
Saudi Journal of Biological Sciences 29 (2022) 1673–1682
Contents lists available at ScienceDirect

Saudi Journal of Biological Sciences

journal homepage: www.sciencedirect .com
Original article
Targeting Acyl Homoserine Lactones (AHLs) by the quorum quenching
bacterial strains to control biofilm formation in Pseudomonas aeruginosa
https://doi.org/10.1016/j.sjbs.2021.10.064
1319-562X/� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author.
E-mail address: adnanfazal@asab.nust.edu.pk (F. Adnan).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Syeda Javariya Khalid a, Quratul Ain a, Sher Jamal Khan b, Amna Jalil a, Muhammad Faisal Siddiqui c,
Tahir Ahmad a, Malik Badshah d, Fazal Adnan a,⇑
aAtta ur Rahman School of Applied Biosciences (ASAB), National University of Sciences and Technology (NUST), Islamabad, Pakistan
b Institute of Environmental Sciences and Engineering (IESE), National University of Sciences and Technology (NUST), Islamabad, Pakistan
cDepartment of Microbiology, Hazara University, Mansehra, KP, Pakistan
dDepartment of Microbiology, Quaid-i-azam University, Islamabad, Pakistan
a r t i c l e i n f o

Article history:
Received 21 May 2021
Revised 19 October 2021
Accepted 25 October 2021
Available online 30 October 2021

Keywords:
Quorum sensing
Quorum quenching
Lactonase
Acylase
N-acyl homoserine lactones (AHL),
antibiotic resistance
a b s t r a c t

Navigating novel biological strategies to mitigate bacterial biofilms have great worth to combat bacterial
infections. Bacterial infections caused by the biofilm forming bacteria are 1000 times more resistant to
antibiotics than the planktonic bacteria. Among the known bacterial infections, more than 70% involve
biofilms which severely complicates treatment options. Biofilm formation is mainly regulated by the
Quorum sensing (QS) mechanism. Interference with the QS system by the quorum quenching (QQ)
enzyme is a potent strategy to mitigate biofilm. In this study, bacterial strains with QQ activity were iden-
tified and their anti-biofilm potential was investigated against the Multidrug Resistant (MDR)
Pseudomonas aeruginosa. A Chromobacterium violaceum CV026 and Agrobacterium tumefaciens A136-
based bioassays were used to confirm the degradation of different Acyl Homoserine Lactones (AHLs)
by QQ isolates. The 16S rRNA gene sequencing of the isolated strains identified them as Bacillus cereus
strain QSP03, B. subtilis strain QSP10, Pseudomonas putida strain QQ3 and P. aeruginosa strain QSP01.
Biofilm mitigation potential of QQ isolates was tested against MDR P. aeruginosa and the results sug-
gested that 50% biofilm reduction was observed by QQ3 and QSP01 strains, and around 60% reduction
by QSP10 and QSP03 bacterial isolates. The presence of AHL degrading enzymes, lactonases and acylases,
was confirmed by PCR based screening and sequencing of the already annotated genes aiiA, pvdQ and
quiP. Altogether, these results exhibit that QQ bacterial strains or their products could be useful to control
biofilm formation in P.aeruginosa.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Antibiotic resistance is growing more rapidly and spreading fas-
ter than ever before (Chioro et al., 2015; Abdula et al., 2016). A
report commissioned by the British government estimated that
by 2050, antimicrobial resistance could cause over 10 million
deaths each year and result in cumulative losses of US$ 100 trillion
to world GDP (Ma et al., 2019; O’Niel, 2016; Whiteley et al., 2017).
Excessive use of antibiotics create the selection pressure on
microorganisms; thus, bringing on the evolution of microbial resis-
tance (Laxminarayan et al., 2013; Zhao et al., 2017a,b; Liao et al.,
2019). Bacterial infections caused by the biofilm forming bacteria
are 1,000 times more resistant to antibiotics than the planktonic
bacterial strains (Rasmussen and Givskov, 2006). More than 70%
bacterial infections involve biofilms which severely complicates
treatment options for most of the infections (Musk and
Hergenrother, 2006). Some studies suggest that the Quorum Sens-
ing (QS) system may also be associated with the bacterial resis-
tance (Haque et al., 2018; Jiang et al., 2019; Zhao et al., 2017a,b).
Quorum Sensing (QS) is basically cell to cell communication sys-
tem of microorganisms that is achieved through signaling mole-
cules collectively known as auto-inducers. They regulate and
monitor changes in population density and trigger the expression
of virulent genes and other infection related phenotypes in
response to signals which are mostly small molecules such as
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Table 1
AHLs mixture used during the enrichment process for the isolation of QQ bacteria.

S.
No

AHLs Mixture

1. N- (3-oxo-hexanoyl)-L-homoserine lactone (3OC6HSL) standard of
0.5 mg/ml

2. N-(3-oxo-dodecanoyl)-L-homoserine lactone (3OC12HSL) standard of
0.5 mg/ml

3. N-(3-Hydroxybutanoyl)-L-homoserine lactone
4. N-(3-Oxodecanoyl)-L-homoserine lactone
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oligopeptides, fatty acid derivatives or furanones (Zhang and Dong,
2004). A large number of biologically important functions such as
antibiotic production, motility, luminescence, plasmid transfer,
biofilm formation, virulence factors and many others are con-
trolled by quorum sensing (Galloway et al., 2011; Whitehead
et al., 2001).

