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Abstract 
Microbial infections have become a global threat to drug-tolerant phenomena due to their biofilm formatting capacity. In 
many cases, conventional antimicrobial drugs fail to combat the infection, thus necessitating the discovery of some alternative 
medicine. Over several decades, plant metabolites have played a critical role in treating a broad spectrum of microbial infec-
tions due to its low cytotoxicity. Andrograpanin, a secondary metabolite, is a diterpenoid present in the leaf of Andrographis 
paniculata. In this study, andrograpanin (0.15 mM) exhibited significant inhibition on biofilm production by Pseudomonas 
aeruginosa in the presence of gentamicin (0.0084 mM). The impaired production of extracellular polymeric substances and 
several virulence factors of Pseudomonas aeruginosa were investigated to understand the mechanism of action mediated by 
andrograpanin. The structural alteration of biofilm was evaluated by using fluorescence microscopy, atomic force micros-
copy and field emission scanning electron microscopy. The in silico molecular simulation studies predicted interaction of 
andrograpanin with quorum sensing proteins such as RhlI, LasI, LasR, and swarming motility protein BswR of Pseudomonas 
aeruginosa. Overall the studies indicate that andrograpanin could be used as a therapeutic molecule against biofilm develop-
ment by Pseudomonas aeruginosa.
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Introduction

One of the principal reasons for human mortality is due 
to nosocomial infection by various infectious agents like 
viruses, bacteria, parasites, etc. impacting the wellbeing 
in today’s society (Wu et al. 2011; Haque et al. 2018). 
Bacteria develop tolerance against conventional antibiotics 
due to excessive and uncontrolled use. Due to this phe-
nomenon, it is almost impossible to eradicate them from 
the human population. Pseudomonas aeruginosa, a Gram-
negative bacterium, is one of the model microorganisms 
for research in the field of medical microbiology, and this 
bacterium is responsible for approximately 70% of hos-
pital-acquired infections (Wu et al. 2011). P. aeruginosa 
exhibits a strong tolerance towards conventional antibiotic 
treatment due to biofilm formation in the bacterial colony 
(Cepas et al. 2019). Biofilm can display drug-tolerance 
capacity because of the presence of the multilayer struc-
ture, which acts as a potential barrier against the host 
defence and as well as externally added antibiotics. This 
structure helps the bacteria under biofilm to escape the 
hostile effect of drugs and make them less susceptible than 
planktonic cells (Bjarnsholt 2013). Biofilm exhibits the 
highest tolerance to antibiotics in its fully developed phase 
(Soto 2013). Additional mechanisms are also involved in 
the antimicrobial drug resistance and tolerance, including 
genetic modification, alteration of metabolic status and up-
regulation of efflux pumps of the bacteria (Pearson et al. 

1999). Biofilm is comprised of cell subpopulations, some 
of which are metabolically active, and some subpopula-
tions are inactive. These subpopulations show different 
altered phenotypes against antibiotics as most antibiotics 
function in metabolically active cells (Pamp et al. 2008). 
The metabolically inactive cells show less susceptibility 
to the antibiotics like tetracycline, gentamicin, and chlo-
ramphenicol than that of the active cell subpopulation and 
become tolerant to the conventional antibiotics (Pamp 
et al. 2008).

Thus, biofilm is an important defence mechanism and a 
facilitator of bacterial pathogenesis in the host. The forma-
tion of biofilm enables the bacterial cell to attach with the 
surface the living host or the nonliving substratum (Donlan 
2002). After reaching a threshold of cell density in a bac-
terial population, the formation of biofilm is initiated by 
the secretion of some extracellular polymeric substances 
such as polysaccharide, proteins, lipids and extracellular 
DNAs (Costa et al. 2018). These biological processes are 
governed by the major signalling pathway named quorum 
sensing (QS) (Lu et al., 2005), in which some chemicals 
are secreted depending on the cell density of accumulated 
bacteria. These are mainly bacterial pheromones, called 
auto-inducers (AI-1 and AI-2). The molecules further 
moderate the downstream gene expressions, which lead to 
the secretion of proteins that cause expression of bacterial 
responses such as the production of specific virulence fac-
tors including pyocyanin, rhamnolipid, elastase, protease. 
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(Moradali et al. 2017; Soni et al., 2008). The quorum sens-
ing of P. aeruginosa is controlled by two N-acyl-homoser-
ine lactone (AHL)-dependent cell signalling pathways. 
las and rhl, are the two principle genes regulating the 
expression of N-3-oxododecanoyl-l-homoserine lactone 
(3-oxo-C12-HSL) and N-butanoyl-l-homoserine lactone 
(C4-HSL), respectively following a hierarchy. These two 
autoinducer molecules act as transcriptional activators 
modulating the expression of virulence factors responsi-
ble for biofilm mediated pathogenesis (Diggle et al. 2002; 
Medina et al. 2003; Mukherjee et al. 2017).

