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A B S T R A C T

The quorum sensing mechanism is widely distributed in microorganisms to regulate the threshold population
and controls the QS regulated genes. The aim of the present study was to evaluate the ability of metalloprotein
AHL-lactonase which is homologous to aiiA gene to reduce the biofilm formation in Aeromonas hydrophila.
Quorum quenching activity of endophytic bacteria associated with Coscinium fenestratum was explored using
biosensor bioassay. Based on the screening, the genes coding for metalloprotein AHL-lactonase was amplified.
Multiple alignment and in silico structural analysis was performed to test the presence of AHL-lactonase. The
enzyme was purified by column chromatography and applied against biofilm formation of A. hydrophila. The
endophytic bacterial strain isolates belonged to genera Enterobacter and exhibited significance quorum
quenching activity. Endophytic bacteria from Coscinium fenestratum exhibited significantly (p < 0.001) high N-
Acyl homoserine lactones (AHLs) degrading activity. Multiple sequence alignment suggested presence of AHL-
lactonase gene and presence of conserved motif for dinuclear zinc binding sites as shown by metallo-β-lactamase
superfamily. Molecular docking and stimulated interactions between predicted AHL-lactonase and AHLs re-
vealed the possible mechanisms of enzyme-substrate interactions and active sites responsible for degradation of
AHLs. The metallo-protein AHL-lactonase significantly inhibited formation of biofilm by A. hydrophila, sug-
gesting possible biotechnological application.

1. Introduction

Gram negative bacteria use quorum sensing to monitor their local
cell population and coordinately activate gene expression during the
growth by utilizing N-acyl-homoserine lactone (AHL) signals (Miao
et al., 2012). A variety of biological processes are regulated by quorum
sensing including bioluminescence, biofilm formation, plasmid transfer,
virulence gene expression, production of exoenzymes and antibiotics,
and surface motility (Zheng et al., 2012). The degradation/inactivation
of AHL molecules has proven the efficient way of control of bacterial
infections which is regulated by quorum sensing mechanism (Rajesh
and Rai, 2014a,b).

Inactivation/degradation of AHL is achieved by means of quorum
sensing inhibitors or quorum quenching enzymes. For example, AHL-
lactonase encoded by aiiA gene (Dong et al., 2000), AhlD gene (Park
et al., 2003), aiiT gene (Morohoshi et al., 2014), QsdH gene (Huang
et al., 2012) and many as AHL-acylase (Koch et al., 2014; Sio et al.,

2006) have been established to have quorum quenching activities. AHL-
lactonase catalyzes the ring opening hydrolysis of lactone ring and
AHL-acylases hydrolyze amide bond between the acyl chain and
homoserine moiety irreversibly (Chen et al., 2013).

AHL-lactonase belongs to metallo-β-lactamase enzyme superfamily
and relies on a dinuclear zinc site for catalysis and enzyme stability.
Different activities within these superfamily are reported, including
oxygen and nitrogen reduction as well as cleavage of C-N, C-O, S-O, C-S,
P-O, and possibly P-N bonds (Momb et al., 2008). In addition, X-ray
crystal structure of AHL lactonase showed first-shell coordination
sphere of the dinuclear zinc center which includes five histidines and an
aspartate, and a second shell containing Tyr194 for enzymatic activity
(Liao et al., 2009).

The quorum quenching enzymes have been found to be applicable
in the control of infections associated with quorum sensing regulated
genes. Expression of aiiA gene in phytopathogen Erwinia carotovora
resulted in reduced decay in Chinese cabbage (Dong et al., 2000). The
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oral administration of thermostable AHL-lactonase significantly atte-
nuated Aeromonas hydrophila infection in zebrafish (Cao et al., 2012).
These reports prove that application of quorum quenching enzyme re-
presents a novel general antibacterial therapy and supports the poten-
tial values in bacterial infection.

