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Acinetobacter baumannii is a Gram-negative opportunistic nosocomial pathogen, which 
can cause ventilator-related and blood infection in critically ill patients. The resistance of 
A. baumannii clinical isolates to common antimicrobials and their tolerance to desiccation 
have emerged as a serious problem to public health. In the process of pathogenesis, 
bacteria release signals, which regulate virulence and pathogenicity-related genes. Such 
bacteria coordinate their virulent behavior in a cell density-dependent phenomenon called 
quorum sensing (QS). In contrast, the two main approaches of QS interference, quorum 
sensing inhibitors (QSIs) and quorum quenching (QQ) enzymes, have been developed to 
reduce the virulence of bacteria, thus reducing the pressure to produce bacterial drug 
resistance. Therefore, QSIs or QQ enzymes, which interfere with these processes, might 
potentially inhibit bacterial QS and ultimately biofilm formation. In this review, we aim to 
describe the state-of-art in the QS process in A. baumannii and elaborate on the use of 
QSIs or QQ enzymes as antimicrobial drugs in various potential sites of the QS pathway.

Keywords: Acinetobacter baumannii, N-acyl-homoserine lactones, quorum sensing, quorum sensing inhibition, 
quorum quenching, antimicrobial resistance, biofilm formation

INTRODUCTION

Antimicrobial resistance (AMR) has become one of the major global public health concerns, 
which results mostly from the selective pressure exerted by antibiotic abuse (Borges and Simoes, 
2019; Lewis, 2020; Theuretzbacher et  al., 2020). Worrisomely, a recent review estimates that 
the AMR-causing human deaths will reach 10 million by 2050 unless a global response to 
the problem of AMR is mounted (O’neill, 2014). However, this prediction has been challenged 
due to the lack of comprehensive data on the global burden of AMR (de Kraker et  al., 2016). 
Hence, understanding of the resistance mechanisms and the regulation of genes will help us 
to make a correct estimation of the situation in the future, and finally effectively prevent the 
rapid spread of AMR.
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Recent reports, based on hospital surveillance studies and data 
from the American Society of Infectious Diseases, have begun 
to refer to microbes that are mainly involved in AMR as “ESKAPE 
pathogens”(Tommasi et  al., 2015; Micoli et  al., 2018). The term 
“ESKAPE” encompasses six such pathogens (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 
baumannii, Pseudomonas aeruginosa, and Enterobacter spp.) and 
are capable of “escaping” from common antibacterial treatments 
(Boucher et  al., 2009). Acinetobacter baumannii, a non-fermenter 
Gram-negative opportunistic pathogen, associated with nosocomial 
infection, such as pneumonia, bloodstream, and urinary tract 
infections (Karageorgopoulos and Falagas, 2008; Harding et  al., 
2018). Acinetobacter baumannii infections often occur in patients 
with prolonged hospitalization and with long-term exposition to 
antimicrobials, so that its multi-drug resistance to most of the 
clinic antibiotics (Garnacho-Montero and Timsit, 2019; Zhao et al., 
2019). In recent decades, the emergence of multi- and even 
pan-drug resistant A. baumannii has brought a tremendous challenge 
to the infection control and treatment plans in clinical treatment 
(Dijkshoorn et  al., 2007; Karageorgopoulos and Falagas, 2008).

As previously stated, multi-drug resistance and biofilm of 
A. baumannii increase the difficulty of clinical treatment. Besides, 
bacteria can monitor the changes in the number of themselves 
or other bacteria in the surrounding microenvironment according 
to the concentration of specific signal molecules. Meanwhile, 
cells can communicate with each other to coordinate gene 
expression, so as to adapt to changing environmental conditions 
in the form of groups. This phenomenon is called as bacterial 
quorum sensing (QS) in many research reports (Diggle et  al., 
2007; Li and Tian, 2012). Via secreting and receiving signal 
molecules, the QS system can regulate gene expression, biofilm 
formation, and extracellular polysaccharides, so that bacteria 
as a group can jointly cope with changes in the surrounding 
environment, resulting in adverse consequences such as drug 
resistance and virulence (Dong et  al., 2001; Miller and Bassler, 
2001). The expression of pathogenicity and virulence through 
the QS system roughly includes the following steps: (I) synthesizes 
QS signal molecules; (II) release of signal molecules to the 
environment; (III) sensing and binding of the signal molecules 
at high cell density to membrane receptors; (IV) retrieval of 
the receptor-signal complex from the cell and its binding to 
the promoter region; and (V) transcription of pathogenicity-
related genes (Deng et  al., 2011; Duran et  al., 2016).