An alternative new therapeutic approach to treat biofilm-
associated antibiotic-tolerant bacteria like P. aeruginosa is 
bioactive plant-based products (Choudhury et al. 2016; Das 
et al. 2016; Abinaya and Gayathri 2019; Ghosh et al. 2019; 
Majumdar and Roy 2019; Majumdar et al. 2020). These are 
mainly secondary metabolites of plants, which effectively 
constrain the formation of biofilm by limiting the number 
of bacteria but also inhibit the production of signalling mol-
ecules of QS system (Gao et al. 2003; Simoes et al. 2009; 
Cragg and Newman 2013). Andrographis paniculata is a 
well-known plant that is used as a potential herbal medi-
cine all over the world, especially in many countries of Asia 
Pacific (Singha et al. 2003; Banerjee et al. 2017). Due to 
the presence of diterpenoids, flavonoids, and polyphenols, 
the plant extract has been used to treat anti-inflammatory, 
anti-parasitic, and antibacterial infections from decades (Li 
et al. 2006; Roy et al. 2010, 2011; Ooi et al. 2011; Roy et al. 
2011; Ma et al. 2012; Majumdar, Biswas et al. 2019). Many 
research groups have reported that antibiofilm activity of the 
extract of A. paniculata against P. aeruginosa (Donlan and 
Costerton 2002; Ooi et al. 2011; Barsoumian et al. 2015). 
One of the important bioactive compounds present in the 
extract is andrograpanin (AGPN) (Liu et al. 2008), which 
is a hydrolyzed product of another major compound named 
neoandrographolide of A. paniculata (Liu et  al. 2008). 
Many therapeutic applications of andrograpanin have been 
reported in recent years. Importantly, andrograpanin also has 
an inhibitory role in HIV infection (Niranjan Reddy et al. 
2005).

In this study, we report the efficiency of andrograpanin 
against biofilm formation by P. aeruginosa. It is observed 
that AGPN potentially inhibits biofilm formation, substan-
tiated by several experiments on biochemical, physical and 
computational aspects. The inhibitory action of AGPN dem-
onstrates the synergistic effect in the presence of standard 
antibiotic gentamicin against biofilm development along 
with suppression of some important virulence factors pro-
duction. Assessment through molecular docking predicts the 
binding affinity of AGPN to several proteins related to bio-
film production, which might play a role in reducing biofilm 
production. These findings suggest AGPN could be used as 
a promising antibiofilm agent.

Materials and methods

Reagents

Andrograpanin (Sigma-Aldrich, USA; Cat. No. 19,443), 
Tryptone Soya Broth (HiMedia), Safranin (HiMedia), 
Congo Red (HiMedia), Azocasein (HiMedia) Nutrient 
Agar (HiMedia), Glucose (HiMedia), Glutaraldehyde 
(Loba-Chemie), Osmium tetroxide (Loba-Chemie) and 
all other required chemicals were purchased from reputed 
companies.

Microbial cultivation

Pseudomonas aeruginosa wild-type (strain number: MTCC 
7814) was used in this study. This strain available in North-
East of India was isolated and deposited by Dr. B.K. Kanwar, 
(Department of Molecular Biology & Biotechnology, Tezpur 
University, India). This strain was previously used for the 
antimicrobial study (Roy et al. 2013; Majumdar et al. 2019a, 
b, 2020) Similar to our previous studies, the bacteria were 
primarily cultured on Tryptone Soya Agar (TSA) plate. A 
single colony of P. aeruginosa was isolated from the TSA 
plate by a single colony isolation method and incubated in 
Tryptone Soya Broth (pH 7.4) at 37 °C for 24 h.  106 CFU/
mL cell suspension of mid-log phase was prepared from this 
overnight culture for all following investigations on biofilm 
study (Debnath et al. 2020).

Development and estimation of biofilm growth

For the development of biofilm by P. aeruginosa, sterile 
96-well plates (polypropylene tissue culture plates, flat-bot-
tom) were used. Primarily,  106 CFU/mL cell suspension was 
added in each well of 96-well plate comprising of 200 µL of 
TSB media and incubated at 37 °C for 48 h. After incuba-
tion, the cultures of each well was discarded, rinsed with 
sterilized distilled water for three times and kept for air dry. 
The attached biofilm of each well was stained with safranin 
0.5% (w/v) for and incubated for 10 min. Excess stain was 
rinsed out with 0.9% saline, and the 96-well plate was kept 
to become completely dry. Adherent biofilms with stain dis-
solved in glacial acetic acid (30%, w/v). The absorbance 
was measured at 492 nm using a microplate reader (Diatek 
LWR96, Kolkata India) (Majumdar et al. 2019a, b).

Determination of minimum inhibitory 
concentration (MIC)

The minimum inhibitory concentration (MIC) of gen-
tamicin and andrograpanin was determined by using the 
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broth microdilution method as per Clinical and Laboratory 
Standards Institute (CLSI) for this study (Patel 2017).

