs-degrading enzymes or QSIs can reduce the bio- 
logical pollution. It has been reported that the use of QSIs 
in coatings can prevent biofouling. Kojic acid has been 
reported as a non-toxic QSI. When added to the paints, it 
has the ability to inhibit the contamination of bacteria and 
diatom granules within a month to reduce marine bio- 
fouling (Dobretsov et al., 2011). Relevant reports have 
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described the QQ effect of Piper Betle, which can reduce 
biofouling in membrane bioreactors. At the same time, 
the use of QQ enzymes also serve as a manner to disrupt 
information exchange between bacteria and restrict the 
formation of biofilms to reduce damage to the filtration 
system (Siddiqui et al., 2012). Lee et al. (2014) immobi- 
lized the acylase and applied it to water treatment and the 
results showed that immobilized acylase could effectively 
reduce biofilm formation. Overall, further study on the 
role of bacterial QS in biofouling is a new direction of 
developing novel and less toxic biofouling control agents. 

4.4 Application of Quorum Quenching in Medicine 

Due to the extensive development of drug-resistant bac- 
teria, antimicrobial resistance is a new major threat to the 
field of public healthcare. It has become an urgent re- 
search topic to find new methods to inhibit bacterial in- 
fection and solve the problem of bacterial drug resistance 
(Saurav et al., 2016). QQ-based new type therapeutic 
strategy is one of these anti-virulence approaches which 
aims at reducing virulence functions and behaviors (in- 
cluding biofilm formation) rather than killing pathogens. 
Therefore, this method provides less selective pressure 
for evolving new resistance mechanism towards antibiot- 
ics treatment. 

Current research suggests that more than 80% of the 
bacteria can form biofilms and therefore contribute to 
many infectious diseases. Compared with free cells, cells 
living within biofilm have higher resistance to antibiotics 
with the minimum inhibitory concentration being in- 
creased for 100–1000 times. The study also found that the 
resistance of new biofilms to antibiotics was not as good 
as the aged biofilms (Stoodley et al., 2002). Treatments of 
lung infected with P. aeruginosa in the form of biofilms 
require much higher quantity of antibiotics than in vitro 
sensitive experiments, and P. aeruginosa has high intrin- 
sic resistance to many antibiotics (Singh et al., 2000). 
Learning the mechanism of drug-resistance and patho- 
genicity of P. aeruginosa to develop new anti-P. aerugi- 
nosa drugs are important topics in current microbiology 
and medicine. Study suggested that the destruction of QS 
system directly affect the formation and variation of 
biofilm. For example, the wild-type biofilms are typically 
mushroom-shaped, while mutant strains lacking AHLs 
can prevent premature biofilm development or form the 
biofilm with a loose structure or missing effects. In addi- 
tion, QS also plays a major role in the regulation of viru- 
lence factor production by Staphylococci. Chemical in- 
hibitors that block this process and prevent the production 
of exotoxins and extracellular enzymes could have medi- 
cal utility for infection prophylaxis and therapy (Quave 
and Horswill, 2018). The rapid spread of antibiotic-re- 
sistance strains and the ineffective treatment of biofilm- 
associated infections urge people to discover more effec- 
tive treatment modalities than antibiotics. Among them, 
the way of interfering with the process of pathogen QS 
system to prevent its pathogenicity is the most prom- 
ising new strategy for drug development. 

QS-targeted compounds can attenuate virulence and 
prevent microbial infections by interfering with QS sys- 
tem among microbial populations. Therefore, QS system 
can be used as a new target for drugs development. Serra- 
tia marcescens can cause widespread infection by pro- 
ducing C6-HSL and N-(3-ketohexanoyl) homoserine lac- 
tone, and regulate prodigiosin production and biofilm 
formation. When the furanone derivatives were used to 
treat P. aeruginosa infection, the number of P. aeruginosa 
cells in infected lung tissue was significantly reduced and 
the symptoms of disease were alleviated in mice (Wu et al., 
2004). In laboratory studies, some QSIs have provided 
encouraging results, but the use of QSIs in clinical prac- 
tice still require a significant amount of time. One reason 
is that a lot of problems need to be overcome before the 
new drug can be released on the market. Another reason 
is that although many compounds are considered QSIs, 
only a few compounds have the molecular target been 
identified (Suneby et al., 2017).  

4.5 Application of Quorum Quenching in Food 
Processing and Safety 

Food-borne microorganisms, including production-type 
food microorganisms, food-borne pathogenic microor- 
ganisms and rot-inducing food microorganisms, are closely 
related to food safety. A variety of food-borne pathogenic 
microorganisms can form the corresponding biofilm. This 
phenomenon is widespread in a variety of food-borne 
pathogenic microorganisms and it has an important effect 
on food processing and safety. QS is a key factor in the 
regulation of biofilm formation.  

QS plays an important role in the formation of biofilms 
while the formation of biofilms also affects the regulation 
of QS, casting synergistic effects in between. Food-borne 
disease caused by Salmonella is one of the most impor- 
tant public health problems in the world, which seriously 
threatens human health. Listeria monocytogenes can easily 
form biofilms on food processing facilities and containers. 
This protection mechanism can be used to form more 
powerful mixed biofilms with other microorganisms, 
which are difficult to remove and often cause food-borne 
diseases (Daneshvar Alavi and Truelstrup Hansen, 2013). 
V. parahaemolyticu is widely distributed in food-borne 
pathogen that can cause gastroenteritis or food poisoning 
when they are ingested together with uncooked or im- 
properly cooked food. Studies have shown that bromi- 
nated furanone can inhibit the activity of QS signal mole- 
cule AI-2 and the expression of luxS gene in V. para- 
haemolyticus. Its biofilms and extracellular enzymatic 
activity are also affected similarly (Phuvasate et al., 2012). 
Therefore, QQ strategy can inhibit the pathogenicity of 
bacteria by affecting the formation of biofilms. 