In the case of Gram-positive bacteria, the signal molecules 
of the QS system are mainly oligopeptides acting as autoinducers 
(AIs), while, that of Gram-negative bacteria is interceded by 
N-acyl-homoserine lactones (AHLs) acting as AIs (Miller and 
Bassler, 2001; Shaaban et  al., 2019). Moreover, another kind 
of signal molecule is the furanosyl borate diester molecule 
named autoinducer 2 (AI-2), which is found in both Gram-
positive bacteria and Gram-negative bacteria (Elgaml et  al., 
2014). A variety of biological characteristics, including the 
release of virulence factors, are regulated by the QS system. 
The QS system can upregulate pathogenic genes, but QS 
interference also downregulates pathogenicity to help the immune 
system eradicate infected pathogens (Chen et al., 2019). Recently, 
inhibitors of the QS process, also called as quorum quenching 

(QQ) enzymes or quorum sensing inhibitors (QSIs), have been 
developed to reduce the virulence of bacteria, thereby inhibiting 
bacterial virulence factors without interfering with bacterial 
growth, causing less Darwinian selection pressure for bacterial 
resistance (Maeda et  al., 2012). Therefore, the present review 
takes an attempt to summarize the QS system involved in the 
biofilm formation and other virulence of A. baumannii. 
Meanwhile, it also provides the latest development of QSIs or 
QQ enzymes as a possible strategy for the design of new 
antimicrobial agents.

MECHANISM OF QUORUM SENSING IN 
Acinetobacter baumannii

The typical AHL system of Gram-negative bacteria is regulated 
by LuxI and LuxR protein families. According to reports, the 
LuxI-LuxR type regulatory system binds to a specific promoter 
sequence called lux-box, which regulates the expression of QS 
target genes (Egland and Greenberg, 2001; Bhargava et  al., 
2010). It has been reported that even though the AbaI promoter 
has not yet been identified, a putative lux-box (CTGTAAA 
TTCTTACAG) for A. baumannii is located at the 67 bp upstream 
of the putative ATG start for AbaI and may represent the 
binding site of AbaR (Niu et  al., 2008). Furthermore, there is 
a close similarity between AbaI protein and members of the 
LuxI family of V. fischeri (Milton, 2006). The protein sequence 
of AbaI is 27.5% identical and 46% similar to LasI of P. aeruginosa 
(Bhargava et  al., 2012). Interestingly, the product of this abaI 
gene is the AHL, which has been demonstrated to be necessary 
for biofilm formation in A. baumannii (He et  al., 2015).

QS system is mainly composed of AbaI, AbaR, and AHL 
in A. baumannii. The recently completed genomic sequence 
of A. baumannii ATCC17978 suggested that autoinduction 
synthase AbaI and acyltransferase may be  the sole participants 
in the biosynthesis of AHL signals with different strand lengths 
(Niu et  al., 2008). Apart from this, in a recent report, nine 
acinetobacter strains from patients and hospital environment 
were analyzed for QS signal production, they found that all 
members of the so-called A. calcoaceticus-A. baumannii complex 
could secret medium- to long-chain AHL (C6-C14), instead of 
short-chain AHL (C4-C6; Bitrian et  al., 2012). Interestingly, 
there is evidence that 63% of Acinetobacter strains produced 
more than one AHL, but no AHL signal can be  specifically 
assigned to specific species of the genus, indicating quorum 
sensors in Acinetobacter are not homogenously distributed 
among species (Gonzalez et  al., 2009).