Broadly, auto-inducers produced by bacteria are characterized
into three types based on the differences in their chemical struc-
ture and mechanism of action: (i) Auto-inducing peptides (AIPs),
(ii) Acylhomoserine lactones (AHLs), (iii) Auto-inducer 2 (AI-2)
(Huang et al., 2016). Acylhomoserine lactones (AHLs)-based QS
system is one of the best described communication processes of
bacteria involving production, secretion and recognition of AHL
auto-inducers. This type of QS signals is found in more than 70 spe-
cies of bacteria, most of them are known pathogens (Williams
et al., 2007; Withers et al., 2001). Any strategy to suppress their
production could be promising in dealing with life threatening ail-
ments. Several approaches to disrupt this communication process
are collectively known as Quorum Quenching (Ozer et al., 2005;
Hentzer and Givskov, 2003).

There are so many ways to interfere with QS mechanism. For
example, many natural substances can imitate AHLs and block
their recognition by receptors. Such receptors generally block the
protein that works as AHL receptor and initiates the expression
of target genes (Manefield et al., 1999). Some higher plants also
produce metabolites that disrupt QS system in microorganisms.
Some plants secret the compounds from their roots that mimic
bacterial signaling molecules affecting the gene expression pattern
of Rhizosphere bacteria (Gao et al., 2003). Inhibitory effect on P.
aeruginosa QS system and suppression of virulence factors by plant
extracts has been reported too (Adonizio et al., 2008). Synthetic QS
inhibitors have also been reported (Reverchon et al., 2002).

Any factor that disrupts the QS system in bacteria has good
potential to be used as a treatment strategy. However, AHL degra-
dation achieved through enzymes produced by many bacteria
described as ‘Quorum Quenching bacteria‘, is one of the most
potent strategy for QS inhibition. QQ enzymes are divided into
two classes on the basis of their mode of AHL degradation (Dong
and Zhang, 2005): Class I includes (i) AHL lactonases which inacti-
vates AHL by hydrolysis of lactone ring, the gene aiiA encoding AHL
lactonase was first time reported in Bacillus sp. Strain 240B1. It was
successfully cloned in Escherichia coli to study its effect on AHL
substrate. When expressed in the transformed pathogen Erwinia
carotovora strain SCG1, it successfully decreased its pathogenicity
for Chinese cabbage, cauliflower, tobacco, etc. (Dong et al., 2000),
and (ii) AHL acylase that cleaves the bond between fatty acids
and homoserinelactone (Lin et al., 2003). This enzyme was first
time discovered in Variovorax paradoxus strain VAI-C showing
enhanced level of AHL degradation (Leadbetter and Greenberg,
2000). Whereas, class II includes oxidoreductases that bring
changes in chemical structure of AHLs instead of degrading them.
This causes the change in activation state of signaling molecule
(Chan et al., 2011). Generally, redox reaction reduces the activity,
while hydrolysis of AHL molecules results in complete loss of the
activity (Chowdhary et al., 2007). This is how acylases and lac-
tonases are more useful and potent in QQ activities.

So, quenching the quorum of bacteria has the potential to
obstruct the pathogen s ability to synchronize its cell population
and virulence factors. It ensures the time for host to combat infec-
tion naturally through immune system (Chen et al., 2013). Quorum
Quenching (QQ) is gaining importance as a novel method to control
bacterial biofilms in medical and industrial sectors, wastewater
treatment plants, and aquacultures (Torres et al., 2016; Bzdrenga
et al., 2017). In this study, QQ bacteria were isolated from sludge
samples of membrane bioreactor that can degrade AHLs and thus
interfere with the communication of bacteria. For the isolation of
1674
bacteria, sludge from the membrane bioreactor was used. This
niche might help in exploring rare bacterial species that can be
used for biofilm control not only in health sector but also in con-
trolling biofouling on membrane bioreactors (MBR). Sequencing
of the strains was done to identify the genes that encodes QQ
enzymes. AHL degradation ability of the isolates was investigated
and the QQ isolates were further evaluated for their biofilm inhibi-
tory activity against Multiple Drug Resistant (MDR) Pseudomonas
aeruginosa.

2. Methodology

2.1. Sludge sample collection and processing

Sludge samples were collected from a full-scale membrane
bioreactor situated at H-12 Campus of National University of
Science and Technology (NUST) Islamabad, Pakistan. The samples
were collected from three different points of bioreactor; biotank,
membrane tank, and sludge wastage point. The samples were col-
lected in glass bottles, mixed thoroughly, and processed within an
hour for subsequent bacterial isolation. Five milliliters of sludge
sample was mixed with 50 ml saline, sonicated for 30 sec and cen-
trifuged at 3000 rpm for 1 min for debris removal. Supernatant was
centrifuged again at 4500 rpm for 5 min. Pellet was re-suspended
in 15 ml saline and used for the isolation of QQ bacteria.