Determination of bacterial growth

The cell suspension of P. aeruginosa  (106 CFU/mL) was 
incubated at 37 °C for 24 h in TSB media supplemented 
with sub-MICs doses of AGPN and GEN. The assay was 
performed by using a sub-MIC dose of AGPN and GEN 
separately in the wells, as well as in a combination of sub-
MIC doses of both in a single well in sterile 96-well plates. 
The absorbance of bacterial growth was recorded at every 
4 h interval upto 24 h at 595 nm using a microplate reader 
(Diatek LWR96) (Wallis et al. 1981).

Evaluation of the anti‑biofilm activity 
of andrograpanin

This experiment was designed to determine the anti-biofilm 
action of andrograpanin individually or in combination with 
the sub-MIC dose of gentamicin (GEN) (0.0084 mM). The 
bacterial cell suspension  (106 CFU/mL) was incubated for 
48 h at 37 °C with andrograpanin and combination with 
GEN. Estimation of biofilm growth under the exposure 
of the drug of interest was evaluated at 492 nm following 
standard methods, as earlier mentioned (Schillaci et al. 2013; 
Das et al. 2016). The percentage of biofilm inhibition was 
calculated of all experimental sets with respect to untreated 
control.

Assessment of total exopolysaccharide of biofilm

The assessment of the total polysaccharide content of bio-
film was determined by the phenol-sulphuric acid method. 
A combination of 1 mL of freshly prepared 5% phenol and 
5 mL of 96% sulphuric acid was mixed with 200 µL of the 
biofilm sample, as previously mentioned at 30 °C for 15 min. 
The optical density (O.D) was measured at 490 nm (Com-
brouse et al. 2013).

Assessment of total protein of biofilm

The total protein of biofilm made by P. aeruginosa was 
determined by the Bradford protein estimation method. 
Concisely,  106 CFU/mL cell suspension was incubated with 
a different dose of andrograpanin (0.125 mM, 0.15 mM) 
with a combination of the sub-MIC dose of GEN at 37 °C 
for 48 h. Here the untreated set was considered as control. 
After discarding the planktonic cells, adhered biofilm was 
gently rinsed with sterile PBS (pH 7.1). The content of each 
well was sonicated at 50 Hz for 45 min, followed by protein 
estimation test by Bradford reagent, and O.D was measured 
at 595 nm (Combrouse et al. 2013; Majumdar et al. 2019a).

Assessment of extracellular free deoxyribonucleic acid 
(eDNA)

Estimation of extracellular DNA (eDNA) was performed 
after treatment with andrograpanin and gentamicin by UV 
spectrophotometer by recording the absorbance at 260 nm 
after DNA extraction from biofilm with bacterial genomic 
DNA purification kit following manufacturer’s instructions 
(Majumdar et al. 2019a).

Assessment of interactions between antimicrobial 
compounds

The interaction of AGPN with GEN was determined by 
checkerboard titration method using a 96-well plate. A series 
of fractional (1/2, 1/4, 1/8) concentrations of the MIC value 
of both the compounds were assayed to understand the inter-
actions between them. The following equation calculated the 
Fractional Inhibitory Concentration (FIC) Index for combi-
nations of AGPN and GEN against P. aeruginosa:

where A is the MIC of compound A (AGPN), and B is 
the MIC of compound B (GEN), considered during com-
bined treatment.  MICA represents the MIC of compound 
A (AGPN), and  MICB represents the MIC of compound 
B (GEN). The interaction is determined based on the FIC 
index, where FIC Index ≤ 0.5 represents synergistic effect; 
> 0.5 to ≤ 1 represents additive effect and FIC index > 1 
indicates antagonistic interaction (Eliopoulos and Moeller-
ing Jr 1996).

Identification of biofilm by fluorescence microscopic 
study

An inverted fluorescence microscope was used to assess 
the andrograpanin treated and untreated biofilm of P. aer-
uginosa. After 48 h incubation with the drug, treated and 
untreated samples were stained with Congo Red for 20 min 
in the dark to determine the polysaccharide content present 
in biofilm through microscopy. Excess stain was washed 
with PBS (pH 7.2) for two times. The coverslip containing 
biofilm was seen under the fluorescence microscope (Zeiss 
AXIO observer, Oberkochen, Germany) with Congo red 
stain (Jung et al. 2015).

Studies of biofilm topography by atomic force 
microscopy (AFM)

AFM analysis of biofilm was carried out on the mica sheet 
with minor modifications from earlier reports (Hu et al. 

FICIndex = FICA + FICB = A∕MICA + B∕MICB,
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2012; Majumdar et al. 2019a). The treated and untreated 
groups of samples fixed on the mica sheet containing bio-
films were analyzed, and the images were captured by the 
microscope (Bruker Multimode 8, MA, USA). The rough-
ness of biofilm was evaluated with NanoScope Analysis 
v1.40 software.