We investigated the quorum quenching enzymes from endophytic
bacteria associated with the plant Coscinium fenestratum Gaertn. The
plant belong to family Menispermaceae and grows extensively in the
Western Ghats of India and Sri Lanka (Rai et al., 2012). The isolated
endophytes were screened for the presence of aiiA homologous gene
and were analyzed for the putative tertiary structure and substrate
binding complex by molecular interaction approach, further effect of
AHL-lactonase on biofilm formation by A. hydrohila was analyzed. The
Gram negative bacteria, Aeromonas hydrophila capable of infecting a
wide variety of hosts, including humans, terrestrial and aquatic animals
(Ponce-Rossi et al., 2016) was used as test organism. The pathogen uses
conventional quorum sensing system regulated by predominantly N-
(butyryl)-L-homoserine lactone (C4-HSL) which controls expression of
many virulence factors pigment production, serine protease and me-
talloprotease production (Garde et al., 2010).

2. Methods

2.1. Bacterial strains and substrates

Chromobacterium violaceum CV026 (mini-Tn5 mutant) was cultured
in Luria-Bertani (LB) broth at 30 °C in a rotary shaker incubator for 24 h
(Eppendrof-New Brunswisk Scientific, USA). C4-HSL (Provided by Dr.
Sang Sun Yoon, Korea), C6-HSL and C8-HSL (Sigma-Aldrich, Bangalore,
India) were used as autoinducers for C. violaceum CV026. P. aeruginosa
PAO1-JP2 (lasI and rhlI mutant) were used for the biofilm study with
and without the supplementation of substrates (C4-HSL and 3-oxo-C12-
HSL). Aeromonas hydrophila subsp. hydrophila (MCC-2052) was pro-
cured from Microbial Culture Collection, (Pune, India) and maintained
in nutrient broth at 30 °C.

2.2. Isolation of endophytes and preparation of cell-free lysate

The plant sample of Coscinium fenestratum Gaertn was collected
from forest of Western Ghat in Karnataka, India (13.08 °N, 75.45 °E).
The plant was identified by consulting taxonomists and the herbarium
of the plant was preserved in the Department of Studies in Microbiology
(MGMB/001/2013–14), University of Mysore (India). The sequence of
surface sterilization and isolation of endophytic bacteria were per-
formed as per the previously reported method (Rajesh and Rai,

2014a,b).
The endophytic bacterial isolates were grown in the minimal

medium at 30 °C in shaker incubator for 48 h and then cells were har-
vested by centrifugation at 20000 Xg for 10min. Cell-free lysate was
prepared by extracting with potassium phosphate buffer (100mM; pH
7.0) and centrifuged; supernatant was filtered through 0.45 μm filter,
the filtrate was stored at −20 °C until use.

2.3. Detection of quorum quenching phenotypes: AHL hydrolysis assay

Quorum quenching was determined using C4-HSL as substrate for C.
violaceum CV026 biosensor as reported previously (Zhu et al., 2011).
Briefly, substrate, C. violaceum CV026 and cell-free lysate of endophytic
bacterial isolates were incubated in Erlenmeyer flasks containing LB
broth in shaker incubator (120 rpm) at 30 °C for 24 h. The control was
maintained without cell-free lysate. Then, violacein was extracted with
equal volume of Dimethyl Sulphoxide and centrifuged at 7000 Xg for
10min to get clear supernatant. Two hundred microlitres of the viola-
cein were added to 96 well F bottomed microtiter plates (Tarsons, F
plates) and absorbance was measured at 585 nm. The growth was es-
timated by reading OD at 600 nm to determine the effect of cell-free
lysate on growth of biosensor. The assay was repeated using C6-HSL and
C8-HSL as substrates for C. violaceum CV026 biosensor.

2.4. Identification of endophytic bacteria

The16S rRNA genes were amplified from genomic DNA using uni-
versal 16S rRNA primers (Rajesh and Rai, 2014a,b) and amplicons were
sequenced by Sanger's method. Brifely, 25 μl of reaction mixture con-
tained 1 μl of each primer (27F-5′-AGAGTTTGATCCTGGCTCAG-3′ and
1492R-5′ACGGCTACCTTGTTACGCTT-3′, Bangalore Genie, India), 1 μl
of template DNA and 22 μl of one fold diluted master mix (Bangalore
Genie, India). The thermocycling conditions (Eppendroff Mastercycler,
Germany) maintained as initial denaturation at 94 °C for 4min, 35
amplification cycles of 94 °C for 45 s, 54 °C for 45 s, 72 °C for 1min and
final polymerization step of 72 °C for 8min. The final PCR product
purified using the GenElute gel elution kit (Sigma–Aldrich, USA) and
sequenced. Endophytic bacterial isolates were identified by homology
analysis of the sequences 16S rRNA by the NCBI BLAST tool. The se-
quence was deposited in GenBank and accession numbers were ob-
tained.