2.2. Isolation and characterization of QQ bacteria

The processed sludge solution was enriched with AHLs mixture
(Table 1) in 3 enrichment cycles. For firstt enrichment cycle, 1:1
solution of processed sludge and minimal media was mixed with
1% AHLs mixture and the tubes were incubated at 37 �C for three
days. For second cycle, 100 ml of the culture from first cycle was
mixed with 1 ml fresh minimal media having AHLs mixture and
incubated for 3 more days. The third enrichment cycle was done
in the similar fashion. After the 3rd cycle, 100 ml of the culture
was spread on LB agar plate and incubated at 37 �C for 48 h. Strain
selection was done from the limited number of colonies appeared,
based on the differences in macroscopic characteristics. Pure
strains were then subjected to gram staining, biochemical testing,
and growth on selective and differential media.

2.3. Strain identification and phylogenetic analysis

For strains identification, the strains were streaked on the agar
slants in cryovials and send to Macrogen Korea (Seoul Rep. of
Korea) for 16S rRNA sequencing. A total of 4, 16S rRNA gene
sequences were identified and compared by Blast-search (Gen-
Bank; http://www.ncbi.nlm.nih.gov). All the sequences were
aligned using CLUSTAL W (Thompson et al., 1994). To understand
the evolutionary relationships of the identified strains, phyloge-
netic analysis of each strain was performed in the form of phyloge-
netic tree that was constructed by Mega 7 using neighbor joining
method with a bootstrap value of 100. The 16S rRNA gene
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sequences of Pseudomonas aeruginosa strain QSP01, Bacillus cereus
strain QSP03, Bacillus subtilis strain QSP10, and Pseudomonas putida
strain QQ3 were deposited in the GenBank database under the
accession numbers KY576793, KY576795, KY576801, and
KR058848, respectively.

2.4. Screening of AHL degradation activity

Four different AHLs (Sigma-Aldrich, Spain) were used: C4-HSL
(N-butanoyl-L-homoserine Lactone), C6-HSL (N-hexanoyl-DL-
homoserine lactone), C10-HSL (N-Decanoyl-L-homoserine lac-
tone), and C12-HSL (N-dodecanoyl-L-Homoserine lactone). The
isolated bacterial strains were analyzed for QQ activity by using
the two AHL biosensor strains Chromobacterium violaceum CV026
for the detection of short chain AHLs (McClean et al., 1997;
Romero et al., 2014; Torres et al., 2013), and Agrobacterium tumefa-
ciens A136 along with X-gal, for the detection of long chain AHLs.
Each strain’s AHL degradation activity was tested by two ways;
the cell free lysate assay, and the whole cell assay. The whole-
cell assay was performed by agar overlay method and disk diffu-
sion method.

Agar overlay methodwas performed as described previously in
literature with some modifications (Lade et al., 2014). For short
chain AHLs degradation, CV026 indicator plates were prepared
by growing it overnight in the presence of 20 mg/ml of Kanamycin
and poured on the surface of already prepared LB agar plates.
Around 6 mm wells were prepared in plates and 50 ml of each
QQ bacterial strain along with 5 mM of C4-HSL, or C6-HSL was
poured in those wells. Control well only contain exogenous AHLs.
Plates were incubated for 48 h at 28 �C. Color in surrounding areas
of well was observed. For long chain AHLs by QQ isolates, A136
indicator plates were prepared by growing it overnight in the pres-
ence of 50 mg/ml of Spectinomycin and 4.5 mg/ml of Tetracycline.
Rest of the method was same as described above except in this case
C10-HSL, or C12-HSL was used instead of short chain AHLs.

AHL degradation assay by Disk Diffusion method was per-
formed as described previously with some modification (Chan
et al., 2011; Chong et al., 2012). A sterile membrane filter disk
was dipped in 10 mg/ml of C4-HSL, or C6-HSL and placed over
the surface of CV026 indicator plate. Similarly, disk was dipped
in 10 mg/ml of C10-HSL, or C12-HSL and placed over the surface
of A136 plate. Fresh colonies of each QQ isolate were loaded on
membrane filter disks and plates were incubated for 48 h at
28 �C and color on the plates was checked. For control, discs only
contain AHLs and no QQ isolate.

The cell free lysate assay was performed for the quantification
of degraded AHLs (Zhu et al., 2011). For that purpose, cell free
lysate of each QQ bacterial isolate was prepared as described pre-
viously (Christiaen et al., 2011). For AHL degradation, 50 ml of
CV026 culture was inoculated in LB medium supplemented with
2 ml of 0.5 mg/ml of C4-HSL and 100 ml cell free lysate and incu-
bated at 30 �C for 24 h at 120 rpm. Then, 1:1 culture and dimethyl
sulphoxide was centrifuged at 8000 rpm for 5 min to solubilize vio-
lacein and for cell removal. Supernatant was added to wells of ster-
ile polyethylene 96-wells microtiter plate. Harvested bacterial cells
were re-suspended in sterile distilled water and transferred to the
wells of microtiter plate. Plates were incubated at 30 �C for 48 h
and absorbance for violacein was analyzed at 550 nm, and for cell
growth at 630 nm. The results were compared with assay controls
which contained CV026 supplemented with only C4-HSL.

