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Abstract
Pseudomonas aeruginosa is the second most emerging multidrug-resistant, opportunistic pathogen after Acinetobacter
baumannii that poses a threat in nursing homes, hospitals, and patients who need devices such as ventilators and blood catheters.
Its ability to form quorum sensing–regulated virulence factors and biofilm makes it more resistant to top most therapeutic agents
such as carbapenems and next-generation antibiotics. In the current study, we studied the quorum quenching potential of
secondary metabolites of Mycoleptodiscus indicus PUTY1 strain. In vitro observation showed a mitigation in virulence factors
such as rhamnolipids, protease, elastase pyocyanin, exopolysaccharides, and hydrogen cyanide gas. Furthermore, a significant
reduction in the motility such as swimming, swarming, twitching, and inhibition in biofilm formation by Pseudomonas
aeruginosa PAO1 was observed. Results of in vitro studies were further confirmed by in silico studies through docking and
molecular dynamic simulation of GC-MS-detected compounds ofMycoleptodiscus indicus employing LasR and RhlR proteins.
Both in vitro and in silico observations indicate a new alternative approach for combating virulence of Pseudomonas aeruginosa
by targeting its protein receptors LasR and RhlR.
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Introduction

Increasing incidents of multi drug resistance among human
pathogens poses an alarming threat to human beings through-
out the world [1]. Presently, a global concern has emerged as
we are passing through a post-antibiotic era where we find a
reduced ability to combat microbes [2]. Traditional ap-
proaches to overcome microbial infections have not been
found to be so effective and hence, targeting the virulence of

microbes presents a more pioneering approach. The strategies
focused for generation of future antimicrobial agents include
those that can improve the efficacy of drugs and thus help
reduce the multidrug resistance [3]. Identification of new nat-
ural bioactive compounds to manage and mitigate different
microbial infections has become a need of the hour. One of
the strategies targeted could be the genetic pathways for bac-
terial control as these pathways are vital for bacterial viru-
lence. Some pathogenic Gram-negative bacteria such as
Pseudomonas aeruginosa, Burkholderia cepacia, and
Serratia marcescens possess acylated homoserine lactone
(AHL)–based quorum sensing (QS) system, which aids in
infection process. Pseudomonas aeruginosa is ubiquitous in
nature and occupies different aquatic and terrestrial habitats. It
infects various plants and animals including human beings
[4–6] by forming biofilms, which aid in bacterial pathogene-
sis. Such bacteria are resistant to chemical disinfectants, drugs,
and the action of host immune defenses [7, 8]. P. aeruginosa
PAO1, having a genome size of 6.2Mbp, encodes for approx-
imately 435 one-component systems (OCSs) and 130 two-
component systems (TCSs) [9]. TCSs in the P. aeruginosa
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act as crucial sensory systems that allow the bacterial adapta-
tion in the adverse environment as well as in the host [10].
TCSs play a crucial role in the regulation of gene expression in
response to external stimuli, which in turn regulate the pro-
duction of virulence factors and biofilm formation. Among the
known TCSs, theGacS/GacAworks as a super regulator of the
QS network because it controls the AHL system by
inactivating the RsmA protein. This results in a negative reg-
ulation of the synthesis of 3-oxo-C12-HSL and C4-HSL and
the signaling molecule of las and rhl system respectively.
Thus, GacS/GacA TCS is directly involved in the synthesis
of various types of virulence factors and biofilm formation
[11]. P. aeruginosa has evolved a complex QS system for
bacterial virulence [12]. Therefore, the infection by
P. aeruginosa can be controlled if the QS-regulated pathways
especially lasI/lasR and rhlI/rhlR systems are targeted [13].
Natural biologically active compounds obtained from various
plants possess important therapeutic properties, which can be
utilized to make next-generation antimicrobial agents that will
help to overcome antibiotic resistance. Many plant-derived
phytoconstituents such as baicalein from Scutellaria
baicalensis, zingerone and 6-gingerol from Zingiber
officinale, and naringenin from Combretum albiflorum have
been found to significantly alleviate the QS-regulated viru-
lence factors in P. aeruginosa [14–16]. The development of
antimicrobial agents to inhibit quorum sensing from fungal
sources is less explored and hence is a promising area. Our
study aimed to disrupt the process of QS regulated virulence
factors in P. aeruginosa by using a saprophytic leaf litter
degrading fungus Mycoleptodiscus indicus PUTY1.

Materials and methods

Chemicals and solvents

The chemicals used in the present research such as azocasein
and elastin Congo red (ECR) were purchased from Sigma
Aldrich, USA. Other chemicals like crystal violet, acridine
orange, trichloro acetic acid (TCA), sodium chloride (NaCl),
Tris-HCl, and nutrient media such as Tryptone Soy Broth
(TSB), Luria Bertani (LB) broth, bacteriological peptone,
and LB agar were procured from HiMedia Lab. Pvt. Ltd.
(Mumbai, India), and solvent such as ethyl acetate purchased
from Avra synthesis Pvt. Ltd. (Hyderabad, India).

Isolation of fungal isolates, media, and storage

Dead and decomposing leaf litter samples of Tridax
procumbens were collected from the main campus of
Pondicherry University (12° 00′ 57″ N, 79° 51′ 30.1″ E)
(Pondicherry, India). A total of 45 fungal isolates were primar-
ily isolated from leaf litter samples through a modified particle

filtration technique [17]. Briefly, the leaf litter samples were
first cleaned carefully with the tap water followed by sterile
distilled water and were dried at room temperature. One gram
of dried leaves was ground in a blender and diluted with
100 mL sterile distilled water to form a particle suspension.
From this, 500 μL was poured in the plates using pour plate
method. The colonies propping up from the PDA plates were
subcultured to get axenic cultures. All the pure fungal isolates
were preserved at − 80 °C in 15% glycerol solution in
cryovials for further analysis.

Extraction of fungal crude extracts and sample
preparation

Fungal isolates were aseptically grown in 1000-mL conical
flasks containing potato dextrose broth (PDB) by incubating
under static conditions at 25 °C ± 2, after inoculating with
freshly grown fungal mycelial bits. After 2 weeks of growth,
the mycelial mat was separated from the broth by using three
layers of muslin cloth and broth was centrifuged at
10,000 rpm for 20 min to remove any fungal spores and tiny
mycelial bits settling as pellet. The resulting filtrate was ex-
tracted twice with equal volumes of ethyl acetate and kept on a
shaker (200 rpm) for 24–48 h for separation of secondary
metabolites. Both aqueous and organic phases were separated
through glass separatory funnel and organic phase of ethyl
acetate was concentrated by rotary vacuum evaporator
(Buchi, India) to collect crude extracts [18]. Fungal crude
extracts were dissolved in DMSO for preliminary screening
and for further in vitro analysis in required concentrations.

Screening of fungal crude extracts

Fungal isolates were subjected to preliminary screening for
their antiquorum sensing potential against an ideal model
strain Chromobacterium violaceum (MTCC 2656) and
P. aeruginosa (MTCC 2453), following agar well diffusion
method as per Oliveira et al. (2016) with minor modification.
In brief, 10 mL of molten soft agar (Tryptone 10 g/L, NaCl
5 g/L, agar 6.5 g/L), seeded with 1% overnight culture of
either P. aeruginosa or C. violaceum, was poured separately
onto the fresh LB agar medium and was allowed to solidify.
Two wells with a diameter of 8 mm were carefully made and
two different doses of fungal crude extracts (250 and 500 μg/
mL) were loaded into each well and the plates were incubated
at 37 °C for 24 h [19].