Estimation of exoprotease activity

The following methodology evaluated the exoprotease activ-
ity of P. aeruginosa. 48 h treated and untreated cultures 
were spun down at 10,000 rpm for 5 min. 150 µL of the 
supernatant of each experimental set was incubated with 
1 mL of azocasein (0.3% in 0.05 m Tris–HCl, pH 7.5) for 
15 min at 37 °C following the addition of 0.5 mL of trichlo-
roacetic acid (10%) to the reaction mixture, and centrifuged 
at 10,000 rpm for 5 min. The absorbance of the supernatant 
was measured at 400 nm (Kessler and Safrin 1994). Here 
the increased absorbance indicates the presence of protease 
in the sample, which can digest azoprotein and release the 
azo dye. Absorbance is directly proportional to the protease 
present in the sample.

Determination of LasB activity

Elastin Congo red (ECR) assay was performed to estimate 
the elastase activity of P. aeruginosa. Briefly, 50 µL of cul-
ture supernatant was added to ECR (10 mg/mL in 0.1 m 
Tris–HCL, pH 7.0). The absorbance of the centrifuged sam-
ple was measured at 495 nm after 17 h incubation at 37 °C 
under shaking condition (Toder et al. 1991). Elastin diges-
tion by elastase allows the dye to release from the dye–elas-
tin complex. The increasing rate of absorbance is directly 
proportional to the amount of enzyme present in the sample.

Estimation of the rhamnolipid production

Estimation of rhamnolipid production by P. aeruginosa was 
performed by the orcinol method (Gutierrez et al. 2013). Ini-
tially, 500 µl of culture supernatant of treated and untreated 
groups were extracted two times with 1.5 mL of diethyl ether 
and centrifuged at 10,000 rpm for 5 min at 4 °C. The pellets 
were air-dried and re-suspended in 100 µL of double-dis-
tilled water. 800 µL of 60% (v/v) sulphuric acid with 100 µL 
of 1.7% orcinol solution was mixed with the subsequent 
solution of interest. The absorbance was recorded at 420 nm 
after heating the solution at 80 °C for 30 min in a water 
bath. The percentage of production of rhamnolipid was cal-
culated with respect to the untreated group. Rhamnolipids 
are converted into methyl furfural through hydrolysis and 
thus reacts with orcinol, which leads to the formation of a 
blue-green colour solution, which is measured at 420 nm.

Estimation of pyocyanin

The investigation of pyocyanin production was performed 
by the well-known method established by Essar et al. The 
cell suspension  106 CFU/mL of P. aeruginosa was incubated 
as designed experimental sets with andrograpanin and gen-
tamicin for 48 h at 37 °C. The supernatants were collected 
after centrifugation at 10,000 rpm for 5 min. Consequently, 
3 mL of chloroform was mixed with 5 mL of supernatant and 
extracted using 0.2 N HCl. The solutions were changed to 
orange-pink colour, and absorbance was measured at 520 nm 
(Majumdar et al. 2019a).

Measurement of swarming motility of Pseudomonas 
aeruginosa

To determine the swarming motility movement of P. aer-
uginosa, nutrient agar (8 g/L) supplemented with glucose 
(5 g/L) was considered as a media for conducting experi-
ments. The polystyrene plates containing media were incu-
bated with cell suspensions of 48 h treated and the untreated 
group of P. aeruginosa culture at the centre of the plates. 
The plates were incubated for 48 h at 37 °C, and spreading 
distance due to bacterial growth from inoculation point was 
measured (Das et al. 2016).

Molecular docking simulation

Molecular simulation studies investigated the binding effi-
ciency of AGPN [ligand, Pubchem Id: 11,666,871 (Kim 
et al. 2015)] into the active sites of four proteins, namely 
RhlI [PDB ID: 1KZF (Watson et al. 2002)]; LasI [PDB ID: 
1RO5 (Gould et al. 2004)]; LasR [PDB ID: 3IX3 (Bottomley 
et al. 2007)]; BswR [PDB ID: 4O8B (Wang et al. 2014)] 
related with biofilm formation pathways of Pseudomonas 
aeruginosa (MTCC 7814). Two different simulation soft-
wares were used to evaluate the binding activity of AGPN 
with quorum sensing proteins of P. aeruginosa [AutoDock 
version 4.2.6 for setting up the system with ADT 1.5.6 soft-
ware (Morris et al. 2009) and Glide release 2015-3 software 
(Schrodinger LLC, New York, NY, USA) (Repasky et al. 
2007)].