2.5. Amplification of aiiA homologous gene

Endophytic bacteria with the potential of AHL inactivation were
confirmed for the presence of AHL-lactonase encoding aiiA homologous
gene (Rajesh and Rai, 2014a,b). The isolates CS9, CS16 and CS28 were
amplified using forward and reverse primers as shown in Table 1.
Amplification conditions were maintained as initial denaturation at
94 °C for 5min, 5 cycles of 94 °C (45 s), 44 °C (45 s), 72 °C (1min); 25
cycles of 94 °C (45 s), 53 °C (45 s), 72 °C (1min) for aiiAF1 and aiiAR1
primers; 30 cycles for aiiAF2 and aiiAR2 followed by primer extension
at 72 °C for 8min. The amplicons were resolved by 2% agarose gel
electrophoresis.

Abbreviations

AHL Acyl homoserine lactone
C4-HSL N-Butanoyl-L-homoserine
C6-HSL N-Hexanoyl-L-homoserine lactone
3-oxo-C6-HSL N-3-oxo-Hexanoyl-L-homoserine lactone
C8-HSL N-Octanoyl-L-homoserine lactone
C10-HSL N-Decanoyl-L-homoserine lactone
C12-HSL N-Dodecanoyl-L-homoserine lactone
3-oxo-C12-HSL N-3-oxo-Dodecanoyl-L-homoserine lactone

Table 1
List of primers used for amplification of lactonase gene from endophytic isolates.

Strains (Endophytic isolates) List of primers used

CS9 aiiAF1 (5′-ATCGGATCCATGACAGTAAAGAAGCTTTAT-3′)
aiiAR1 (5′-GTCGAATTCCTCAACAAGATACTCCTAATG-3′)CS16

CS28 aiiAF2 (5′-CGGAATTCATGACAGTAAAGAAGCTTTA-3′) aiiAR2 (5′-CGCTCGAGTATATATTCAGGGAACACTT-3′).
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2.6. Multiple sequence alignment of aiiA homologous gene

The amplicons of aiiA homologous gene were purified and se-
quenced to identify the conserved regions. The sequence was assembled
using CAP3 Sequence Assembly Program (Huang and Madan, 1999).
Open reading frame (ORF) was detected using Geneious 8.1 and

sequence was deposited in GenBank database.

2.7. In-silico analysis of putative tertiary structure of quorum quenching
enzyme

The putative tertiary structure of AHL-lactonase encoded by aiiA
homologous gene was predicted using Swiss-Model Workspace (Arnold
et al., 2006). The predicted structure was compared with Phyre server
(Kelley and Sternberg, 2009) for further confirmation of model
building/confidence measure.

2.8. Enzyme-substrate binding analysis

The binding modes of substrates (C4-HSL, C6-HSL, 3-oxo-C6-HSL, C8-
HSL, C10-HSL, C12-HSL, 3-oxo-C12-HSL) with putative AHL-lactonase
were performed using docking procedures. Template was selected
based on best homologous AHL-lactonase model from Swiss-Model
Workspace. The substrate structures were generated using PRODRG2
server (Schüttelkopf and van Aalten, 2004), and same substrates were
used for molecular interaction study. Predicted AHL-lactonase was
docked with server generated substrates using SwissDock server
(Grosdidier et al., 2011). All the parameters of docking were kept de-
fault with server for each docking study. Best poses were selected based
on pairing with zinc ions and direction of acyl chains (Liu et al., 2008).
The best pose of enzyme-substrate complex was observed using UCSF
Chimera software (Pettersen et al., 2004) to determine substrate
binding energy.

Table 2
Quorum quenching activity of endophytic bacteria using C. violaceum CV026 as biosensor.