2.5. Biofilm inhibition test by QQ bacteria

To evaluate the biofilm inhibition ability of QQ bacterial strains,
P. aeruginosa strain was used (Cady et al., 2012). For this purpose,
1:100 dilution of P. aeruginosa and TSB was prepared, 180 ml of this
1675
solution along with 20 ml cell free lysate of QQ bacterial isolate was
transferred individually into the wells of 96-well microtiter plate
and incubated aerobically at 37 �C for 48 h. After incubation time,
optical density (OD) of planktonic cell was evaluated at 630 nm.
Planktonic cells were then removed, and microtiter plate was
washed to remove loosely attached cells. Tightly bound cells were
then fixed with methanol, stained with crystal violet (0.1%), dis-
solved in glacial acetic acid (33%), and quantified at 550 nm in a
microtiter plate reader. The control used was diluted bacterial cul-
ture without cell free lysate. To confirm the involvement of QQ
enzymes in biofilm inhibition, exogenous C4-HSL (10 ml) was
added along with cell free lysates. C4-HSL plays a significant role
in biofilm formation of P. aeruginosa (Favre-Bonte et al., 2003). Rest
of the protocol was same as mentioned above.

2.6. Antibiotic susceptibility testing of QQ bacteria

Isolated strains were tested for their antibiotic susceptibility
pattern as the antibiotic resistance is indirectly linked with patho-
genic potential, the method used was Kirby–Bauer method (Barry
and Thornsberry, 1985). The antibiotics were procured from
OxoidTM, UK and included; ampicillin (AMP, 10 lg), amoxicillin
(AML, 10 lg), cefepime (FEP, 30 lg), gentamicin (CN, 10 lg), cef-
tazidime (CAZ, 30 lg), chloramphenicol (CIP, 5 lg), cephazolin
(KZ, 30 lg), and ampicillin/sulbactam (SAM, 20 lg). The diameters
of zones of inhibition were measured in millimeters and evaluated
as Susceptible (S), Intermediate (I), or Resistant (R) according to the
CLSI (CLSI, 2012). The interpretation of antibiotic susceptibility was
subjected to generate a heat map depicting the hierarchical clus-
tering of each isolate in g-plot package of R (R studio).

2.7. Identification of the quorum quenching genes

Well reported QQ genes were confirmed to understand the
molecular basis of AHL degradation in QQ bacterial isolates. DNA
of bacterial isolates was extracted through GeneJET Genomic
DNA Purification Kit (Thermo ScientificTM). Primers for two main
categories of quorum quenching genes (Lactonase and Acylase)
were designed against the conserved sequences of selected genes
(Table 2). PCR amplification conditions were as follows: initial
denaturation step at 95 �C for 5 min; 30 cycles of denaturation at
95 �C for 30 s, annealing at 59.9 �C for aiiA gene, and 62.3 �C for
pvdQ and quiP genes for 40 s, extension at 72 �C for 1 min, followed
by a final extension step at 72 �C for 10 min (see Table 3).

2.8. PCR product purification and sequence analysis

Amplified PCR product was purified by GeneJET PCR purification
kit (Thermo ScientificTM). The final eluted product was sent to
Macrogen, Korea (Seoul Rep. of Korea) for sequencing. Consensus
sequence of each sequenced gene was determined using BioEdit
tool and subjected to Blast analysis. Annotated sequences of genes
aiiA, pvdQ, and quiP were submitted to GenBank under the acces-
sion number MG213739, MG356411, and MG356412, respectively.
ExPASy tool was used to retrieve the amino acid sequences, and
Conserved domains in sequenced amplicons were determined by
Conserved Domain Database (CDD) available at NCBI. Phylogenetic
tree showing the evolutionary relationship of sequenced amplicons
with other published data of QQ genes was built using MEGA 7
with bootstrap value of 100.

2.9. Statistical analysis

Statistical significance of the QQ effect on biofilm formation and
AHL degradation quantification data was inspected by one-way



Table 2
Primers for two main categories of quorum quenching genes (Lactonase and Acylase).

Sr. No Gene Function Primers 50-30 Amplicon Size (bp) Length (bp) GC (%) Reference

1. aiiA AHL lactonase F GATGGCCTGGAGAATGAC 257 18 56 This study
R GCGTGTAGGGTATGAGCC 18 61

2. pvdQ AHL acylase F GTTCTGCACGAAGTCCCTG 1411 19 58 This study
R GCTGTTGGGTTCGATGATG 19 53

3. quiP AHL acylase F GTCGGCCAGGTAATAGAGC 572 19 58 This study
R GCTACCGTCCGGAATACTG 19 58

Table 3
Characterization of QQ bacterial isolates on the basis of gram staining, biochemical testing, and growth on selective and differential media.