According to the AutoDock Lamarckian genetic algo-
rithm, polar hydrogens were added to the proteins and 
ligands, and charges were assigned according to Gasteiger 
(Gasteiger and Marsili 1980). Further, after identification 
of residues present in the active site of each protein, as 
described in PDB, was used to set up the grid map with 
a spacing of 0.375 Å and focused on the active sites for 
docking score calculations. The dimensions of this grid map 
were set up for each protein accordingly to fit each active 
site [dimension (78 × 60 × 72 points for 1KZF; 84 × 72 × 94 
points for 1RO5; 56 × 64 × 120 points for 3IX3; 64 × 98 × 84 
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points for 4O8B with the spacing of 0.375 Å]. Before dock-
ing, the water molecules and ligands present in crystallo-
graphic structures were removed. For andrograpanin ligand, 
100 docking runs were performed, selecting the target pro-
tein as rigid along with the ligand as flexible. The maxi-
mum number of energy evaluations to 2,500,000 was set, 
and the remaining parameters were set as default (Dubey 
et al. 2016). Docking poses were clustered using an RMSD 
value of 2.0 Å. The best-posed representative conformations 
for each compound were selected after evaluation. A total of 
50 decoy molecules of AGPN have been generated with the 
help of DUD-E website (http://dude.docki ng.org/gener ate) 
and Glide release 2015-3 software (Schrodinger LLC, New 
York, NY, USA) (Mysinger et al. 2012) to reinforce the in 
silico outcomes. Besides, these decoy molecules of AGPN 
were docked against four proteins, such as LasR; LasI; RhlI 
and BswR. Besides, based on literature, other ligands that 
used to bind effectively with each protein of interest were 
checked further in a similar docking platform to validate our 
findings (Parai et al. 2018; Qais et al. 2019). Protein Prepara-
tion Wizard of Maestro graphical user interface (Schrodinger 
LLC, New York) was employed for making structure for 
Glide. Ionization states and tautomeric states were generated 
along with the addition of Hydrogens by Epik (Shelley et al. 
2007), and PROPKA was used for the orientation setting of 
proteins (Olsson et al. 2011). Standard precision was used 
to dock all the ligands enabling of post-minimization and 
addition of penalties of Epik state to docking scores. The 
maximum of 100 poses was documented for each ligand-
protein interactions. After that, the Glide Score and Glide 
Emodel scores were originated following standard proto-
cols (Dubey et al. 2019). The Emodel was used for pose 
selection (picks the “best” pose of the ligand) in Glide, and 
then with the help of the Glide Score, the best poses were 
ranked. Increased negative values explained a stronger bind-
ing affinity.

The results from Autodock and Glide docking were saved 
as .pdbqt extension and .pdb extensions, respectively. Dis-
covery Studio Visualizer tools were used to analyze the 
interactions between the ligand and proteins.

Quantitative analysis lasR and rhlI mRNA 
by qRT‑PCR

Pseudomonas aeruginosa MTCC 7814 was treated for 48 h 
at 37 °C with the sub-MIC dose of andrograpanin in com-
bination with gentamicin. TRIzol Reagent (Invitrogen™, 
CA, USA) was used for the extraction of total RNA from 
treated and untreated groups. cDNA from this isolated 
RNA was synthesized by using the Verso cDNA synthesis 
kit (Thermo Fisher Scientific, USA) following the manu-
facturer’s instruction. RT-qPCR was performed for the lasR 
and rhlI gene with Power Up™ SYBR green master mix 

(Applied Biosystems, CA, USA) with respective primers 
(lasR-Forward: 5′-ACG CTC AAG TGG AAA ATT GG-3′; 
Reverse: 5′- GTA GAT GGA CGG TTC CCA GA-3′, rhlI-
Forward: 5′-CTC TCT GAA TCG CTG GAA GG-3′; Reverse: 
5′-GAC GTC CTT GAG CAG GTA GG-3′). Primary (citable) 
accession number: A7UJ09 represents lasR, the Primary 
(citable) accession number: P54291 represents rhlI. Quan-
titative RT-PCR (Quant Studio5 Real-Time PCR system, 
Applied Biosystems) was performed under the following set 
of temperatures at 50 °C for 2 min and followed by initial 
denaturation for 10 min at 94 °C. Consecutively, 30 PCR 
cycles were performed at 94 °C for 20 s and 60 °C for 1 min. 
16 s rRNA was considered as an endogenous control gene. 
The fold change was calculated from the critical threshold 
cycle (CT) value. The change-in-threshold  2(−ΔΔCT) method 
was used to calculate the relative expression of the treated 
group compared to the control (untreated) group (Lee et al. 
2008).

Structural studies of biofilm by FE‑SEM

The field emission scanning electron microscopy (FE-SEM) 
was performed to evaluate the effect of andrograpanin on 
the structural aspect of biofilm made by P. aeruginosa. The 
treated and untreated biofilms were developed on 10 mm 
round coverslips for 48 h followed by 2 h incubation with 
2.5% glutaraldehyde (v/v 0.1 PBS, pH 7.3) at 4 °C for fix-
ing the cells. After three consecutive washes with buffer, all 
coverslips were treated with 1% osmium tetroxide for 1 h at 
4 °C followed by dehydration in a series of ethanol (30%, 
50%, 70%, 90%, and 100%). Samples were dried enough 
before SEM analysis. Images of the sample were recorded by 
FE-SEM (Sigma-300, Carl Zeiss) with 6000× magnification 
(Priester et al. 2007).