In A. baumannii, recent studies have linked biofilm 
development with QS (Kroger et  al., 2016; Paluch et  al., 2020; 
Saipriya et  al., 2020). A. baumannii encodes homologs genes 
(abaI and abaR) of Vibrio’s archetypal QS genes luxI and luxR, 
respectively. Deleting abaI reduces biofilm formation in 
A. baumannii (Niu et  al., 2008). Another significant factor that 
helps A. baumannii to produce biofilm is the production of 
the exopolysaccharide poly-β-1,6-N-acetylglucosamine (PNAG), 
which is essential for adhesion and aggregation (Choi et al., 2009). 
Because of this, Raorane et al. (2019) investigated the antibiofilm 
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activities of 12 flavonoids and showed that curcumin and other 
flavonoids have the potential to control biofilm formation and 
virulence in A. baumannii. Similarly, according to the latest 
research report, four FDA-approved drugs (erythromycin, 
levamisole, chloroquine, and propranolol) were studied for the 
first time as inhibitors for QS against clinical A. baumannii 
(Seleem et  al., 2020). This study showed that antibiotics like 
erythromycin not only had antibacterial activity but also inhibited 
the formation of biofilm induced by QS. This suggests that 
the use of FDA-approved drugs to inhibit QS is a promising 
strategy that can inhibit virulence without affecting the growth 
of microorganisms and may help to reduce the selection pressure 
that leads to the development of antibiotic resistance. Fortunately, 
Liu et  al. (2020) found that after treatment with antimicrobial 
peptide Cec4, multiple metabolic pathways, two-component 
regulatory systems, quorum sensing, and antibiotic synthesis-
related pathways in the biofilm of planktonic clinical carbapenem-
resistant A. baumannii (CRAB) were affected. However, there 
are great differences in biofilm formation of clinical CRAB. It 
is reported that, although drug-resistant strains produce fragile 
biofilms, they still have a high level of biofilm-specific resistance 
(Qi et al., 2016). Therefore, deeper explorations of epidemiological 
studies (i.e., bacterial molecular typing, drug resistance, and 
virulence factor detection of clinical strains), would help us 
to better improve the understanding of their relationship.

Moreover, oxidative stress is also induced during the drying 
period in A. baumannii (Gayoso et  al., 2014; Harding et  al., 
2018). In fact, it has been reported that in response to oxidative 
stress, the emergence of A. baumannii contains an insertion 
sequence element, ISAba1, upstream of the catalase [G] gene, 
katG, which drives the expression of katG and enhances resistance 
to increased levels of hydrogen peroxide (Wright et  al., 2017). 
For this reason, Bhargava et al. studied the relationship between 
oxidative stress and QS and reported for the first time that 
catalase and superoxide dismutase in A. baumannii are regulated 
by the QS system. At the same time, under the co-infection 
of A. baumannii and P. aeruginosa, it was found that pyocyanin, 
produced by P. aeruginosa, could induce the protective mechanism 
of A. baumannii against oxidative stress and also increase its 
tolerance to antibiotics, and eventually lead to hold serious 
implications in disease management (Bhargava et  al., 2014). 
Therefore, future research will seek the combination of QQ 
and ROS generating agents like hydrogen peroxide, which may 
effectively control A. baumannii that can persist for a long 
time in the hospital environment.

QUORUM SENSING INHIBITION IN 
Acinetobacter baumannii

As is known to all, QS is a form of cell-cell communication 
that regulates gene expression in response to population density 
to coordinate collective behaviors (Gao et  al., 2014). However, 
bacteria that can recognize this QS communication have 
developed the ability to interfere with it at different stages. It 
has been found that the QS system can be  interfered in a 
variety of ways, roughly in the following four ways 

(Geske et  al., 2008; Defoirdt et  al., 2013; Jiang and Li, 2013; 
Kalia, 2013; Scutera et  al., 2014; Borges and Simoes, 2019): 
(I) suppression of the synthesis of signal molecules; (II) 
enzymatically degrading signal molecules; (III) competing with 
signal molecules for binding to receptor sites; and (IV) interfering 
with the binding of signal molecules to gene promoters and 
inhibiting gene expression. Recently, many types of QSIs have 
been reported, which can be  synthetic or found in nature 
from terrestrial, marine, or freshwater ecosystems (Kalia et  al., 
2019). In nature, QSIs are produced by a wide range of living 
organisms, such as plants, animals, fungi, or bacteria (Bjarnsholt 
et  al., 2010; Kalia and Purohit, 2011; Moore et  al., 2015; Silva 
et  al., 2016). Most known QSIs are mainly identified in plants 
and bacteria. This may be  due to more screening of these 
activities by plant extracts and bacteria (Grandclement et al., 2016; 
Haque et  al., 2019; Mulat et  al., 2019).