Bacterial Isolates QSP01 QSP03 QSP10 QQ3

Gram Staining �ve +ve +ve �ve
Morphology Rods Rods Rods Rods
Pigmentation Off white colonies Off white colonies Off white colonies Off white colonies
Catalase Test +ve +ve +ve +ve
Oxidase Test +ve �ve +ve +ve
Growth on EMB Agar No Lactose Fermentation No Growth No Growth No Growth
Growth on MacConkey Agar Pale Colonies, no lactose fermentation No Growth No Growth Pale colonies, no lactose fermentation
Growth on Mannitol Salt Agar No Growth Negligible growth Negligible growth No Growth
Growth on Cetrimide Agar blue-green growth No Growth No Growth Off white colonies
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ANOVA with a p value <0.05 followed by Tukeys test. Graphpad
Prism 7 was used to perform these statistical analyses (see Fig. 1).

3. Results

3.1. Bacterial isolates successfully degraded AHLs

The four selected bacterial isolates (QSP03, QSP10, QSP01 and
QQ3) were screened for their QQ activity. An agar well diffusion
assay was performed using the biosensor strain C. violaceum
CV026, that produces a violet pigment called violacein in response
to short chain AHLs (in this case; C4-HSL, and C6-HSL). The Quo-
rum Quenching isolates can degrade AHLs, so they do not allow
the development of any color. Color in surrounding areas of wells
was observed. Color around the well containing only C6-HSL or
C4-HSL was changed from light yellow to violet (Fig. 2). It confirms
the restoration of quorum sensing in CV026 in the surrounding
areas of well because of exogenous AHL. Color around the wells
containing bacterial isolates did not change much despite the pres-
ence of C4-HSL or C6-HSL. This confirms these bacterial isolates
Fig. 1. Brief sketch of the m
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exhibiting quorum quenching properties as they degraded the pro-
vided AHL. All the bacterial isolates effectively degrade short chain
AHLs (Table 4)

The process was repeated on A136 indicating agar plate for long
chain AHL detection. C10-HSL, and C12-HSL were added as exoge-
nous long chain AHL source. Color in surrounding areas of wells
was observed. Color surrounding the well containing only exoge-
nous AHL was changed from light yellow to blue-green. AHL here
worked as signaling molecule and induced the expression of b -
galactosidase gene in A136. When the enzyme acted upon its sub-
strate X-gal, it produced greenish color. Color around the wells
containing bacterial isolates did not change despite the presence
of AHL. It confirms the bacterial isolates to be quorum quenching
and capable of degrading long chain AHL too (Fig. 2). The same
results were obtained in case of disc diffusion method (Table 4).

The cell free lysate assay for AHL degradation was performed for
the quantification of degraded AHLs. Amount of violacein produced
by CV026 is inversely related to C4-HSL degradation by QQ iso-
lates. Each bacterial isolate inhibited violacein production to differ-
ent extents. Around 60% violacein inhibition was seen by QSP03
ethodology adopted.



Fig. 2. AHL degradation analysis indicating agar plates of CV026 and A136 strains. (A) A136 indicator plate with C10-HSL, control well is showing blue-green color, while no
color is produced in any other well. (B) A136 indicator plate with C12-HSL, control well is showing blue-green color, while no color is produced around QSP03 well.

Table 4
QQ activity of bacterial isolates to four AHLs with various acyl chain lengths.

AHLs Biosensor QSP01 QSP03 QSP10 QQ3

C4-HSL (BHL) CV026 +++ ++++ ++++ +++
C6-HSL (HHL) CV026 +++ ++++ ++++ +++
C10-HSL (DHL) A136 ++ +++ ++++ +++
C12-HSL (DdHL) A136 ++ +++ ++ +++

More Significant: ++++; Significant: +++; Moderate: ++; No degradation: -
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and QSP10 whereas 50% violacein inhibition was observed by
QSP01 and QQ3 strains (p > 0.0001) (Fig. 3)
3.2. Biofilm formation in P. aeruginosa was inhibited significantly by
the bacterial isolates

Significant biofilm inhibition effect was observed for each QQ
bacterial isolate‘s cell free lysate treatment. About 50% biofilm
inhibition was observed by QQ3 and QSP01, and almost 60% inhi-
Fig. 3. Violacein estimation by AHL degradation assay. X-axis represents CV026
culture treated with QSP01, QSP03, QSP10 and QQ3 isolates and supplemented with
C4-HSL. Assay control involves CV026 culture supplemented with C4-HSL with no
AHL degrading agent treatment. Y-axis shows the intensity of violacein produced
and growth measured in treated and untreated cultures.
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bition by QSP10 and QSP03 bacterial isolates (p < 0.01). Growth
inhibition was not seen in case of planktonic cells. When exoge-
nous AHL was added, the results showed significant regeneration
of P. aeruginosa biofilms It confirms that P. aeruginosa biofilm inhi-
bition by QQ bacterial lysate treated cells is due to AHL degrada-
tion effect (Fig. 4).

3.3. Phylogenetic analysis of the QQ isolates confirmed its lineage

Phylogenetic analysis showed that QQ isolates belonged to the
species Bacillus and Pseudomonas. Isolates QSP01 and QQ3
belonged to the genus Pseudomonas., and isolates QSP03 and
QSP10 belonged to Bacillus sp. Based on 16S rRNA gene sequence
homology; isolate QSP01 showed 99% similarity to P. aeruginosa
NBRC 12689 and submitted under the accession number
KY576793. Isolate QSP03 showed 99% similarity to Bacillus cereus
CCM2010 and given the accession number KY576795. Similarly,
QSP10 showed 99% similarity to Bacillus subtilis 168 and was given
the accession number KY576801. Isolate QQ3 showed 99% similar-
ity to Pseudomonas putida KT2440 and given the accession number
KR058848. The phylogenetic relationship of the QQ isolates dis-
cussed in this study and other closely related bacteria is shown
in Fig. 5. Bacterial isolates of this study cladded with Bacillus and
Pseudomonas.