Statistical analysis

Minimum three independent replicate experiments were per-
formed to obtain a statistically significant result. Experimen-
tal outcomes were expressed as mean ± standard deviation. 
The statistical significance of triplicates was calculated by 
using one-way ANOVA using Turkey’s multiple compari-
sons test with Graph Pad Prism 7.00 software. The p value of 
0.05, was considered to mention as statistically significant.

Result

Determination of MIC of AGPN and GEN

The Gram-negative bacterium Pseudomonas aeruginosa 
(MTCC 7814) is an established model organism for biofilm 
research. Initially, we estimated the MIC value of AGPN and 

http://dude.docking.org/generate
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GEN before conducting any anti-biofilm study using those 
molecules. The objective is to calculate the MIC value of 
AGPN and GEN to understand the toxicity of AGPN against 
Pseudomonas bacteria. As we know, if a bacterium is sick 
or dying, it cannot make biofilm or any other virulence fac-
tor. Accordingly, the minimum inhibitory concentration 
(MIC) of AGPN and Gentamicin (GEN) was determined at 
0.832 mM and 0.021 mM, respectively.

AGPN inhibits biofilm formation

The bacteria Pseudomonas aeruginosa (MTCC 7814) 
showed significant attenuation of biofilm production due to 
exposure to AGPN in a dose-dependent manner. The com-
pound’s effect was evaluated in its sub-MIC dose, which 
was further increased by the addition of the sub-MIC dose 
of GEN to the experimental set. AGPN blocked approxi-
mately 54% biofilm production at 0.125 mM, which was 
further augmented by up to 60% at 0.15 mM (Fig. 1a). The 
sub-MIC dose of GEN (0.0084 mM) has a minor inhibitory 
effect (~ 10%) on biofilm production. However, the outcome 
was dramatically changed when the bacteria were treated 
in combination with AGPN and GEN, as it showed ~ 90% 
inhibition (p < 0.0001) (Fig. 1b). From this observation, this 
can be stated that a combination of AGPN with GEN has an 
impact on organisms to inhibit biofilm production, which 
will be investigated further by conducting the following 
experiments.

AGPN attenuates EPS production of biofilm

EPS made of polysaccharide, protein, and eDNA are the 
main constituents of biofilm. To determine the role of AGPN 
on EPS production of biofilm by P. aeruginosa, levels of 
biofilm carbohydrate, protein and eDNA were estimated. 
AGPN alone significantly inhibited the extracellular car-
bohydrate, protein and eDNA production up to ~ 60% at 
0.15 mM. This inhibition was further increased up to ~ 91% 
(p < 0.0001) during combined treatment with the sub-MIC 
dose of GEN (Fig. 1c).

Synergistic effect of AGPN with GEN and their role 
on bacterial cell viability

From the cell viability assay, no significant change was 
observed in bacterial cell growth during 24 h treatment 
with AGPN, sub-MIC dose of GEN, or their combination 
(Fig. 1d), which confirms the antibiofilm activity of AGPN 
against P. aeruginosa without hampering the cell popula-
tion. The synergistic interaction of AGPN and GEN was 
established by the determination of the FIC index at 0.375, 
thereby reinforcing the effects of antibiofilm activity. Based 
on previous studies, 0.15 mM of AGPN has been considered 

for all subsequent experiments, and this amount of dose is 
quite low compared to the MIC value of AGPN.

Observation of altered biofilm structure 
through microscopy

In the following experiments, we investigated the structural 
alteration of biofilm using fluorescence microscopy and 
atomic force microscopy.

In Fig. 2a, we performed fluorescence microscopy study 
to observe the stain on the outer surface texture of exopoly-
saccharide with Congo Red dye. This result clearly illus-
trates that the maximum red fluorescence was observed 
in the control group (Control). Still, there was an absence 
of red fluorescence in the combined drug-treated group 
(AGPN + GEN). This finding indicates the disruption of 
multilayer polysaccharide structure due to the presence of 
AGPN.

The structural details, especially roughness parameters 
of biofilm, were verified through atomic force microscopy 
(Fig. 2b). After 48 h treatment of AGPN with the sub-
MIC dose of GEN, a significant decrease in roughness was 
observed up to 34.85 nm in treated groups compared to the 
control group (462 nm).

Inhibitory effect of AGPN on virulence factors 
production and swarming motility

To understand the underlying mechanism of biofilm attenu-
ation of P. aeruginosa by AGPN alone or in combination 
with GEN, we have examined the effect of AGPN on QS 
mediated swarming motility, exoprotease activity, secretion 
of virulent factors such as rhamnolipid, pyocyanin, and LasB 
elastase activity.