Endophytic isolate Identified bacteria aiiA gene GenBank accession number Type of AHL-lactonase AHL degradation (nmol/h/ml)

C4-HSL C6-HSL C8-HSL

CS9 Enterobacter sp. CS9 (KP096501) KR011986 AiiA-CS9 173.7 ± 2.9 202.9 ± 3.1 164.1 ± 3.0
CS16 Enterobacter ludwigii CS16 (KP096502) KR049073 AiiA-CS16 167.3 ± 1.8 187.7 ± 3.9 151.5 ± 2.4
CS28 Enterobacter aerogenes CS28 (KP096504) KR049074 AiiA-CS28 152.8 ± 1.9 180.7 ± 2.6 142.3 ± 3.9

Fig. 1. Quorum quenching assay by microtiter plate method. Quorum
quenching was analyzed by measuring the intensity of violacein production
extracted from C. violaceum. CV026 (row number A1-A6 sterile control, A9 and
A10 treated with Enterobacter sp. CS9, B7 and B8 treated with E. ludwigii CS16
and B9 and B10 treated with E. aerogenes CS28. Column number D–F indicates
the growth measurement at 600 nm and column number G–H indicates the
absence of QSI and QSA.

Fig. 2. Quantification of violacein production (quorum quenching) and measurement of growth by microtiter plate method. (A) Quantification of violacein produced
in percentage with respect to control (without treatment), more than 70% inhibition of violacein production (*** indicates p < 0.001), was observed by Enterobacter
sp. CS9, E. ludwigii CS16 and E. aerogenes CS28 and absence of growth inhibition. (B) Absence of QSI and QSA, measured by amount of violacein production with
respect to the control.

R.P. Shastry et al. Biocatalysis and Agricultural Biotechnology 18 (2019) 101009

3

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=KR011986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=KR049073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=KR049074


2.9. Purification of AHL-lactonase

The cell-free lysate from endophytic isolate of CS9 was extracted
and filtered through 0.45 μm membrane. Then, cell-free lysate was sa-
turated with 60% ammonium sulphate (Sigma-Aldrich) at 4 °C and the
precipitate was collected by centrifugation at 10000 Xg for 30min. The
precipitate was dissolved in 1mL of 10mM potassium phosphate buffer
(pH 7.0), dialyzed (dialysis tubing, MW cut-off 12 kDa; Himedia, India)
overnight against 10mM potassium phosphate buffer. The enzyme so-
lution was concentrated, applied to gel filtration column Sephadex G-75
(30× 1.5 cm) equilibrated with 50mM, Tris-HCl buffer (pH 7.5). Then,
2mL of each enzyme fraction was eluted with gradient of 0.0–1M NaCl
and active fractions were pooled and concentrated. The concentrated
fraction was applied onto an anion exchange column DEAE-cellulose
(30× 1.5 cm) equilibrated with 50mM, Tris-HCl buffer (pH 7.5) and
eluted with gradient of 0.4–0.8M NaCl, 2 mL each fractions were col-
lected. The active enzyme fraction was pooled and concentrated, used
as pure AHL-lactonase and stored at −20 °C.

2.10. Control of biofilm formation in Aeromonas hydrophila by AHL-
lactonase

Inhibition of biofilm was tested by static microtiter plate assay as
reported previously (Cady et al., 2012). To demonstrate effect of
quorum sensing inhibition on biofilm formation, the purified enzyme

was treated to P. aeruginosa PAO1 as a model organism. Briefly, over-
night culture of P. aeruginosa PAO1 was loaded into 190 μL of LB broth
in microtitre plate and 10 μL of filter (0.45 μm) sterilized purified AHL-
lactonase. Then, the plates were incubated at 37 °C for 24 h without
agitation. To confirm the effect of AHL-lactonase on planktonic cells,
this was quantified spectrophotometrically at 600 nm. The biofilms
were stained with crystal violet [0.1% (w/v) in water] and incubated
for 15min at room temperature (26–28 °C) and then washed with sterile
distilled water. Crystal violet bound to biofilm was extracted with
ethanol (95%) and quantified spectrophotometrically at 590 nm.

Further, to confirm the effect of quorum quenching activity by AHL-
lactonase on biofilm formation, the strain Pseudomonas aeruginosa
PAO1-JP2 was grown in 10 μM of AHL (C4-HSL and 3-oxo-C12-HSL)
supplemented LB broth, with AHL lactonase treatment. The controls
were maintained without the treatment of AHL lactonase and the bio-
film was quantified as previously reported method (Rajesh and Rai,
2014a,b).