3.4. Selected QQ strains showed sensitivity towards antibiotics

Susceptibility test results showed that QQ isolates were gener-
ally sensitive to the tested antibiotics. Strains QSP01 and QSP03
were sensitive to all the tested antibiotics. Strain QSP10 was sensi-
tive to all antibiotics except cefepime (FEP, 30 lg) against which it
showed intermediate sensitivity. Strain QQ3 showed resistance
against cephazolin (KZ, 30 lg), and ceftazidime (CAZ, 30 lg)
(Fig. 6). The diameters of zones of inhibition were measured in mil-



Fig. 4. a) Biofilm degradation assay. Quorum quenching effect of QQ isolates on P. aeruginosa biofilm was analyzed by static microtiter plate method. X-axis represents P.
aeruginosa cells treated with QSP01, QSP03, QSP10 and QQ3 isolates. Assay control involves P. aeruginosa without any QQ agent. Y-axis represent the planktonic cell growth
and adherent cells (Biofilm) persistence in both treated and untreated cultures. b) Analyzing role of QS in biofilm formation. Biofilm formation in P. aeruginosa with and
without exogenous supply of AHL. X-axis represents the biofilm formation in P. aeruginosa with and without treatment of bacterial isolates and C4-HSL. Y-axis represents the
concentration of produced biofilms at 550 nm.

Fig. 5. Phylogenetic analysis of the bacterial isolates showing evolutionary relationship. The phylogenetic tree was constructed in Mega 7 by neighbor joining method with a
bootstrap value of 100. QQ Bacterial isolates of this study cladded with Bacillus and Pseudomonas sp.
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limeters and evaluated as Susceptible (S), Intermediate (I), or
Resistant (R) according to the CLSI (CLSI, 2012). The interpretation
of antibiotic susceptibility was subjected to generate a heat map
depicting the hierarchical clustering of each isolate in g-plot pack-
age of R (R studio).
1678
3.5. Genes encoding lactonases and acylases enzymes are present in all
the isolates

Already reported literature confirms the presence of AHL lac-
tonase in gram positive bacteria and AHL acylase in gram negative



Fig. 6. Heat map depicting each QQ isolate as a column and each row as an
antibiotic.
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bacteria. Both of these enzymes are reported for Quorum Quench-
ing. Genes quiP (572 bp) and pvdO (1141 bp) encoding QQ enzyme
AHL acylase were amplified in QSP01 and QQ3, both of which are
Gram-negative bacteria. Similarly, aiiA (257 bp) gene encoding
AHL lactonase was amplified in QSP03 and QSP10, both of them
are Gram-positive bacteria (Fig. 7). For the sequence analysis of
QQ genes, amino acid sequences were retrieved from online avail-
able tool ExPASy and for further comparison with already pub-
lished data, those sequences were subjected to BLAST which
showed that AHL lactonase sequence of Bacillus cereus QSP03
showed significant alignment with AHL lactonase sequence of
Bacillus cereus already submitted in NCBI.CDD analysis showed that
the AHL lactonase belong to the Metallo-Hydrolase like MBL-fold
superfamily of proteins. More analysis showed that Metallo-b-
Fig. 7. Agarose gel images showing QQ genes amplification through PCR. (A) 257 bp am
strain QSP10 (B) 1411 bp amplified sequence of pvdQ gene in Pseudomonas aeruginosa s
quiP gene in Pseudomonas aeruginosa strain QSP01, and Pseudomonas putida strain QQ
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lactamase and metal dependent hydrolase were the two conserved
domains found in AHL lactonase sequence. Sequenced amplicons of
pvdO and quiP, both encode for AHL acylase, showed high similarity
with AHL acylase sequence of P. aeruginosa already submitted in
NCBI. CDD analysis further showed that pvdO and quiP belong to
Ntn-hydrolase superfamily and penicillin-amidase superfamily of
proteins, respectively. An unrooted phylogenetic tree was gener-
ated with neighbor joining method that showed pvdO and quiP
genes are homologous and closely related and both belonging to
acylase family, whereas AHL lactonase is different belonging to lac-
tonase family (Fig. 8).
4. Discussion

Bacteria are evolving continuously against antibiotics which has
decreased the efficiency of antibiotic treatment against them
(Beceiro et al., 2013). Antibiotic resistance is not a problem only
in healthcare sector, in fact membrane biofouling in wastewater
treatment plant is also due to microorganisms forming biofilms
and all the available treatments fail to inhibit the formation of nat-
ural biofilms (Oh et al., 2013). Main purpose of the study was to
find out new quorum quenching bacterial strains and detect
molecular basis of their QQ activity as it‘s an innovative strategy
to combat the increasing challenges posed by multi-drug resistant
bacteria and their biofilms in the healthcare sector.