One of the essential virulence factors, the exoprotease 
activity, was reduced up to ~ 85% during the combined treat-
ment of AGPN (0.15 mM) with the sub-MIC dose of GEN 
(p < 0.0001) (Fig. 3a). Interestingly, other virulence factors, 
including LasB elastolytic activity was inhibited up to ~ 87% 
(p < 0.0001) (Fig. 3b), rhamnolipid production was reduced 
up to ~ 91% (p < 0.0001) (Fig. 3c) and pyocyanin produc-
tion was also quenched up to ~ 93% (p < 0.0001) (Fig. 3d) 
in combined treatment of AGPN (0.15 mM) with a sub-MIC 
dose of GEN.

Bacterial translocation takes place through an instantane-
ous movement of well-organized multiple colonies on a sub-
stratum through swarming motility (Kumar et al. 2013). P. 
aeruginosa treated with AGPN with sub-MIC GEN showed 
very little translocation in comparison with untreated con-
trol. However, AGPN showed substantial inhibition on the 
motility movement compared to the antibiotic GEN alone 
(Fig. 3e).
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Fig. 1  Studies on dose optimization of AGPN with GEN to inhibit 
the production of biofilm of P. aeruginosa: a To optimize the effec-
tive concentration of AGPN, a range from 0.025  mM to 0.175  mM 
were used for this study. The percentage of biofilm inhibition was 
estimated compared to the untreated control group. b  Optimization 
of the effective dose of AGPN (0.075 mM to 0.15 mM) in the pres-
ence of GEN (Sub-MIC) on biofilm inhibition. c Inhibition of poly-
saccharide, protein and eDNA of biofilm was estimated using AGPN 
(0.125  mM to 0.15  mM) in the presence of GEN (Sub-MIC). (#) 
represents carbohydrate, (*) represents the significance of protein, 

and (+) represents the eDNA significance. d Estimation of effect of 
AGPN (0.125  mM to 0.15  mM) and GEN (0.0084  mM) on viabil-
ity of bacterial cells. Experiments were performed in six sets inde-
pendently. Each value presented as mean ± S.D of the six independ-
ent experimental sets. ****p < 0.0001; ***p < 0.001; **p < 0.01; 
*p < 0.05 and NS non-significant change. Significance was calculated 
in comparison with factor 1 (with and without gentamicin), and factor 
2 (low and high dose of AGPN) treated groups as well, as indicated in 
the figure
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Fig. 2  Studies of biofilm using 
microscopy: a Images i, ii, iii 
represent control biofilm stained 
with Congo Red. Images iv, v, 
vi represent the status of biofilm 
after treatment with GEN (Sub-
MIC, 0.0084 mM) for 48 h. 
Images vii, viii, ix demonstrate 
synergistic effects of AGPN 
(0.15 mM) with GEN (sub-
MIC, 0.0084 mM) on biofilm 
production. The magnification 
of the photomicrograph is 40×. 
b Images i, ii, iii represent 
control biofilm indicating 
two and three-dimensional 
structures along with roughness 
distribution. Images iv, v, vi 
show the effect of GEN (sub-
MIC, 0.0084 mM) on biofilm 
after 48 h treatment. Similarly, 
images vii, viii, ix present 
roughness inhibition after 
exposure in combined treatment 
of AGPN (0.15 mM) with GEN 
(sub-MIC, 0.0084 mM). Each 
image is a representation of six 
independent experiments
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Mechanism of inhibition of quorum sensing (QS) 
regulator proteins of P. aeruginosa by docking 
studies

Molecular docking was performed to predict the possible 
binding of AGPN with the protein molecules, including tran-
scription factors, principally involved in the quorum-sensing 
pathway as well as biofilm formation. The previous experi-
mental outcomes strongly suggested that AGPN inhibited the 
contribution of quorum sensing factors in biofilm formation. 
Accordingly, the binding affinity of AGPN was determined 
towards the active sites of selected four proteins of P. aerugi-
nosa. Crystal structures of quorum sensing factors, namely 
LasI (PDB Code: 1RO5, AHL Synthase), LasR (PDB Code: 
3IX3, LasR-OC12 HSL complex), RhlI (PDB Code: 1KZF, 
acyl-homoserine lactone synthase) and swarming motility 
protein BswR (PDB Code: 4O8B, transcriptional regulator) 
were considered for this study. The non-covalent interactions 
between AGPN and amino acids of proteins are mainly pi-
alkyl, alkyl, carbon-hydrogen and hydrogen bonds (Fig. 4) 
and detailed interactions for binding between AGPN with 
proteins are listed in Table 1. Glide Software and Autodock 
Software, both were used to establish the reliability of the 
binding predictions, and their outcomes were compared 
(Table 1). Among 50 decoy molecules, the lowest scoring 
decoy has been considered as the negative control for each 
of the four proteins. Besides, ligands of these proteins (Parai 
et al. 2018; Qais et al. 2019) were considered as positive 
controls, as mentioned in supplementary Table S1. We found 
that reported positive ligands displayed similar or less bind-
ing scores compared to AGPN in a similar docking platform, 
indicating the possibility of actual binding, thus substanti-
ating the experimental findings. No such ligand has been 
reported in the literature to date for BswR. Interactions of 
AGPN, positive control and decoys with four proteins have 
been illustrated in Supplementary Figure S2 (S2.1 to S2.5). 
A correlation chart of Glide and Autodock score has been 
represented in Table S1 and Figure S1.