Effect of AHL-lactonase treatment on formation of biofilm in A.
hydrophila was studied using sterile polystyrene, 96-well microtiter
plate as explained earlier with 100 μg/ml of purified AHL-lactonase.

2.11. Microscopy

Visualization of biofilm formation and effect of AHL-lactonase were
performed as reported earlier (Rajesh and Rai, 2015). Briefly, P.

Fig. 3. Unrooted phylogenetic tree deriving from neighbor-joining showing the evolutionary relationship of endophytic Enterobacter sp. CS9, E. ludwigii CS16 and E.
aerogenes CS28 with its closest BLAST hits. The neighbor-joining tree was maintained by 1000 boot straps using MEGA-6 software.
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aeruginosa PAO1 and A. hydrophila was grown in 50mm glass slide
taken in 90mm petridish along with and without (control) AHL-lacto-
nase treatment. The slides were rinsed with sterile distilled water, air
dried and stained with 0.5ml of a 10 μg/ml prefiltered solution of DAPI
(Himedia, India) and incubated for 5min at 28 °C. The biofilm cell at-
tachment was observed under fluorescence microscope and inhibition
of biofilm formation was compared visually with treated and control
samples.

2.12. Statistical analysis

Statistical significance of variance for quantification of quorum
quenching by microtiter plate assay was analyzed by one way ANOVA
followed by Tukey's test. Graphpad Prism 5.03 software was used for
statistical determinations.

3. Results

3.1. Endophytic bacteria and their QQ activity

Based on morphological differences, a total of 87 isolates were se-
lected from C. fenestratum Gaertn., as bacterial endophytes. Cell-free
lysates from all the isolates were screened for presence of QQ activity
using C4-HSL, C6-HSL and C8-HSL as substrates for C. violaceum CV026.
CS9, CS16 and CS28 isolates exhibited degradation of AHL molecules
(Table 2). The extent of decrease in intensity of violacein produced
expressed as percent violacein with respect to control is given in Fig. 1.

Among the tested strains, the isolate CS9 exhibited significantly
(p < 0.001) higher degradation activity against C6-HSL molecule
(Fig. 2).

3.2. C. fenestratum associated endophytic QQ bacteria belong to the genus
Enterobacter

Isolates showing degradation of synthetic AHLs were identified by
16S rRNA gene sequencing. Using BLAST search tool the isolated strains
CS9, CS16 and CS28 were identified as Enterobacter sp., Enterobacter
ludwigii and Enterobacter aerogenes respectively. The phylogenetic tree
showed a unique subclade suggesting that novel strains were isolated as
endophytic bacteria (Fig. 3).

3.3. Amplification of aiiA homologous gene

The identified isolates were further tested for the presence of genes
that encode for the quorum quenching enzymes. Using specific primers
about 900 bp amplicon from CS9 and CS16, and about 800 bp from
CS28 were observed (Fig. 4). The obtained amplicons were sequenced.
The homology analysis of the sequence and phylogeny analysis showed
more than 95% similarity to previously reported AHL-lactonase (Fig. 5)
(Dong et al., 2000).

3.4. Multiple alignments of sequence and prediction of putative tertiary
structure of AHL-lactonase

Amplicons of aiiA gene were sequenced and closest hits in BLAST
analysis showed presence of AHL-lactonase. The aiiA homologous gene
belongs to Metallo-β-lactamase superfamily, which are zinc dependent
hydrolases. The multiple sequence alignment analysis using NCBI da-
tabase and ClustralW for these sequences with AHL-lactonase from
other species revealed the presence of motif “HXHXDH” as well as
tyrosine (Y) residue at position 194 (Fig. 6). Furthermore, the putative
tertiary structure was predicted using Swiss-Model and using N-acyl
homoserine lactone hydrolase of B. thuringiensis as a template accession
No. 3dh.1 for Enterobacter sp. CS9, 2a7m.1 for E. ludwigii CS16 and
4j5f.1 for E. aerogenes CS28 along with each showing two Zinc binding
sites (Fig. 7) and Phyre server confirmed the predicted structure with
Swiss-Model workspace. The model showed QMEAN4 score of 0.866 for
Enterobacter sp. CS9, 0.851 for E. ludwigii CS16 and 0.822 for E. aero-
genes CS28 (Benkert et al., 2011).