Identification of potential fungal isolate
through sequencing

Based on the results of initial screening for antiquorum sens-
ing potential of fungal crude extracts, one fungal isolate
PUTY1 was chosen for further studies and was selected for
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molecular identification. The internal transcribed spacer (ITS)
region of the fungal isolate PUTY1 was amplified using spe-
cific primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′)
and ITS4 (5′- TCCTCCGCTTATTGATATGC-3′). The ampli-
fied PCR products were subjected to gel electrophoresis to
check the purity of amplicons and specific band was purified
and sequenced. The sequences obtained were compared for
homology using BLASTN (NCBI) database [20]. The ITS
sequence was subjected to multiple sequence alignment
followed by phylogenetic analysis for molecular
identification.

Phylogenetic analyses

Phylogenetic analysis was performed under maximum likeli-
hood (ML), maximum parsimony (MP), and Bayesian
(BYPP) criteria. Parsimony analysis was carried with the heu-
ristic search option in PAUP (Phylogenetic Analysis Using
Parsimony) v.4. Bayesian analysis was conducted with
MrBayes v. 3.1.2 [21] to evaluate Bayesian posterior proba-
bilities (BYPP) [22] by Markov Chain Monte Carlo sampling
(BMCMC). GTR + I + G was used in the command. Six
simultaneous Markov chains were run for 5,000,000 genera-
tions and trees were sampled every 1000th generation. First
20% of generated trees were rejected and remaining 80% of
trees were used to calculate posterior probabilities of the ma-
jority rule consensus tree. BYPP greater than 0.60 are given
above each node. Maximum likelihood trees were generated
using the RAxML-HPC2 on XSEDE (8.2.8) [23] in the
CIPRES Science Gateway platform [24] using GTR + I + G
model of evolution. Phylograms were visualized with FigTree
v1.4.0 program and reorganized in Microsoft power point
(2007) and Adobe Illustrator® CS5 (version 15.0.0,
Adobe®, San Jose, CA).

Determination of minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of M. indicus
extract against P. aeruginosa was determined using a broth
microdilution method with bacterial concentration of 1 ×
105 CFU/mL in LB broth following the guideline of Clinical
and Laboratory Standards Institute [25].

Violacein inhibition activity

In this test, the overnight culture of C. violaceum (MTCC
2656) was inoculated into freshly prepared LB medium sup-
plemented with and without M. indicus crude extract and in-
cubated at 37 °C for 24 h. After incubation, the cultures were
centrifuged at 13,000 rpm for 10 min for the precipitation of
insoluble violacein. The pellets were resuspended in DMSO
and the suspension was vigorously vortexed followed by
recentrifugation at 13,000 rpm for 10 min. The absorbance

of the supernatant was measured at 585 nm. The
C. violaceum culture without PUTY1 extract acted as control
[25].

Growth curve analysis

The effect of sub-MIC concentration of PUTY1 extract on the
growth and cell proliferation of P. aeruginosa PAO1 was
monitored at 600 nm for 24 h at every 1-h interval by using
spectrophotometer [26].

Effect ofM. indicus extract on QS-regulated virulence
factors of P. aeruginosa

Pyocyanin inhibition activity

To measure the inhibition of pyocyanin pigment, the bacteri-
um was inoculated with and without the sub-MIC concentra-
tion of M. indicus extract, and after overnight incubation at
37 °C, pyocyanin pigment was extracted from cell-free super-
natant using chloroform in the ratio of 3:2 and then re-
extracted using 0.2 M HCl to obtain a pink-colored solution.
The intensity of the solution was recorded at 520 nm [27].

LasA protease activity

Azocasein degrading activity was determined by adding over-
night grown culture supernatant of P. aeruginosa (with treated
or without treated) to 1 mL of 0.3% azocasein in 0.05M Tris–
HCl (pH 7.5) and incubated at 37 °C for 15 min. Then, 10%
TCA was added to stop the reaction followed by centrifuga-
tion at 10,000 rpm for 5 min to get clear supernatant and
absorbance was measured at 440 nm [28].

LasB elastase activity

This activity was measured following the method of Das et al.
[28]. In brief, 100 μL of PUTY1 treated cell-free culture su-
pernatant of P. aeruginosa was added to 900 μL of ECR
buffer (100 mM Tris, 1 mM CaCl2, pH 7.5) containing
20 mg of elastin Congo red and was incubated at 37 °C for
3 h under appropriate shaking conditions. The reaction was
stopped by using 1 mL of 0.7 M sodium phosphate buffer (pH
6.0) and the tubes were kept in cold water bath. The insoluble
ECR was pelleted by centrifugation at 10,000 rpm for 10 min
and the OD was recorded at 495 nm [28].

Motility inhibition assay

Swimming and swarming inhibition assays

The method mentioned by Packiavathy et al. [29] was follow-
ed for swimming and swarming motility assays; PUTY1

Braz J Microbiol (2020) 51:467–487 469



extract treated overnight culture of P. aeruginosa was point
inoculated onto the center of specific swimming agar medium
(tryptone 10 g/L, NaCl 5 g/L, agar 3 g/L). In the case of
swarming assay, overnight culture of P. aeruginosa was point
inoculated at the center of swarming agar medium (10 g/L
peptone, 5 g/L NaCl, 5 g/L agar, and 5 g/L filter sterilized
glucose) having sub-MIC concentration of PUTY1 extract
(750 μg/mL). All the plates were incubated at 37 °C for
24 h [29].

Twitching motility assay

LB agar plates (10 g/L Bacto agar) with and without treatment
with sub-MIC concentration of PUTY1 extracts were pre-
pared for twitching motility assay. Overnight cultures of
P. aeruginosa were stabbed with a sterile toothpick through
the LB agar layer to the bottom of the petri dish and then
incubated at 37 °C for 48 h. The bacterial adherence to the
bottom of the petri plate was examined carefully after remov-
ing the agar and staining the adhered cells with crystal violet
(0.1%,w/v) solution. The petri plates were then washed gently
with tap water to remove non-adherent cells before staining.
The diameter of zone was measured [30].

Congo red agar method (qualitative biofilm
production assay)

Briefly, sterilized aqueous solution of Congo red dye (0.8 g/L)
was added to pre-cooled sterile medium containing brain heart
infusion agar (BHI) (37 g/L), sucrose (50 g/L), and agar (10 g/
L) supplemented with PUTY1 extract (750 μg/mL); fresh
culture of P. aeruginosa was streaked on the Congo red agar
(CRA) plates. The plates were incubated at 37 °C for 48 h and
the color of the colonies formed was observed. Plate without
M. indicus PUTY1 extract worked as control [31].

Rhamnolipid inhibition assay

Briefly, P. aeruginosawas grown in the presence and absence
of PUTY1 fungal extract at 37 °C for 18 h in LB medium.
Cultures were then centrifuged at 10,000 rpm for 5 min. The
supernatant was added with equal portion of ethyl acetate and
vortexed rigorously to yield rhamnolipid containing layer. The
rhamnolipid containing organic phase was dissolved in 99%
chloroform and freshly prepared methylene blue solution
(1.4% (w/v), pH 8.6 ± 0.2) in a 10:1 ratio and the resultant
was vortexed. The chloroform phase was transferred to
0.2 N HCl solution and was vortexed again. Finally, OD of
the upper acid phase containing methylene blue complex was
measured at 638 nm [32].