On the other hand, microorganisms in biofilms can de- 
grade wastes such as waste residue in the food industry, 
remediate the polluted environment, and promote the 
adaptability of beneficial microorganisms towards better 
stability (Singh et al., 2006). Therefore, it is expected to 
solve practical problems in the food industry such as 
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leavening agent instability. In addition to controlling the 
formation of biofilm by regulating QS system and reduc- 
ing the resistance of microorganisms, it is also possible to 
promote the formation of certain probiotic biofilms through 
the regulation of the QS system to accelerate the synthesis 
of certain human metabolites. Simultaneously, biofilm 
can also be used to improve the environmental adaptabil- 
ity and stability of probiotics. Lactobacillus is a kind of 
probiotic and can metabolize lactic acid and other anti- 
bacterial substances. It is widely used in yogurt, kimchi 
and other products. Some researches found that when Lac- 
tobacillus plantarum HE-1 produces bacteriostatic sub- 
stances, the synthesis of AI-2 and biofilm almost reached 
the peak at the same time during the metabolic process, 
indicating that the metabolism of lactic acid bacteria to 
bacteriostatic substances may be dependent on QS system 
and biofilm formation. However, the detailed regulatory 
mechanisms have not been fully characterized (Risoen  
et al., 2000). It is considered to enhance the formation of 
biofilm through population induction to increase the pro- 
duction of beneficial metabolites and to provide new 
ideas for food production. 

5 Prospects 

During recent decades, we start appreciating that in the 
bacterial pathogens of plants, animals and humans, the 
production of certain virulence factors is controlled by the 
quorum sensing system. Traditional antibiotics are re- 
garded as potent agents in controlling bacterial pathogens, 
but the abuse of antibiotics at current time has caused 
serious drug-resistance problem and accelerated the emer- 
gence of many antibiotic-resistant superbacteria (Harms 
et al., 2016; Defoirdt, 2018). Therefore, new antibiotic 
substitution strategies are needed to reduce the emergence 
of superbacteria. The anti-virulence therapy developed by 
using agents that interfere with QS system of bacterial 
pathogens is an intensively studied strategy at present 
time. However, disruption of QS system may have a se- 
quential of unexpected side effects, such as affecting the 
nutrition and metabolism of the bacteria, interfering with 
host immune regulation and beneficial bacterial coloniza- 
tion. Pseudomonas strains are able to produce antibiotics 
and antifungal agents under the control of AHLs-medi- 
ated QS. However, the use of QQ strategy may prevent 
their beneficial effects. Another example is the AI-2, 
which has a significant effect on growth and biofilm for- 
mation of beneficial bacteria such as Lactobacillus spp. 
and Bifidobacterium spp. (Lebeer et al., 2007). As a con- 
sequence, QS disruption might have a negative effect on 
the adaptability of these bacteria in the intestinal tract, 
though the specific mechanism is yet to be determined. 
Further study on the QS mechanism between individual 
bacteria, between bacteria and their colonizing hosts will 
become a major research focus in the field of biological 
control to build a new ecological prevention and control 
of pathogens. 

Quorum quenching, especially QQ enzymes applica- 
tion, is a new alternative method for QS destruction and 

antifouling. Enzymes are generally non-toxic and may be 
integrated into various matrices without being released. It 
can be further developed and applied specifically to 
medical devices, paintings, coatings and other fields to 
solve the problems of bacterial virulence and biofouling. 
However, there are limitations in practical application, in 
particular when the stability of QQ enzymes is concerned. 
Stability is usually the main constraint to reduce enzyme 
utilization, and high activity enzyme resources are also 
scarce. Therefore, the researchers are committed to sepa- 
rating highly stable enzymes from extreme environments. 
Furthermore, the application of QQ enzymes is focused 
on the AHL mediated QS mechanism. There are a few 
studies on the degrading enzymes of AI-2, AI-3 and AIPs. 
These studies are of great significance in extending the 
potential of QQ strategy to a wider range of gram-nega- 
tive and gram-positive bacteria (Bzdrenga et al., 2017). 
Although the QQ strategy has research significance in 
theoretical studies and in application prospects, the draw- 
backs mentioned above cannot be ignored.  

A recent study by Tian et al. (2018) found that Qsp 1, a 
quorum sensing peptide, is an important signal molecule in 
two forms of sexual reproduction. Qsp 1 orchestrates vari- 
ous differentiation and molecular processes, including 
meiosis. Qsp 1 also plays an important role in the initia- 
tion of parthenogenesis and the coordination of intercel- 
lular communication. At the same time, it was also found 
that the atypical zinc finger regulator Cqs 2 is an impor- 
tant part of the Qsp 1 signaling cascade during bisexual 
and parthenogenesis. These findings extend the range of 
quorum sensing behavior to sexual development and 
meiosis (Tian et al., 2018). Meanwhile, with the in-depth 
study on the molecular regulation mechanism of QS sys- 
tem, the ecological significance of bacterial QS system 
becomes increasingly obvious. In the ecological envi- 
ronment, a variety of relationships and effects occur be- 
tween bacteria and other microorganisms, responding to 
different signal control mechanisms, and maintaining a 
dynamic balance among microbial communities. In addi- 
tion, research has shown that the QS system regulated by 
signal molecules such as AHLs or AI-2 participates in 
marine carbon cycle, and plays an important role in 
maintaining the health of the coral reef ecosystem and in 
the interaction between eukaryotes and their bacteria 
(Hmelo, 2017). Further exploration of the significance of 
QS in evolution and ecology will provide a new direction 
for elucidating the mechanism of marine carbon cycle and 
maintaining global ecological balance. 
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