3.5. Enzyme-substrate binding analysis

We assembled the predicted putative tertiary structure of reported
endophytes containing the active sites responsible for active inactiva-
tion of AHLs based on best pose of substrate-enzyme complex. Many
substrates from short chain to long chain AHLs were selected for
docking study and the result showed multiple substrate affinity along
with ring opening mechanism. All selected substrates positioned as
lactone ring facing cavity and nitrogen atom facing outside (Fig. 8). The
estimated binding energy and Gibbs free energy favour the substrates
with long chains (Table 3) but variations in AHL degradation were not
significant in catalysis of AHLs as estimated by in vitro analysis using C.
violaceum CV026 strain in terms of relative AHL-lactonase activity.

3.6. Purification of AHL-lactonase

Column purified AHL-lactonase active fractions after final step of
purification, were purified to 61.5 fold with the yield of 62.7%
(Table 4). Furthermore, SDS-PAGE analysis of purified AHL-lactonase
showed a band having size of approximately 30 kDa (Fig. 9).

Fig. 4. Amplification of aiiA homologous gene from reported endophytic iso-
lates. Lane M; 100 bp molecular marker, Lane CS9; Enterobacter sp. CS9, Lane
CS16; E. ludwigii CS16 and Lane CS28; E. aerogenes CS28, Lane B; PCR blank
(without DNA template).
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3.7. Antibiofilm activity of AHL-lactonase

The effect of AHL-lactonase on biofilm formation of A. hydrophila
was determined by microtiter plate method as well as fluorescence
microscopy. P. aeruginosa PAO1 and PAO1-JP2 were used as model
organisms to determine the activity of AHL-lactonase on quorum sen-
sing regulated biofilm formation. AHL-lactonase treated PAO1 biofilm
significantly reduced the total biomass (p < 0.001) and with the
PAO1-JP2 strain it was confirmed that, formation of biofilm is regu-
lated by presence of AHL molecules. Furthermore, PAO1-JP2

supplemented quorum sensing molecules significantly reduced the
formation of biofilm on treatment with AHL-lactonase, suggesting that
AHL-lactonase could be an antibiofilm agent against P. aeruginosa in-
fection (Fig. 10A–C).

Similarly, AHL-lactonase also exhibited significant antibiofilm ac-
tivity (p < 0.001) against A. hydrophila. The AHL-lactonase treatment
did not show inhibitory activity on planktonic cells and formation of
biofilm was inhibited by more than 80% of total biomass (Fig. 10D).
Furthermore, the antibiofilm activity was visually confirmed by fluor-
escence microscopy using DAPI. The control slides were fluorescing

Fig. 5. Phylogenetic tree of aiiA homologous gene deriving from neighbor-joining shows the evolutionary relationship between selected AHL-lactonase gene and aiiA
homologous gene from endophytic Enterobacter species. The phylogeny tree was constructed with 1000 boot straps using MEGA-6 software.

Fig. 6. Multiple sequence alignment of amino acid of AHL-lactonase from Enterobacter sp. CS9 (AiiA-CS9), E. ludwigii CS16 (AiiA-CS16) and E. aerogenes CS28 (AiiA-
CS28) aligned with Bacillus sp. 240B1 (AiiA-240, accession number: AF196486.1), Thermaerobacter composti (aiiT, accession number: AB935248.1), Solibacillus
silvestris (ahlS, accession number: AB648919.2), Arthrobacter sp. IBN110 (AhlD, accession number: AF525800.1) and Klebsiella pneumoniae (AhlK, accession number:
AY222324.1). ClustralW2 was used for alignment of sequences and Jalview was used to shade identical residue with blue for aspartic acid, red for histidine and
yellow for tyrosine conserved residues. A short conserved sequence for metal ligands of “HXHXDH” motif and Tyrosine (194) were boxed. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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showing biofilm formation by A. hydrophila and P. aeruginosa PAO1
(Fig. 11). The AHL-lactonase treated slides showed significantly re-
duced biofilm intensity.