EPS inhibition assay

The EPS production in P. aeruginosa treated with M. indicus
extract was performed as per Gupta et al. [33] with few mod-
ifications. In brief, overnight culture of P. aeruginosa was
grown with and without PUTY1 extract at 37 °C for 18 h
followed by centrifugation at 10,000 rpm, for 15 min and
the collected pellets were resuspended in buffer (10 mM
KPO4, pH 7, 5 mM NaCl, 2.5 mM MgSO4) and then
recentrifuged at 10,000 rpm for 30 min. The supernatant con-
taining displaced EPS was mixed with three volumes of
chilled absolute ethanol and after overnight incubation at
4 °C, the precipitated EPS was added to a mixture of cold
phenol (5%) and conc. H2SO4 and the absorbance was deter-
mined spectrophotometrically at 490 nm [33].

Effect of M. indicus extract on alginate production

Culture of P. aeruginosa was grown overnight with and with-
out M. indicus extract. In brief, 500 μL of 1 M NaCl was
mixed to 500 μL of overnight bacterial culture and vortexed
followed by centrifugation at 10,000 rpm for 20 min. Then
500 μL of cetylpyridinium chloride was added to the super-
natant, mixed rigorously, and recentrifuged at 10,000 rpm for
10 min. The pellet obtained was resuspended in 500 μL of
cold isopropanol for 10 min. This mixture was then
recentrifuged at 10,000 rpm for 10 min, and finally, the ob-
tained pellet was resuspended in 500 μL of 1 M NaCl for
overnight and alginate was quantified by carbazole assay
[34, 35].

LasA staphylolytic activity

The LasA staphylolytic protease activity of P. aeruginosawas
measured by determining its ability to lyse-boiled culture of
Staphylococcus aureus on treatment with PUTY1 extract. In
brief, 30 mL overnight culture of S. aureuswas boiled for 10–
12 min and then centrifuged for 10 min at 13,000 rpm and the
resultant pellet was resuspended in 10 mM Na2PO4 (pH 4.5).
A 100-μL aliquot of P. aeruginosa test supernatant with the
crude extract was added to 900 μL of the S. aureus suspension
The OD of the mixture was recorded at every 15-min interval
up to 2 h at 600 nm [36]. The percentage of inhibition was
calculated as follows:

Staphylolytic activity (%) = (change in OD600/h in control
− change in OD600/h in treated sample) / (change in OD600/h
in control) × 100

Biomass assay with crystal violet

The biofilm formation activity ofP. aeruginosa after treatment
withM. indicus extract was quantified by following the meth-
od of Luciardi et al. [37] with slight modification. The
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biofilms formed after 24 h of incubation were stained with an
aqueous solution of crystal violet (0.1% w/v) for 20 min
followed by washing with water. The biofilms that remained
fixed to the polystyrene were genially washed with PBS
thrice. The stain bound to biofilm was then dissolved by
adding 95% ethanol and the OD was measured at 595 nm
[37].

Determination of cell surface hydrophobicity

For determination of cell surface hydrophobicity (CSH), over-
night culture of P. aeruginosa containing with and without
M. indicus extract was grown for 24 h and centrifuged at
12,000 rpm for 2 min. The pellets were washed gently and
homogenized in PUM buffer (22.2 g potassium phosphate
trihydrate, 7.26 g monobasic potassium phosphate, 1.8 g urea,
and 0.2 g magnesium sulfate heptahydrate/l (pH 7.1). A
100-μL suspension was taken out to measure the initial cell
density (ICD). 400 μL of toluene was added in the rest of
suspension and vortexed. The aqueous layer was collected,
and the final cell density (FCD) was measured [38]. The per-
centage of hydrophobicity was calculated as follows:

Hydrophobicity %ð Þ ¼ ICD−FCDð Þ=ICD� 100:

Inhibition of hydrogen cyanide production

Hydrogen cyanide (HCN) production was observed by
change in the color of Whatman No. 1 filter paper. Briefly
P. aeruginosa PAO1 was streaked on to nutrient agar medium
supplemented with 4.4 g/L of glycine and with and without
M. indicus extract. Filter papers were saturated in a solution
(2% sodium carbonate and 0.5% picric acid) and kept in the
upper lid of petri dishes. Plates were sealed with parafilm
appropriately to avoid the gas from escaping. Plates were in-
cubated at 28 °C for 4 days. One plate without inoculation of
bacterium was considered as negative control and one plate
without the fungal extract was considered as positive control.
Production of HCN gas turns yellow filter papers into cream,
light brown, dark brown, and finally reddish-brown color
[39].

Microscopic observation of adherence of bacterial cell
on coverslip

Fresh culture of P. aeruginosa was added in the sterilized LB
broth with and without the supplementation ofM. indicus ex-
tract and a sterilized coverslip and was incubated at 37 °C for
16 h. After incubation, the coverslips were washed gently with
PBS to remove unattached cells. Then the coverslips adhering
bacterial cells were stained with 0.4% crystal violet solution
and observed under differential interference contrast (DIC)

microscope in × 100 magnification (Kalia et al., 2015). In
the case of fluorescence microscopic observations, the bacte-
rial biofilms adhering to the coverslips were stained with
0.01% acridine orange for 15–20 min in dark and allowed to
air dry. Adhered cells were fixed by using 2.5% glutaralde-
hyde. Then the coverslips were observed under fluorescence
microscope at × 40 magnification [28].

GC-MS analysis of M. indicus extract

GC-MS analysis of theM. indicus crude extract was executed
to detect the presence of bioactive components. GC-MS anal-
ysis was accomplished at sophisticated instrumentation facil-
ity (Vellore Institute of Technology, 632 014, TN, India).

In silico studies

Modeling and structure validation

In P. aeruginosa, QS is regulated by two critical circuits, i.e.,
las and rhl, which activate the expression of QS-responsive
gene. Upon binding to their respective autoinducers N-(3-
oxododecanoyl)-homoserine lactone (OdDHL) and N-
butyrylhomoserine lactone (BHL), the receptor proteins
LasR and RhlR get activated and this inducer-receptor com-
plex further binds to the conserved las-rhl boxes residing in
the promoters of target genes and regulate the target gene
expression. In the present study, to check the binding affinity
of the compounds present in the fungal secondary metabolites,
the structure of LasR protein was retrieved from the PDB
database (PDB ID: 2uv0, Chain H). Due to unavailability of
crystal structure of RhlR protein in PDB database, its amino
acid sequence was retrieved from the UniProt database (ID:
P54292.1) and submitted to the online ROBETTA server for
the prediction of three-dimensional structure. Finally, the ob-
tained 3D models were confirmed using online RAMPAGE
server (http://mordred.bioc.cam.ac.uk/~rapper/rampage.php)
and qualities of the predictive models were refined by Verify
3D structure evaluation server (http://nihserver.mbi.ucla.edu/
Verify3D/), and the best model was preferred for docking
studies [40]. The ligand binding site of both the proteins was
predicted via Coach Webserver (https://zhanglab.ccmb.med.
umich.edu/COACH/). The ligands used for docking studies
include the natural ligand, positive control, and six other
ligands for LasR and RhlR. The 3D structures of all these
ligands have been prepared by using the Marvin Sketch
software (www.marvinsketch.com).