At present, Saroj and Rather (2013) found the QSIs potential 
of streptomycin at the subinhibitory concentration in 
A. baumannii, suggesting that the sub minimal inhibitory 
concentration (sub-MIC) of streptomycin may act as an antagonist 
of 3-OH-C12-HSL, interfering with the signal binding to AbaR 
protein. A library screening of AHLs analogs showed that 
non-natural ligands contained aromatic acyl groups that can 
block AbaR, thus inhibiting the formation of biofilm in 
A. baumannii (Stacy et  al., 2012). Furthermore, Alves et  al. 
(2016) studied the effect of linalool on the plankton cells and 
biofilms of A. baumannii on different surfaces, as well as its 
effect on adhesion and QS was evaluated. The results showed 
that linalool could inhibit the formation of biofilm of A. baumannii, 
change the adhesion of A. baumannii to the surface, and interfere 
with the QS system. Therefore, linalool may be  a promising 
antibacterial agent to inhibit the planktonic cells and biofilms 
of A. baumannii. Altogether, it can be  seen that there is great 
room for development to deal with the problem of drug resistance 
and infection of A. baumannii via QSIs.

In addition, there is evidence that some biological extracts 
or natural products may have the potential to inhibit biofilm 
formation and QS. The latest study found that a marine 
steroid Siphonocholin (Syph-1) isolated from siphonella can 
inhibit the biofilm and pellicle formation in A. baumannii 
and has anti-QS properties (Alam et  al., 2020). Further, 
detailed in vivo toxicological studies are needed for the 
potential target of Syph-1 as a therapeutic agent. Moreover, 
it has been reported that activity-guided partially purified 
fraction (F1) from Glycyrrhiza glabra led to a significant 
reduction in QS-mediated virulence of A. baumannii and 
reduced the levels of 3-OH-C12-HSL by downregulating the 
expression of abaI (Bhargava et  al., 2015). Similarly, Khan 
et  al. (2018) selected nine plants from the Sudhnoti 
ethnopharmacological tradition used for the treatment of 
infectious and inflammatory disease to evaluate the in vitro 
anti-infective potential of extracts from these species against 
multidrug-resistant ESKAPE. The ethanolic extract of Martynia 
annua was the extract to exhibit an IC50 against A. baumannii 
(CDC-33) and possessed a certain anti-QS activity. 
Unfortunately, none of the extracts inhibited biofilm formation 
at sub-inhibitory concentrations for growth. Further studies 
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are warranted to determine the QSIs activity by pure 
compounds from biological extracts or natural products to 
realize their actual therapeutic potential.

QUORUM-QUENCHING MODULATION IN 
Acinetobacter baumannii

To gain benefits and compete for space, nutrition, and 
ecological niches, microorganisms have developed many 
survival strategies. One of them, QS interruptions, is simple 
because bacteria that produce QQ enzymes can inhibit the 
QS regulatory behavior of competing species, thereby benefiting 
or avoiding being killed. Generally, QSIs (non-enzymatic 
methods) induce synthase or receptor inactivation via 
competitive binding, whereas QQ enzymes (enzymatic 
methods) switch off signal transduction through the 
degradation of signal molecules (LaSarre and Federle, 2013; 
Tang et al., 2015). The QQ mechanism can effectively interfere 
with any key process in QS, which may be  exploited to 
quench QS and prevent microbial infection (inhibition of 
motility and biofilm formation; Dong et  al., 2007).

The AHL synthase is the key enzyme in the synthesis 
of the signal molecules, AHLs. In A. baumannii, AHLs bind 
to receptor molecules on the cell surface and initiates the 
QS process. Targeting AHL synthase may be  an effective 
QQ strategy. When the synthase is inhibited, the signal 
molecules are not synthesized, and hence the QS mechanism 
is ceased. Moreover, it may also affect biofilm formation 
and the virulence mechanism of cells (Lopez et  al., 2018; 
Paluch et  al., 2020). In addition, as an AHL acylase, AmiE, 
which hydrolyzes the amide bond of AHL, has recently 
been identified in Acinetobacter sp. strain Ooi24. Furthermore, 
the QQ enzyme can also be achieved through the enzymatic 
hydrolysis of AHL molecules by AHL lactone. Microarray 
analysis showed that previously cultured Ab1 (A. baumannii 
ST-2_clon_2010) in the presence of 3-oxo-C12-HSL (a QS 
signaling molecule) revealed a putative QQ enzyme (α/β 
hydrolase gene, AidA), could contribute in bacterial 
competition, as it is capable of hydrolyzing the signaling 
molecules mediated between species (Lopez et  al., 2017). 
The newly discovered QQ enzyme MomL can effectively 
degrade different AHLs of various Gram-negative bacteria. 
It has been proved that MomL reduced biofilm formation 
and increased biofilm susceptibility to different antibiotics 
in A. baumannii (Zhang et al., 2017). It is worth mentioning 
that, Mayer et  al. (2020) found that the combined action 
of QQ enzyme Aii20J and DNase could reduce the biofilm 
formation of A. baumannii ATCC® 17978™, indicating that 
QQ strategy combined with other enzyme treatment methods, 
such as DNase, could represent an alternative approach to 
prevent the colonization and survival of the pathogen on 
the surface and to treat of infections caused by this pathogen.