Autoinducers play a role in quorum sensing and hence biofilm
formation. AI concentration increases with bacterial community
density. Receptors for the detection of these signaling molecules
are present in bacterial membrane or cytoplasm. The loop known
as ‘‘feed-forward AI’s loop” detects AI concentration and activates
modifications in gene expression which in turn leads to increment
in AI’s secretion. Two-component histidine kinase receptor present
in membrane, serve as receptor for these signaling molecules. A
series of reaction is initiated first by autophosphorylation of regu-
lator in cytoplasm and then by activation of transcription of bacte-
rial gene by activated regulator. However, this mechanism differs
in types of signaling molecules i.e. AI-1 and AI-2. AI-1 molecules
involve acyl-homoserine lactones and it controls intra-specific
communication. Whereas, AI-2 involves furanosyl borate diester
(Samrot et al., 2021)
plified sequence of aiiA gene in Bacillus cereus strain QSP03, and Bacillus subtilis
train QSP01, and Pseudomonas putida strain QQ3 (C) 572 bp amplified sequence of
3.



Fig. 8. For evolutionary analysis of the bacterial QQ genes, an unrooted phylogenetic tree was constructed in Mega 7 by neighbor joining method with a bootstrap value of
100. It showed that pvdO and quiP genes are homologous and closely related and both belonging to acylase family, whereas AHL lactonase is different belonging to lactonase
family.
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The mechanism also differ depending upon the type of bacteria.
In Gram positive bacteria, small molecules called auto-inducing
peptides (AIPs) are produced. The gram positive bacteria regulate
gene expression by making use of signaling molecules called
oligopeptides which are small post-translationally processed pep-
tide signaling molecules. These signaling molecules are secreted
and then are either reinternalized via an oligopeptide transport
system or detected at the bacterial surface by two-component sys-
tems. LuxI/ LuxR type Quorum Sensing system exists in Gram neg-
ative bacteria (Hastings and Greenberg 1999). The main Gram
Negative bacterial species belonging to proteobacteria contain
AHL- mediated Quorum Sensing system (Hardman et al., 1998).
AHLs are primary signaling molecules in Gram negative bacteria.
They are small, neutral lipids and amphipathic in nature. AHL syn-
thesis has been discovered in about 90 species of bacteria. Total
three enzymes have been reported yet to produce AHLs. They
belong to LuxM, HdtS and LuxI families (Water and Bassler,
2005). The typical example of LuxI type AHL synthase was first
described in Vibrio fischeri. S-adenosyl Methionine (SAM) and
acyl-acyl Carrier protein (acyl-ACP) serve as substrate for produc-
tion of AHLs in LuxI type AHL synthase (Hanzelka and Greenberg
1996). In Vitro studies have confirmed the requirement of SAM
and acyl-ACP substrates for AHL production (More and Finger,
1996).

Therefore, quorum sensing is an important process in bacteria
and diligently involved in regulation of virulent phenotypes, it is
a potential target for a novel therapeutic approach as it has roles
in bacterial infection as well as in biofilm formation. One such
approach is the isolation and characterization of QQ bacteria due
to its obvious potential benefits. In this study, QQ bacteria were
isolated from the sludge of membrane bioreactor and their QQ
activity was confirmed through various AHL degradation assays.
Many QQ and QS bacteria have been reported in terrestrial as well
as aquatic environments (Tan et al., 2015; Saurav et al., 2016). For
this study, sludge from the membrane bioreactor was used because
this particular niche has not been explored much from the point of
view of QQ bacteria. Moreover, this niche might help in explore
novel bacterial species that can be used for biofilm control not only
in health sector but to also control biofouling on membrane biore-
actors (MBR).

For this study, QQ bacteria were isolated on selective media
supplemented with AHLs as sole source of carbon and nitrogen
(Dong et al., 2000; Christiaen et al., 2011). Only four QQ isolates
were selected for further studies, selection was done on the basis
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of growth on selective media. The selected strains showed AHL
degradation capability when tested with biosensor strains CV026
and A136 which respond to exogenous AHLs by pigment produc-
tion. Isolated bacterial strains significantly inhibited the pigment
production by degrading AHLs provided from exogenous source
(McClean et al., 1997).

To quantitate the AHL degradation by our isolated bacterial
strains, AHL degradation assay by microtiter plate method was
performed, using a biosensor strain CV026 which responds to
exogenous AHLs by producing violacein. Current QQ bacterial
strains were positive for AHL degradation to different extents as
measured by intensity of violacein produced (Cady et al., 2012;
Rajesh and Ravishankar Rai, 2014). It is already proved in previous
studies that QQ bacteria can effectively degrade small chain AHLs
compared to the long chain AHLs (Romero et al., 2014; Torres
et al., 2013; Tan et al., 2015). This suggests that in future, the
search of QQ isolates can only be dependent of their capability to
degrade small chain AHLs.