Molecular docking studies

Glide version 11.5 in Schrodinger Maestro version 10.6
(Schrodinger LLC, New York) has been applied for molecular
docking studies to prepare LasR&RhlR proteins, whose bond
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orders were assigned including the addition of hydrogen and
all the water molecules were removed. In this way, proteins
were improved by using OPLS force field. Glide version 11.5
in Schrödinger maestro suite was used for grid generation.
Docking grid was generated for the proteins LasR and RhlR
by using the residues present in their active sites, Tyr-56, Trp-
60, Asp-73, Thr-75, Ser-129, and Trp-68 respectively where
their respective natural autoinducers interacted. All possible
states of ligands at neutral pH were generated in ionized and
tautomeric forms with the help of LigPrep module 2.5 in
Schrödinger maestro version 9.2 and were optimized by using
OPLS force field. Finally, the proteins (LasR and RhlR) and
ligands were docked by using molecular docking suit Glide,
version 11.5 in Schrödinger maestro suite in extra precision
(XP) mode. The 0.8 scale factor and less than 0.15 partial
atomic charge was applied to the atoms of both proteins for
van der Waals radii. The number of poses generated for each
ligand was set criteria up to 10,000 and out of them, 10 best
poses per ligand were taken into the consideration. The best
docked complex from each of the ligand docking calculation
was chosen based on glide score function value and interac-
tion of the relative docked complexes were taken up for fur-
ther studies [28].

Molecular dynamics simulations

The behavior of protein-ligand (LasR-ligand and Rhlr-li-
gand) complexes was studied with the help of molecular
dynamics (MD) simulation by using the program
GROMACS 5.1.2. Initially, the topology files for docked
LasR-ligand complexes of the representative protein (PDB
ID: 1VU0, Chain H) with the natural ligand, positive con-
trol, and other docked compounds were created by using
pdb2gmx. Both generated protein structures were proc-
essed further on “What If server” [41]. Ligand topology
was generated by using the PRODRG server [42], by
selecting the chirality charges and no energy minimization
for both receptors. Later, energy minimization steps for
both the receptor-ligand complexes were carried out to re-
lax the internal constraint of the complexes by using
steepest descent algorithm method on GROMOS96 43a1
force field parameter. Further, proteins were solvated by
SPC216 with Spce-ignh water model in the triclinic box
size of 1.0-nm distance. The complex having the best dock
pose with binding score was chosen as a starting structure
for MD simulations. The bond angles and geometry of the
water molecules were constrained with LINCS [43] and
SETTLE [44] algorithm respectively. The van der Waals
and electrostatic long-range interactions were applied by
using fast particle mesh Ewald (PME) electrostatics [45].
Additional Parrinello-Rahman [46] method was used to
regulate the pressure while modified weak coupling
Bearsden thermostat and V-rescale algorithm were used

to regulate the temperature of the system. Both NVT and
NPT were accomplished for 100 ps and monitored for their
equilibration status. Finally, the system was subjected to
30 ns of production MD simulation run with a time frame
of 2 fs.

Statistical analysis and percentage inhibition
calculation

All the tests were performed in triplicates. The outcomes were
shown as mean ± standard deviation (SD). To determine the
significance, one-way (ANOVA) followed by Tukey’s Q test
were carried out between the different test groups of different
sub-MIC values by using the SPSS software version 20.0, at
5% level of significance. Values (*) are significantly different
from 250 μg/mL at p < 0.05.

Percentage inhibition was calculated for various assays as
follows:

Inhibition %ð Þ ¼ A:Control−A:Sample

� �
=A:Control

� �� 100

where A.Control is the absorbance of the control and A.Sample is
the absorbance of treated sample.

Results

Antiquorum sensing activity of M. indicus extracts

Based on the screening results of 45 fungal isolates,
M. indicus was shortlisted as its extract exhibited highest quo-
rum quenching potential against C. violaceum and
P. aeruginosa with 25-mm and 20-mm zones of inhibition
respectively at a dose of 250 μg/mL. Therefore, M. indicus
extract was preferred for further studies against P. aeruginosa.

Molecular identification of PUTY1 fungal strain

The BLAST search analyses of our sequence at NCBI
GenBank revealed that our selected fungal isolate PUTY1
showed 100% homology with Mycoleptodiscus indicus. The
ITS gene dataset comprised 17 taxa including our newly se-
quenced taxon along with Pyricularia urashimae as outgroup
from Magnaporthaceae. The trees generated under ML, MP,
and BYPP analyses were similar in overall topologies.
Phylogeny inferred fromML,MP, and BYPP analyses depicts
that our taxon nested withMycoleptodiscus indicuswith mod-
erate bootstrap support (Fig. 1). Our sequence generated was
submit ted to the NCBI GenBank with the name
Mycoleptodiscus indicus PUTY1 with KY550710 as its ac-
cession number.
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Determination of MIC and sub-MIC and analysis
of growth curve

The effect of various concentrations of M. indicus PUTY1 ex-
tract on the growth of P. aeruginosawas investigated. Turbidity
was not observed at and beyond the concentration of 1000 μg/
mL. Therefore, 1000 μg/mL was considered as MIC and fol-
lowing sub-MIC concentration, i.e., 250, 500, and 750 μg/mL
were selected for our studies. Growth curve analysis was ob-
served when P. aeruginosawas treated withM. indicus extract.
A significant sigmoid growth curve was observed same as in
control with slow growth rate at 750μg/mL suggesting that it is
not perturbing the viability of the cells (Fig. 2(A)).

Violacein pigment inhibition assay

M. indicus extract showed a significant reduction in violacein
production by C. violaceum in comparison with untreated
control with 48.16 ± 1.23, 68.01 ± 1.32, and 84.15 ± 0.99%
of reduction at 250-, 500-, and 750-μg/mL concentrations
respectively (Fig. 2(B)).

M. indicus extract effect on virulence factors

Effect on pyocyanin, LasA protease, and LasB elastase
production

A significant decrease in the pyocyanin production was ob-
served when it was treated withM. indicus extract as compared
with untreated control with 59.68 ± 1.58, 71.47 ± 2.03, and
75.22 ± 2.31% decrease at 250, 500, and 750 μg/mL sub-
MIC respectively (Fig. 2(B)). The effect of M. indicus extract
on azocasein degrading potential of P. aeruginosa was investi-
gated. A marked reduction in protease activity as 49.98 ± 1.94,
64.56 ± 1.24, and 70.09 ± 3.68% at 250-, 500-, and 750-μg/mL
concentrations respectively was observed when treated with
PUTY1with respect to the untreated control (Fig. 2(B)). The
expression of elastase enzyme is very crucial for P. aeruginosa
as it plays an important role in infecting the patients. In this
experiment, a clear reduction in elastolytic activity of
P. aeruginosa was observed when treated with sub-MIC doses
of M. indicus extract as shown in the Fig. 2(B) with an inhibi-
tion of 43.68 ± 3.2, 63.38 ± 1.76, and 75.57 ± 3.11% at 250,
500, and 750 μg/mL concentrations respectively (Fig. 2(B)).

Fig. 1 Paup tree based on
analysis of ITS partial sequence
data. Bootstrap support values for
ML and MP higher than 60% and
BYPP greater than 0.60 are given
above each branch respectively.
The fungal isolate of present
study is in bold (Mycoleptodiscus
indicus PUTY1). The tree is
rooted to Pyricularia urashimae
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Inhibition in motility

When treated withM. indicus extract, an inhibition in motility
of P. aeruginosa such as swimming, swarming, and twitching
was observed with an inhibition of 94.09 ± 1.71, 86.86 ± 1.24,
and 97.32 ± 1.64% respectively at 750-μg/mL concentration
with respect to the untreated control (Fig. 3).

Effect on EPS production as evidenced from Congo red agar
method

P. aeruginosa treated with M. indicus extract at 750 μg/mL
showed whitish colonies whereas untreated P. aeruginosa
showed blackish colonies on CRA plate; it suggested that there

is significant decrease in EPS production by P. aeruginosa
when treated with M. indicus extract. (Fig. 4(A)).