4. Discussion

The quorum sensing mechanism is widely distributed in micro-
organisms to regulate the threshold population and control of QS
regulated genes. Quorum quenching enzymes have diverse applications
as they are capable of degradation of quorum sensing signal molecules,
thereby control severity of pathogenesis. AHL-lactonase is one such

quorum quenching enzyme that belongs to the superfamily of metallo-
β-lactamase and shows sequence similarity with glyoxalase II and ar-
ylsulfatase (Dong et al., 2000).

In our study, AHL-lactonase from three different endophytic bac-
teria was isolated and confirmed by the presence of aiiA homologous
gene. Phylogenetically Enterobacter sp. CS9, E. ludwigii CS16 and E.
aerogenes CS28 belong to separate subclade suggesting that the isolated
bacteria were novel endophytes. Previous reports show that, many
isolated endophytic bacteria from peanut, maize and strawberry fruit
also impart plant growth promotion (Rajesh and Rai, 2014a,b; Wang
et al., 2013). Therefore, the presence of AHL-lactonase in endophytes

Fig. 7. Predicted putative tertiary structure of AHL-lactonase from Enterobacter sp. CS9 (A), E. ludwigii CS16 (B) and E. aerogenes CS28 (C) and metal ligands for
dinuclear zinc binding (D, E and F respectively).

Fig. 8. Product-bound predicted putative AHL-lactonase. The predicted AHL-lactonase from Enterobacter sp. CS9 (A), E. ludwigii CS16 (B) and E. aerogenes CS28 (C)
bound with substrate C4-HSL. Similarly AHL-lactonase bound with C12-HSL (D, E and F respectively). The broad substrate binding cavity surfaces were shown with
each substrate in relation to the product's hydrophobic acyl chains. Figure was prepared using coordinates given from SwissDock server and observed using USCF
Chimera.
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support the plant by enhancing the resistance power against invading
pathogens and also used as biological control tool against human, an-
imal or plant pathogens (Chankhamhaengdecha et al., 2013; Dong
et al., 2000).

Prediction of putative tertiary structure of reported quorum
quenching enzymes shows that they belong to AHL-lactonase family
and zinc dependent active enzyme for degradation of AHL. The pre-
sence of a conserved motif “HXHXDH” as well as tyrosine (Y) residue at
the position 194 suggest that the similarity in enzymatic degradation
pattern with reported aiiA encoding enzyme AHL-lactonase (Dong et al.,
2002, 2000). The presence of dinuclear zinc explains the catalytic
mechanism of metallo-β-lactamase superfamily enzymes (Liu et al.,
2008).

Molecular docking and molecular interaction studies on enzyme-
substrate binding patterns exhibited the required substrate orientations
and specificity of AHL-lactonase catalytic activity. The substrate or-
ientation affects the enzymatic activity and results in variations in hy-
drolysis of AHLs due to hydrophobic interactions between AHL-lacto-
nase and AHLs as substrate (Momb et al., 2008). Molecular docking
suggests that AHL substrate binds to dinuclear zinc facing the lactone
ring and hydrophobic acyl side chain facing outside the AHL-lactonase
(Liu et al., 2008; Momb et al., 2008). Similar results of docking for
endophytic AHL-lactonase from Enterobacter sp. CS9, E. ludwigii CS16
and E. aerogenes CS28 with AHLs as substrates (C4-HSL, C6-HSL, 3-oxo-
C6-HSL, C8-HSL, C10-HSL, C12-HSL, 3-oxo-C12-HSL) were observed in
this study.

As reported earlier, the dinuclear zinc present in AHL-lactonase
helps to stabilize the charge of the tetrahedral intermediate and ring
opening mechanism. Initially, nucleophilic attack on AHL carbonyl

carbon by the bridging hydroxide results in ring opening by direct ester
C-O bond cleavage. Then, the Zn1 is required to stabilize the charge of
the tetrahedral intermediate, which facilitates the nucleophilic attack,
similarly Zn2 stabilizes the charge of the alkoxide which leads to ring
opening of lactone moiety (Liao et al., 2009).