As far as the QQ system is concerned, targeting the receptor 
by reducing the expression of regulatory genes or regulating 
the activity of abaR will eventually contribute to the invalid 
binding of AHLs, thus quenching the QS system. Recent a 

study has detected the anti-biofilm activity of monounsaturated 
chain fatty acids, palmitoleic acid (POA), and myristic acid 
(MOA) and found that 0.02 mg/ml POA and MOA can decrease 
A. baumannii ATCC 17978 biofilm formation up to 38 and 
24%, respectively, presenting a biofilm dispersing effect and 
drastically reduced motility. These fatty acids decreased the 
expression of the regulator from the LuxIR-type QS 
communication system AbaIR, thereby reducing the production 
of AHL (Nicol et  al., 2018).

CONCLUSION

Previous research has demonstrated that A. baumannii owned 
a strong ability to form biofilms and rapidly develop antibiotic 
resistance, thus it was difficult for clinicians and health care 
providers to treat and control its spread resulting in death 
(Huang et  al., 2014; de Breij et  al., 2018; Harding et  al., 
2018). In every case, the QS system confers on bacteria the 
ability to communicate and to change behavior in response 
to the presence of other bacteria. However, the evidence is 
accumulating that bacteria may become resistant to QSIs and 
QQ compounds, even without the use of QSIs and QQ 
compounds (i.e., when bacteria are faced with antibiotics and 
mutations in efflux pumps; Maeda et al., 2012; Garcia-Contreras 
et  al., 2013; Kalia et  al., 2014). Therefore, it is necessary to 
adopt innovative and novel strategies to expand the range 
of QSIs and QQ compounds against multidrug-resistant 
organisms. Hopefully, even with resistance arising, QSIs and 
QQ compounds can be  used in combination with other 
antimicrobials (Figure  1; Dobretsov et  al., 2009). Moreover, 
such drugs also usually do not pose an unnecessary burden 
on the metabolic mechanism of bacteria.

Inhibition of QS signals, which further regulates biofilm 
production and other possible virulence genes, has become 
the goal of many new therapies in recent years (Shaaban 
et  al., 2019; Saipriya et  al., 2020). Misregulation or inhibition 
of QS can be  achieved by plant extracts (Taganna et  al., 
2011), synthetic compounds (Blocher et  al., 2018), or 
AHL-degrading enzymes (Kim et  al., 2014). However, most 
studies on QS inhibition are carried out in vitro and laboratory 
conditions using basically domesticated strains, which is a 
limitation. In order to counteract this effect, field investigations 
(in vivo studies) need to be  carried out under the condition 
of simulating “real” infection (Bzdrenga et  al., 2017; Chen 
et  al., 2019). Besides, the lack of standardized methods for 
screening new QSIs candidates as well as the limited knowledge 
on the specificity of the identified QSIs continue to be  a 
drawback, thus remaining to be  explored.

QQ enzymes can be achieved by the enzymatic hydrolysis 
of the quorum signal by an AHL lactonase (AHLase; Dong 
et  al., 2001). Although it has been proved that AHLases 
can reduce the expression level of virulence factors in 
P. aeruginosa, there is no evidence that QQ enzymes can 
effectively destroy the biofilm formation of bacterial pathogens 
(Ng et al., 2011). A previous study has shown the application 
of recombinant QQ enzymes in the destruction of biofilm 
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formation by A. baumannii (Chow et  al., 2014). These data 
suggest that illustrates the utility of QQ enzymes in addressing 
the increasing therapeutic needs of our generation.

In summary, understanding the QS of A. baumannii and 
its possible role in virulence will help to discover new 
biomolecules targeting the QS network to control infection. 
At the same time, the future development of QSIs or QQ 
enzymes may delay or eliminate bacterial drug resistance, 
laying a clinical foundation for the treatment of 
bacterial diseases.
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resistance.
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