Effect ofM. indicus extract on EPS, rhamnolipid, and alginate
production

EPS plays a crucial role in the initial stage of biofilm formation
because it aids in the cell attachment and gives mechanical
strength to the biofilm thus helping the bacteria towards gaining
resistance against drugs. A dose-dependent decrease in EPS
production of P. aeruginosa was noticed as 41.27 ± 3.62,
45.08 ± 2.24, and 65.36 ± 3.24%, when treated with
M. indicus extract at the concentrations 250, 500, and 750 μg/
mL respectively (Fig. 4(B)). P. aeruginosa is well known for

Fig. 2 (A) The effect of M. indicus extract at a dose of 500 μg/mL and
750 μg/mL on the growth of P. aeruginosa in comparison control. (B)
Effect ofM. indicus extract at concentrations of 250, 500, and 750 μg/mL

on violacein production in C. violaceum and pyocyanin, protease, and
elastase production in P. aeruginosa

Fig. 3 Effect ofM. indicus extract
at a concentration of 750 μg/mL
on motilities of P. aeruginosa.
Swarming motility, control vs.
treated with M. indicus extract
(A1, A2); swimming motility,
control vs. treated withM. indicus
extract (B1, B2); twitching motil-
ity, control vs. treated with
M. indicus extract (C1, C2)
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production of rhamnolipid as it helps in the swarming motility
by reducing the surface tension of the medium. In this experi-
ment, rhamnolipid production was investigated. An inhibition
of 41.27 ± 3.62, 57.97 ± 1.15, and 68.61 ± 1.55% in
rhamnolipid production was observed on treatment with
M. indicus extract at 250, 500, and 750 μg/mL doses respec-
tively (Fig. 4(B)). Alginate is an exopolysaccharide synthesized
byP. aeruginosa; it assists in unfavorable conditions and aids in
adhesion to substratum. The P. aeruginosa treated with
M. indicus extract showed a reduction in alginate production
by 57.76 ± 3.39, 82.43 ± 2.29, and 89.79 ± 1.56% at 250, 500,
and 750 μg/mL doses respectively (Fig. 4(B)).

LasA staphylolytic activity

The dose-dependent reduction was observed in staphylolytic
activity of P. aeruginosa when treated withM. indicus extract
because of reduction in the ability to lyse heat-killed S. aureus
as compared with the control by 40.07 ± 0.94, 63.97 ± 1.56,
and 81.19 ± 4.21% at 250, 500, and 750 μg/mL concentra-
tions respectively (Table 1).

Quantification of reduction in biofilm formation due
to M. indicus extract

Biofilm development byP. aeruginosa is hard to treat and thus
leads to resistance to conventional antibiotics. On treatment of

P. aeruginosa byM. indicus extract, a significant reduction in
the biofilm formation was observed. At doses of 250, 500, and
750 μg/mL, the biofilms reduced by 45.03 ± 2.05, 65.93 ±
2.47, and 76.89 ± 2.24 respectively (Table 1).

CSH inhibition assay

Cell surface hydrophobicity of P. aeruginosa help in the col-
onization by adhesion to surfaces. A concomitant decrease in
CSH of P. aeruginosa was observed when treated with in-
creased doses of M. indicus extract. CSH reduced by 44.29
± 1.78, 63.88 ± 3.63, and 68.70 ± 2.73% at the concentrations
250, 500, and 750 μg/mL respectively as compared with the
untreated control (Table 1).

HCN gas production

The attribute of HCN gas production is well known in
Pseudomonas. A significant decrease in HCN gas production
was indicated by the filter paper as very less discoloration was
observed when P. aeruginosa treated with M. indicus extract
750 μg/mL as compared with the negative (filter paper im-
pregnated with solution but without Pseudomonas
aeruginosa) and positive (withoutM. indicus extract) controls
(Fig. 5(a)).

Fig. 4 (A) Effect of M. indicus
extract at a concentration of
750 μg/mL on biofilm formation
in P. aeruginosa by Congo red
agar (CRA) method, control (A1)
vs. treated withM. indicus extract
(A2). (B) Effect of M. indicus
extract at concentrations of 250,
500, and 750 μg/mL on
rhamnolipid, EPS and alginate
production in P. aeruginosa

Table 1 Effect of M. indicus
extracts (250, 500 and 750 μg/ml)
on staphylolytic activity, biofilm
forming activity and cell surface
hydrophobicity in P. aeruginosa

Concentrations of M. indicus
extracts (μg/mL)

Staphylolytic
activity

Biofilm formation
assay

Cell surface hydrophobicity
(CSH) assay

250 40.07 ± 0.94 45.03 ± 2.05 44.29 ± 1.78

500 63.97 ± 1.56* 65.93 ± 2.47* 63.88 ± 3.63*

750 81.19 ± 4.21* 76.89 ± 2.24* 68.70 ± 2.73*

All the values were represented as Mean ± standard deviation of three replicates.

*values are significantly different from 250 μg/mL at p<0.05
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DIC and fluorescence microscopic observation
of biofilm

Effect of M. indicus extract on the biofilm formation on
glass cover slips was observed. A clear decrease in the
coverage and density of bacterial cells under DIC micro-
scope appeared which indicate the reduction in biofilm
formation when it is treated with M. indicus extract as
compared with untreated control. Likewise, a fluorescence
microscopic observation of P. aeruginosa treated with
M. indicus extract exhibits a significant reduction in adher-
ence of bacterial biofilm on the glass cover slip as com-
pared with the untreated cover slips (Fig. 5(b)).

GC-MS analysis

The compounds which are present in M. indicus PUTY1 ex-
tract were detected in GC-MS analysis, and their details are
mentioned in Table 2. The compounds were further studied by
in silico analysis.

In silico studies

Quorum sensing–regulated virulence factors and biofilm for-
mation are controlled by its natural autoinducers 3-oxo-C12-
HSL and C4-HSL interaction with LasR and RhlR respective-
ly. In order to find out the reason behind the attenuation of
quorum sensing by the M. indicus extract, in silico studies
were carried out. Biologically active compounds detected in
GC-MS study played an important role in determining the
interaction of these compounds or ligands with the LasR and
RhlR protein. The 2-D structures of these ligands are shown in
Fig. 6. Docking score, glide energy, number of H-bond, and
residues forming hydrophobic interaction were showed in
great detail in Table 3. The results obtained from the docking
studies revealed that phenol,2,4-bis(1,1-dimethylethyl) exhib-
ited the maximum interaction with LasR, as observed by its
docking score of − 7.95 kcal/mol, with one H-bond while the
passive residues formed 12 hydrophobic and Van der Waal
interactions within the catalytic site which was close to posi-
tive control, baicalein (a prominent quorum quenching agent)

Fig. 5 (A) Effect of M. indicus extract at a concentration of 750 μg/mL
on HCN production by P. aeruginosa (−C, +C, and T represent negative
control, positive control, and treated withM. indicus extract respectively).
(B) Microscopic observation of effect ofM. indicus extract at 750-μg/mL
dose on biofilm formation by P. aeruginosa. Differential interference

contrast (DIC) microscope observation of biofilm formation by
P. aeruginosawhen treated byM. indicus extract (1b) in comparison with
control (1a). Fluorescence microscopic observation of biofilm formation
when treated by M. indicus extract (2b) in comparison with control (2a)
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(Fig. 7). The docking score of 1,2-benzenedicarboxylic acid,
bis(2-methylpropyl) ester, showed almost similar interactions
with Tyr-56 and Tyr-64 residues of LasR with a docking score
of − 5.94 kcal/mol and formed two H-bonds. Natural ligand,
3-oxo-C12-HSL, formed three H-bonds with Tyr-56, Trp-60,
and Asp-73 amino acid residues of LasR. Furthermore, bis(2-
ethylhexyl) maleate showed less interaction towards LasR
with − 2.15 dock score and formed one H-bond with Arg48
residues. The successful molecular docking of phenol, 2,4-
bis(1,1-dimethylethyl)- and 1,2-benzenedicarboxylic acid,
bis(2-methylpropyl) ester with LasR transcriptional receptor,
proposed that the crude extract of M. indicus inactivated the

LasR receptor and it could be the primemode of action against
virulence factors [1].