A. hydrophila widely exist in aquatic environment as an opportu-
nistic pathogen using quorum sensing system for formation of biofilm
and expression of virulence factors. Further, it is demonstrated that
addition of 0.05% glucose significantly impairs biofilm formation only
at the early stages (Jahid et al., 2013). According to previous reports of
the 24 genes that are associated with biofilm formation, 14 genes en-
hance and 10 genes reduce formation of biofilm. Biofilm formation is
also regulated by 11 genes encodes for histidine kinase, LuxR, fimbrial

Table 3
Estimated substrate binding energy and Gibbs free energy (ΔG) of AHL-lacto-
nase from endophytic bacteria.

AHL-Lactonase Substrate Estimated Substrate
Binding Energy

Estimated ΔG (kcal/
mol)

AiiA-CS9 C4-HSL −37.4792 −9.92
C6-HSL −42.7335 −10.51
3-oxo-C6-HSL −48.1111 −10.98
C8-HSL −54.8449 −10.11
C10-HSL −47.5457 −11.06
C12-HSL −60.5811 −11.53
3-oxo-C12-
HSL

−55.0878 −11.57

AiiA-CS16 C4-HSL −22.4323 −6.56
C6-HSL −23.9506 −6.78
3-oxo-C6-HSL −25.3062 −7.84
C8-HSL −34.7218 −6.75
C10-HSL −39.6959 −7.69
C12-HSL −37.6431 −7.25
3-oxo-C12-
HSL

−31.9013 −7.88

AiiA-CS28 C4-HSL −23.2565 −6.79
C6-HSL −29.5868 −7.28
3-oxo-C6-HSL −30.0367 −7.35
C8-HSL −35.2611 −7.25
C10-HSL −30.4424 −8.11
C12-HSL −40.6991 −8.08
3-oxo-C12-
HSL

−37.6118 −8.78

Table 4
Purification of the AHL-lactonase enzyme from Enterobacter sp. CS9.

Purification step Total protein (mg) Relative AHL-lactonase activity (nmole/h/ml) Specific activity (nmole/h/ml) Yield (%) No. of fold purification

Cell-free lysate 10.45 202.9 19.4 100 1
Ammonium sulphate 6.85 190.4 27.8 98.8 1.43
Sephadex® G-75 1.078 160.8 149.2 83.4 7.67
DEAE-cellulose 0.101 120.9 1197.0 62.7 61.5

Fig. 9. SDS-PAGE analysis of AHL-lactonase from Enterobacter sp., strain CS9.
Lane M: Protein marker, Lane C: Crude cell free lysate, Lane CS9: Purified AHL-
lactonase from Enterobacter sp., strain CS9.
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protein, membrane protein, helicase, trehalose-6-phosphate hydrolase,
transcriptional regulator of the ArsR family and phosphodiesterase,
which plays a major role in LuxI/LuxR QS system (Du et al., 2016).

Since, AHL-lactonase showed hydrolysis activity on AHLs mole-
cules, we allowed enzyme to act on biofilm formation by A. hydrophila.
Treatment with AHL-lactonase on P. aeruginosa PAO1 biofilm sig-
nificantly reduced biofilm formation in presence of provided quorum
sensing molecules suggesting that biofilm formation is regulated by
quorum sensing system in this bacterium. Similarly, treatment with
AHL-lactonase on A. hydrophila reduced the formation of biofilm
without inhibiting the planktonic cells as confirmed by microtiter plate
assay and fluorescence microscopy. Similar results are observed with
AHL-Lactonase from Bacillus licheniformis DAHB1 and Pseudomonas
aeruginosa PsDAHP1 against biofilm forming strains of Vibrio para-
haemolyticus and Proteus species respectively (Vinoj et al., 2015a,
2015b, 2014). Treatment with antibiotics would create survival pres-
sure harsher for cells and promoting antibiotic resistance. However,
control of quorum sensing generally do not create harsher environment
for bacteria and reduce the succession of resistance against treated

antibiotics.

5. Conclusion

Novel AHL-lactonase encoding aiiA homologous genes were iden-
tified from three different endophytic Enterobacter species. The study
demonstrated that, the AHL-lactonase having significant similarity with
the predicted tertiary structure of the Metallo-protein AHL-lactonase.
Molecular interaction of AHL-lactonase with AHLs as substrate would
result in lactone ring opening reaction using dinuclear zinc metal ions.
These AHL lactonases can be effectively used against A. hydrophila
biofilm formation and can be extended to other bacteria against AHL
mediated quorum sensing inhibition.
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