Pseudomonas aeruginosa is an opportunistic pathogen and
involved in biofilm associated complicated infections and mul-
tidrug resistance. Its Quorum Sensing mechanism has been exten-
sively characterized and a complete QS mechanism is required in P.
aeruginosa to be virulent and any disruption in this mechanism can
lead to its decreased pathogenicity (Rasamiravaka et al., 2015; Sio
et al., 2006) as well as deficiency in biofilm formation (Shih and
Huang, 2002). Quorum quenching enzymes AHL lactonase and
AHL acylase have the ability to suppress biofilm formation in Pseu-
domonas sp. (Dong et al., 2002). Inhibitory effect of cell free lysates
of QQ isolates was tested against P. aeruginosa biofilms. QQ isolates
showed significant inhibition of biofilm formation in P. aeruginosa
(Rajesh and Ravishankar Rai, 2014). To confirm the fact that biofilm
inhibition ability of our isolates is due to activity of QQ enzymes in
their cell free lysates, exogenous C4-HSL was added along with cell
free lysates. Its addition caused regeneration of biofilms in treated
cells more significantly in QSP03 and QQ3 strains. This demon-
strates the role of AHLs and quorum sensing in P. aeruginosa bio-
film formation. C4-HSL is a quorum sensing molecule and plays a
significant role in biofilm formation of P. aeruginosa (Favre-Bonte
et al., 2003). Planktonic cells were not affected in this study which
shows that cell free lysate only target QS by AHL degradation
instead of whole biomass (Rajesh and Ravishankar Rai, 2014).
Defects in AHL producing mechanism or inability to produce AHL
reported to be the cause of lack of pathogenicity in some plant
pathogens (Rashid et al., 2011). Hence, AHL degradation could be
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a potential strategy to suppress the pathogenicity and decrease in
the severity of disease.

Quorum Quenching strains were tested for their antibiotic sus-
ceptibility as the antibiotic resistance is linked with pathogenic
potential. Some reports also suggest the link between higher viru-
lence and higher resistance in microorganisms (Beceiro et al.,
2013). Study of infections in animal models have suggested a direct
link between virulence and antibiotic resistance (Roux et al., 2015).
The tested QQ strains were generally susceptible to all the tested
antibiotics; only strain QQ3 showed resistance against cephazolin
(KZ, 30 lg), and ceftazidime (CAZ, 30 lg). So, the tested QQ isolates
were generally regarded as non-pathogens on the basis of their
susceptibility.

AHL lactonase and acylase genes were amplified for identifica-
tion of enzymes responsible for AHL degradation activity in QQ
strains. Three gene including aiiA encoding AHL lactonase in B. cer-
eus QSP03 and pvdQ and quiP encoding AHL acylase in P. aeruginosa
QSP01 were sequenced (Sio et al., 2006; Dong et al., 2002).

Amino acid sequence of aiiA amplicon was determined by
online ExPASy tool, that was significantly identical to AHL lac-
tonase sequences of Bacillus cereus in NCBI database. Metallo- b
lactamase and metal dependent hydrolase were identified as two
conserved domains in ExPASy retrieved AHL lactonase amino acid
sequence of bacterial isolate B. cereus QSP03 through CDD analysis.
According to a reported work (Dong et al., 2002) AHL lactonase in
B. cereus contained two conserved region which were Zinc contain-
ing glyoxylase and Metallo-Beta-lactamase II. These two conserved
regions contain several glutamate and histidine residues required
for binding of zinc and optimal enzyme activity (Crowder et al.,
1997). So, the presence of these two domains i.e. Metallo- b -
lactamase and metal dependent hydrolase in our AHL lactonase
sequence shows that these AHL degrading enzymes also have con-
served zinc binding motif which is important for catalytic activity
of enzyme. Moreover, CDD analysis also showed the relatedness of
AHL lactonase amino acid sequence of B. cereus QSP03 to Metallo-
Hydrolase-like_MBL-fold superfamily. This superfamily of proteins
specifically involves hydrolytic enzymes including AHL lactonase,
beta-lactamases, and persulfide dioxygenase performing the num-
ber of biological functions (Marchler-Bauer et al., 2017).

Retrieved amino acid sequence of AHL acylase for both pvdQ and
quiP also showed high similarity to already published sequences of
the AHL acylase encoding genes in NCBI. CDD analysis showed both
belongtoNtn-hydrolasesuperfamilyandpenicil-amidasesuperfam-
ilyof proteins, respectively.pvdQencoding enzymeAHLacylase is an
Ntn-hydrolase (Bokhove et al., 2010) and well reported for its QQ
activity (Papaioannouetal., 2009).quiP, anNtn-hydrolase isalsopre-
sent in P. aeruginosa genome and exhibit same specificity for sub-
strate as PvdQ (Huang et al., 2006).
5. Conclusion

The isolated strains from sludge of membrane bioreactor, were
capable to degrade AHLs of various acyl lengths. Phylogenetic anal-
ysis of strains showed that the isolated QQ strains belong to the
species of Bacillus and Pseudomonas. These strains successfully
inhibited the biofilm formation of P. aeruginosa strain by around
60%. The ability of our bacterial isolates to quench the quorum
sensing and identification of AHL lactonase and AHL acylase which
are twomain enzymes involved in AHL degradation provides a new
source of these enzymes. Degradation of P. aeruginosa biofilms
in vitro by these bacterial isolates could be feasible in the clinical
situations too.
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