In the case of RhlR, 1,2-benzenedicarboxylic acid, bis(2-
methylpropyl) ester observed the highest docking score of −
3.24 kcal/mol and formed 1 H-bond with Trp-68, as compared
with positive control Furanone C30, which has shown a
docking score of − 5.13 kcal/mol (Fig. 8). Additionally,
bis(2-ethylhexyl) maleate, pyrimidine-2,4(1h,3h)-dione, and
5-amino-6-nitroso also showed interaction with Arg48 and
Trp68, Asp81, and Ser129 respectively with − 2.15 and −
2.05 docking scores.

Analysis of molecular dynamics simulation

Molecular docking Simulations were performed on the LasR
ligand complex (positive control and ligands of fungal crude
extract) and RhlR ligand complex (positive control and fungal
crude extract) for 30 ns to check the stability of the complex. If
the binding site residues are able to maintain the interaction
with the receptor protein throughout 30-ns simulation, it depicts
the stability of docked complex when compared with the pos-
itive controls. Xmgrace tool helped in plotting various graphs
used in the study. RMSD of the backbone shows that the
docked complex attains stability after 15 ns (Figs. 9 and 10).

Docked complexes were simulated for 30 ns with
GROMACS 5.1.2 and RMSD of backbone of protein used
in the study of stability of complexes of positive control
LasR + P, LasR + M1, and LasR + M2 complex. It has been
shown by the RMSD that the maximum deviation of the pro-
tein was 2.41 Å as compared with initial protein complex
backbone (Fig. 9(A)), which means all the ensembles of the
protein-ligand conformations were observed within a range of
deviation 2.41 Å (higher) to 2.01 Å (stable). This showed the
stability after 15 ns throughout the simulation of all com-
plexes. RMSD of the complexes of the positive control (P)
named baicalein with LasR abbreviated as LasR + P, phenol,
2,4-bis(1,1-dimethylethyl), named “M1” with LasR abbrevi-
ated as LasR + M1 and 1,2-benzenedicarboxylic acid, and
bis(2-methylpropyl) ester named “M2”with LasR abbreviated

Table 2 List of secondary metabolites present in the crude extract of M. indicus PUTY1 identified by GC-MS analysis

Sl no. Bioactive compound Retention time Molecular formula Molecular weight Peak area (%)

1 Acetic acid, 1-methylethyl ester 2.658 C5H10O2 102 1.952

2 Pyrimidine-2,4(1h,3h)-dione, 5-amino-6-nitroso 2.718 C4H4O3N4 156 2.223

3 Phenol, 2,4-bis(1,1-dimethylethyl)- 13.223 C14H22O 206 4.564

4 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester 17.129 C16H22O4 278 8.379

5 11-Tricosene 18.295 C23H46 322 1.855

6 10-Methylanthracene-9-carboxaldehyde 18.84 C16H12O 220 49.675

7 bis(2-Ethylhexyl) maleate 19.675 C20H36O4 340 4.025

9 1-Hexyl-1-nitrocyclohexane 21.796 C12H23O2N 213 10.073

10 5,7-Dodecadiyn-1,12-diol 23.812 C12H18O2 194 2.182

Fig. 6 Schematic representation of 2D images of (A) natural ligand for
LasR (3-Oxo-C12-HSL), (B) positive control for LasR (baicalein), (C)
natural ligand for RhlR (C4-HSL), (D) positive control for RhlR
(furanone C30), and ligands (which were showed higher docking score),
(E) phenol, 2,4-bis(1,1-dimethylethyl)-, (F) 1,2-benzenedicarboxylic ac-
id, bis(2-Methylpropyl) ester, (G) bis 2-ethylhexyl maleate and, and H.
pyrimidine-2,4(1h,3h)-dione, 5-amino-6-nitroso
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a b c

d e f

g h i

j k l

Fig. 7 Molecular docking studies of phenol, 2,4-bis(1,1-dimethylethyl)- and
1,2-benzenedicarboxylic acid, bis(2-methylpropyl) ester, bioactive
components of M. indicus extract to investigate the interaction with the
residues of active site of LasR protein, compared with natural ligand and
positive control. Here, each ligand protein complex showing three images
first one by LigPlot, second one by pymole, and third one by pymole
(Zoomed view). (A) LigPlot view of natural ligand (C12-HSL) interacting
with active site residues of LasR protein, (B) 3D view of natural ligand-LasR
protein complex, (C) zoomed view, (D) LigPlot view of positive control

(baicalein) interacting with active site residues of LasR, (E) 3D view of
positive control LasR protein complex, (F) zoomed view, (G) LigPlot view
of phenol, 2,4-bis(1,1-dimethylethyl)- interacting with active site residues of
LasR, (H) 3D view of phenol, 2,4-bis(1,1-dimethylethyl)-LasR protein com-
plex, (I) zoomed view, (J) LigPlot view of 1,2-benzenedicarboxylic acid,
bis(2-methylpropyl) ester interacting with active site residues of LasR, (K)
3D view of 1,2-benzenedicarboxylic acid bis(2-methylpropyl) ester-LasR
protein complex, (L) zoomed view
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as LasR + M2 were found to be 2.40 Å, 2.12 Å, and 2.477 Å
respectively (Fig. 9(A)). LasR + M1 complex showed least
deviation than the LasR + M2 and positive control whereas
LasR + M1 showed similar RMSD to positive control after
15 ns. Therefore, M1 could be considered as the best inhibitor
than the M2 and positive control while M2 similar to positive
control. Residue fluctuations of the amino acids were calcu-
lated, with respect to the initial stage by applying the root
mean square fluctuations (RMSF) (Fig. 9(B)). The local
changes in the structure during the MD simulations can be
achieved with the help of RMSF. A sharp peak in the RMSF
plot indicated that the residues exhibit more fluctuations

during simulations. The dimensions of an object can be
described with the help of “Radius of gyration” by calculating
the RMSD between center of gravity and its ends. Radius of
gyration provides an indication to the level of compaction in
the structures and also aids in the measurement of the stability
of the folded protein. Radius of the initial starting structure
was 1.52 nm which decreased up to 1.44 nm at the end of
30 ns and MD simulations showed that protein-ligand com-
plex was stable and well folded (Fig. 9(C)). During the MD
simulations, it has been observed that an average protein com-
plex has 1–4 H-bonds between the ligand and receptor com-
plex (Fig. 9(D)).

a b c

d e f

g h i

Fig. 8 Molecular docking studies of 1,2-benzenedicarboxylic Acid,
bis(2-methylpropyl) ester bioactive component of M. indicus extract to
investigate the interaction with the residues of active site of RhlR protein,
as compared with natural ligand and positive control. (A) LigPlot view of
natural ligand (C4-HSL) interacting with active site residues of RhlR, (B)
3D view of natural ligand-RhlR protein complex, (C) zoomed view, (D)

LigPlot view of positive control (furanone C30) interacting with active
site residues of RhlR, (E) 3D view of positive control-RhlR protein com-
plex, (F) zoomed view, (G) LigPlot view of 1,2-benzenedicarboxylic
acid, bis(2-methylpropyl) ester interacting with active site residues of
RhlR, (H) 3D view of 1,2-benzenedicarboxylic acid, bis(2-methylpropyl)
ester-RhlR protein complex, (I) zoomed view
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In the case of RhlR ligand complex, RMSD showed the
maximum deviation (Fig. 10(P)) of the protein as 4.389 Å
(0.4389 nm) compared with the initial protein complex back-
bone. This means all the ensembles of the protein-ligand con-
formations were observed within a range of deviation 6.281
(higher) to 4.675 Å (stable). RMSD values of the positive
control, and (ligands of fungal crude extract) 1,2-
benzenedicarboxylic acid, bis(2-methylpropyl) ester abbrevi-
ated as RhlR + N1 and bis(2-ethylhexyl) maleate abbreviated
as RhlR + N2 were found to be 6.281 Å, 7.620 Å, and 5.695 Å
respectively (Fig. 10(P)). RhlR + N1 and RhlR + N2 complex
showed approximately similar deviation from 10 to 30 ns but
both the complexes showed less deviation than the RhlR + P
(positive control). Simultaneously positive control showed
least stable RMSD compared with N1 and N2 complexed of
RhlR. Therefore, N1 could be considered as the best inhibitor
than the positive control and because N2 has been reported as
a toxic molecule. RMSF plot indicated that the residues also
show less fluctuation compared with positive control during
simulations (Fig. 10(Q)), which shows that interacting residue
interacting with the ligand during simulation. Radius of the
initial starting structure was 2.1696 nm which decreased up to

2.0441 nm at the end of 30 ns and MD simulations showed
that protein-ligand complex was stable and well folded
(Fig. 10(R)). It has been observed that N1 and N2 showed
more no of an average 1–5 H-bonds between ligand protein
complex as compared with complex of positive control (RhlR
+ P) which showed its better binding to receptor with ligand
N1and N2 than the positive control (Fig. 10(S)).

Discussion

Biofilm is a well-organized community of microbial cells, can
be formed on animate or inanimate objects, and is surrounded
by self-secreted biopolymers. Biofilm-associated microbial
infections are usually hard to eradicate due to the emergence
of multi-drug-resistant strains. P. aeruginosa is well known
for biofilm formation and it can form a potent biofilm even
anaerobic condition as in cystic fibrosis patients. Hence, there
is an ever-growing need to identify and explore the hidden
bioactive molecules which act against microbial biofilm for-
mation. Quorum quenching is one of the effective strategies
for targeting the microbial quorum sensing pathways to

P (Positive Control i.e. Baicalein); M1 (Phenol, 2,4-Bis(1,1-Dimethylethyl)-); M2 (1,2-

Benzenedicarboxylic Acid, Bis(2-Methylpropyl) Ester).

a b

c d

Fig. 9 Analysis backbone trajectory of the LasR-complexes onwards. (A) RMSD, (B) RMSF, (C) radius of gyration, and (D) H-bond
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prevent the virulence and biofilm formation of P. aeruginosa.
In this report, the quorum quenching competence of biologi-
cally active secondary metabolites of M. indicus extract
against P. aeruginosa was investigated. On the basis of mor-
phological and molecular phylogenetic analyses, the
shortlisted fungal culture PUTY1 was identified as
Mycoleptodiscus indicus PUTY1 (KY550710.1) which
formed a distinct monophyletic clade with other M. indicus
strains. Mycoleptodiscus indicus, a dematiaceous hyphomy-
cete, has occasionally been reported as pathogenic because it
rarely infects human beings. Until now, only 3 cases have
been reported and all probably initiated by direct transmission
ofM. indicus from the floral part [47].M. indicus PUTY1 has
been isolated for the first time from Tridax procumbens. In
addition, secondary metabolites produced by M. indicus
showed significant antivirulence activities against
Pseudomonas aeruginosa. Andrioli et al. (2014) reported
three azaphilones from M. indicus viz. mycoleptones A, B,
and C, isolated from the host Borreria verticillata. Besides,
four polyketides, such as austdiol , eugenit in, 6-
methoxyeugenin, and 9-hydroxyeugenin, were also reported
from the same fungi [48]. Various biological activities have

been found in azaphilones like antibacterial, antifungal, anti-
oxidant, antiviral, nematocidal, and anti-inflammatory [49,
50].

In this study, a preliminary screening was performed
against the model organism, i.e.,Chromobacterium violaceum
to check the quantitative violacein inhibition to evaluate the
quorum quenching potential of M. indicus extract. When the
concentration of M. indicus extract increased, the production
of violacein decreased significantly. Current finding is in
agreement to the previous study where dose-dependent inhi-
bition in violacein production was recorded [51].Growth
curve analysis showed that P. aeruginosa treated with
M. indicus extract, produced a similar sigmoid curve as in
the untreated control which suggests that it is not affecting
the viability of the cells at sub-MIC dose [27]. Virulence factor
like pyocyanin which is regulated by rhl system of
P. aeruginosa responsible for acute oxidative damage to the
internal organs such as lungs and impaired ciliary functions in
the patients. M. indicus extract exhibited significant dose-
dependent reduction in pyocyanin production by 75.21 ±
2.31% at 750 μg/mL. The same activity of pyocyanin inhibi-
tion has been found in Terminalia chebula extract [52].

P (Positive Control i.e. Furanone C30); N1 (1,2-Benzenedicarboxylic Acid, Bis(2-

Methylpropyl) Ester); N2 (Bis(2-Ethylhexyl) Maleate).

(P)

(R)

(Q)

(S)

Fig. 10 Analysis backbone trajectory of the RhlR complexes onwards. (P) RMSD (Q) RMSF (R) Radius of gyration, and (S) H-bond
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Ex vivo result showed that elastase producing isolates of
P. aeruginosa significantly aid in damaging the skin and
wound by degrading the skin proteins [53] and thus aid in
the pathogenicity. Hence, elastase assay was also performed.
This study showed a significant decrease in elastase produc-
tion when treated with M. indicus extract. A similar elastase
reduction was reported by Zhou et al. [54] where
P l e c t o s p h a e re l l a c u c ume r i n a , i s o l a t e d f r om
Orychophragmus violaceus, showed 42% reduction in elas-
tase production against P. aeruginosa at a dose of 1 mg/mL
[28]. P. aeruginosa also produces a hydrolytic enzyme, prote-
ase, which helps in the colonization of host tissues in unfavor-
able conditions [27]. The protease is another deadly virulence
factor secreted by this bacterium that degrades the proteins of
infected tissues in the host and facilitates growth and invasion
of bacteria [55]. In the present study, M. indicus extract
showed significant attenuation in protease production as
shown in the figure (Fig. 2(B)). This result of ours corrobo-
rates with that of a previous finding depicting the fungal sec-
ondary metabolites from Plectosphaerella cucumerina atten-
uating protease activity significantly [54].

It has been reported that higher swarming motility facili-
tates microbial biofilm formation efficiently [56]. Due to the
strong correlation between motility and bacterial colonization
on the surface, we checked the effect ofM. indicus extract on
bacterial movement. Results indicated adequacy of PUTY1
crude extract in diminishing the swimming, swarming, and
twitching motility as compared with the control of swimming,
swarming, and twitching (Fig. 3).

Formation of biofilm and development of MDR strains are
primarily responsible for ineffectiveness of antibiotic therapy
in patients infected by Pseudomonas aeruginosa [57]. In this
context, efficacy ofM. indicus extract on biofilm formation by
this bacterium was tested on Congo red agar. The control,
which was devoid of M. indicus extract, showed black crys-
talline colonies due to the EPS formation that aids in the de-
velopment of biofilm. However, in the presence of increasing
concentrations of M. indicus (PUTY1) extract, the organism
was unable to form biofilm and black-colored colonies were
not observed, indicating the absence of formation of EPS [31].

In biofilm formation, rhamnolipids have an important role,
as they modulate the swarming and colonization of incipient
biofilm formation. Moreover, M. indicus extract significantly
downregulates the production of rhamnolipid in P. aeruginosa
in a dose-dependent manner. The downregulation of
rhamnolipid showed the potential of M. indicus extracts
against quorum sensing as rhamnolipid promotes maturation
of biofilm and play important role in chronic infections by
immune evasion [58]. Alginate is a key constituent of EPS
and aids in maintaining the integrity and architecture of bio-
film and provides resistance against drugs by hindering its
access. Furthermore, it has been supported by animal studies
that it takes part in tissue damage, promotes existence in the

lungs, and hinders host immune clearance [59]. Therefore, we
also checked the effect of M. indicus extract on alginate pro-
duction. A significant decrease in alginate was observed,
which is in accordance with earlier findings [60].

M. indicus extract also acted on the early stage of the bio-
film development by decreasing CSH and EPS. Generally,
HCN gas production begins at a late exponential phase or at
the start of stationary phase because it is QS-dependent [61].
A significant reduction in HCN production was observed after
treatment withM. indicus extract as compared with the nega-
tive (impregnated with solution but without Pseudomonas
aeruginosa) and positive (withoutM. indicus extract) controls
(Fig. 5(a)). The ability of M. indicus extract to reduce the
biofilm formation was also confirmed by microscopic obser-
vations, illustrating significant reduction in adherence of bac-
terial cells on the glass cover slip when compared with the
dense biofilm in the control (Fig. 5(b)).

The GC-MS analysis revealed the biologically active com-
pounds, which were present in M. indicus extract in different
proportions. The main potential components present in
M. indicus extract were 10-methylanthracene-9-
carboxaldehyde, 1-hexyl-1-nitrocyclohexane, 1,2-
benzenedicarboxylic acid, bis(2-methylpropyl) ester, phenol,
2,4-bis(1,1-dimethylethyl)-, and bis(2-ethylhexyl) maleate.
The details of compounds present in M. indicus extract are
shown in Tab l e 2 . The compound 1 - hexy l - 1 -
nitrocyclohexane found in GC-MS analysis in the crude ex-
tract was reported to have biological activities such as antiox-
idant, antimicrobial, and anti-inflammatory from the metha-
nolic leaf extract of Eupatorium triplinerve, a medicinal plant
[62]. The compound phenol, 2,4-bis(1,1-dimethylethyl) also
called 2,4-di-tert butylphenol (DTBP), present in the
M. indicus extract has shown a peak area percentage of
4.564 in the GC-MS analysis. This indicates its efficiency in
conferring biological activities and active quenching of the
QS-controlled virulence factors and biofilm formation.
DTBP is known to have diverse therapeutic activities as re-
ported in previous studies, including antimalarial [63]. anti-
bacterial, antifungal, anticancer, and antioxidant activities
[64]. This is the first report of this compound to be reported
in M. indicus extracts. Further, the presence of 1,2-
benzenedicarboxylic acid, bis(2-methylpropyl) ester in the
M. indicus extract also gave an insight into its possible role
in quorum quenching due to its therapeutic nature of antimi-
crobial activity [65]. The present study has demonstrated that
M. indicus extracts exhibited significant quorum quenching
activities against virulence factors and biofilm formation,
which are regulated by LasI/R and RhlI/R QS systems of
P. aeruginosa.

The in vitro experiments of quorum quenching indicate that
the M. indicus extracts have a great potential in downregulat-
ing the virulence of P. aeruginosa by significantly altering the
expression of its corresponding genes. As shown in the
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results, a concentration-dependent reduction was found in
staphylolytic activity of P. aeruginosa when treated with
M. indicus extracts. This finding is in agreement with the
previous studies [36]. Besides these, M. indicus extracts also
exhibited significant potential against biofilm formation as
evidenced from both crystal violet micro titer plates and mi-
croscopic observations, which depict its importance in the
alteration of bacterial tolerance to conventional antibiotics.
An array of bioactive constituents was reported by means of
GC-MS analysis.

The importance of bioactive constituents produced by
M. inducus, found in GC-MS analysis, in the attenuation of
quorum sensing associated virulence was further validated by
“in silico studies.” Mode of action of bioactive constituents
has been well depicted by the molecular docking studies due
to inactivation of the LasR and RhlR transcriptional receptor
proteins. In silico analysis showed the mechanism of com-
pounds present in theM. indicus extract in quorum quenching.
Docking analysis with LasR protein exhibited that phenol,
2,4-bis(1,1-dimethylethyl), a known quorum sensing agent,
binds firmly to the LasR protein, which was close to docked
score of the natural ligand 3-Oxo-C12-HSL. Also, 1,2-
benzenedicarboxylic acid, bis(2-methylpropyl) ester has
shown a very good docking score and formed 2H-bond with
Tyr-56, and Tyr-64. Molecular dynamics–based trajectory
analysis has shown an energetically stable conformation of
LasR proteins with their corresponding ligand complexes.
RMSD profile showed that all the complexes attained their
equilibrium after 15 ns (Fig. 9). It has been noticed that phe-
nol, 2,4-bis(1,1-dimethylethyl)-LasR complex revealed a
proper steady pattern after 15 ns followed by 1,2-
benzenedicarboxylic acid, bis(2-methylpropyl) ester with
some fluctuations. Both were showed better stability pattern
than the positive control.

In terms of RhlR, 1,2-benzenedicarboxylic acid, bis(2-
methylpropyl) ester, showed the highest, i.e., − 3.24, docking
score which was similar to natural ligand of RhlR. After that,
bis(2-ethylhexyl) maleate showed − 2.15 docking score,
which was less than the natural ligand of RhlR.

In RMSD, the 1,2-benzenedicarboxylic acid, bis(2-
methylpropyl) ester-RhlR complex, exhibited initial fluctua-
tions up to ∼ 10 ns and then showed stable conformation after
∼ 12 ns. However, in RhlR-bis(2-ethylhexyl) maleate com-
plex, a steady pattern was observed after ∼ 15 ns (Fig. 10).
The present study provides alternative strategies to develop
the potent quorum sensing inhibitors from unexplored fungal
secondary metabolites.

Conclusions

The present study reveals thatM. indicus extracts exhibit sig-
nificant decrease in QS-regulated virulence factors and

biofilm formation in P. aeruginosa. This suggests that
M. indicus extracts play a critical role in downregulating the
QS-regulated genes resulting in significant alterations in the
production of virulence factors. Additionally, M. indicus ex-
tracts also exhibited a significant reduction in the biofilm for-
mation as evidenced from the microscopic observations. The
potential of bioactive component of M. indicus extracts, ob-
tained from GC-MS analysis, was further confirmed by in
silico analysis. The in silico studies have shown that the com-
pounds present in theMycoleptodiscus indicus extract such as
phenol, 2,4-bis(1,1-dimethylethyl)-, showed binding affinity
with LasR protein whereas 1,2 benzenedicarboxylic acid,
bis(2-methylpropyl) ester showed binding affinity with both
the proteins, LasR and RhlR, to mitigate the QS of
P. aeruginosa. Thus, the present study unfolds alternative
strategies for the exploitation of effective quorum sensing in-
hibitors (QSIs) from unexplored natural resources.
Additionally, the current study also unfolds new possibilities
in the application and evolution of secondary metabolites of
fungal origin as antimicrobial agents in the post-antibiotic
period. Future research endeavors should focus on purification
of the potent compounds, which may enhance our understand-
ing towards fungal secondary metabolites as one of the natural
sources.
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