Docking between AGPN and RhlI

The binding studies between AGPN and RhlI represent 
the Glide score − 4.956 kcal/mol for the predicted binding 
(Table 1). In the complex, Ser98 and Ser99 of the active site 
of the protein interact with AGPN via hydrogen bond and 
carbon–hydrogen bond, respectively. Further, Phe101 and 
Met146 are involved in strong pi-alkyl interaction, while 
Val142 forms an alkyl bond with the ligand.

According to the best-fitted model using Autodock, 
the predicted binding energy between AGPN and RhlI is 
− 9.30 kcal/mol (Fig. 4a; Table 1). The representative con-
formation of the ligand–receptor complex shows AGPN 
interacts with the residue Arg100 of the active site making 
a strong alkyl bond. Besides, Tyr54 interacts through strong 
conventional hydrogen bonds along with the formation of 
pi-alkyl, pi-sigma while Val67 makes only conventional 
hydrogen bonds with AGPN.

Docking between AGPN and LasI

The binding studies between AGPN and LasI represent 
the Glide score − 2.988 kcal/mol for the expected binding 
(Table 1). In the complex, Arg30 and Thr144 of the active 
sites interact with AGPN by forming a hydrogen bond and 
carbon-hydrogen bond, respectively. Phe105 and Phe117 
involve in strong pi-alkyl interaction, whereas Val148 par-
ticipates in alkyl bond formation with AGPN.

According to the predicted binding energy, the value 
− 8.63 kcal/mol indicates the best-ranked complex among 
all fitted models (Fig. 4b; Table 1). AGPN interacts with 
active site residues of LasI protein via the formation of 
stable hydrogen with Arg30, the alkyl and pi-alkyl bond 
with Phe105, a pi-alkyl bond with Phe117, and two strong 
alkyl bonds with Val148.

Docking between AGPN and LasR

As LasR is a dimeric protein containing two identical 
chains, the binding study between AGPN and LasR pro-
tein was performed separately for both the chains. Bind-
ing studies between AGPN and LasR (Chain A) represent 
the Glide score of − 2.702 kcal/mol for the best-predicted 
complex (Table 1). In the complex, Leu84, Pro85, and 
Phe87 interact with AGPN via alkyl bond. On the other 
hand, the binding studies between AGPN and LasR (Chain 
B) represent the Glide score of − 2.099 kcal/mol for the 
best-fitted model (Table 1). In that complex, Leu148 inter-
acts with AGPN through the pi-alkyl bond formation.

Based on the best-predicted cluster, binding energy 
− 6.43 kcal/mol represents the best ligand-receptor com-
plex (Fig. 4c (i), Table 1), and it involves AGPN-Leu8 

Fig. 3  The effect of AGPN on the production of virulence factors and 
the swarming motility of P. aeruginosa: The following virulence fac-
tors were estimated after AGPN (0.125 mM to 0.15 mM) with GEN 
(sub-MIC, 0.0084 mM) treatment for 48 h. a Percentage of inhibition 
of exoprotease activity; b percentage of inhibition of LasB activity; 
c  percentage of inhibition of rhamnolipid production; d  percentage 
of inhibition of pyocyanin production. The percentage of inhibition 
was calculated with respect to control, and each value presented as 
mean ± S.D of six independent experimental sets. ****p < 0.0001; 
***p < 0.001; **p < 0.01; *p < 0.05 and NS non-significant change. 
Significance was calculated in comparison with control and among 
different treated groups as well, as indicated in the figure. e The effect 
of AGPN (0.15 mM) and GEN (sub-MIC, 0.0084 mM) on swarming 
motility of P. aeruginosa. Each image is the representation of three 
independent experiments

◂
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of active site interaction via conventional hydrogen bond. 
For LasR (Chain B), the predicted binding energy is 
− 8.22 kcal/mol, which is the best-ranked complex (Fig. 4c 
(ii), Table 1). The analysis of the representative pose 
shows that AGPN interacts with Tyr93 by conventional 

hydrogen bond and with Ala127 through a single hydrogen 
bond and two alkyl bonds.

Docking between AGPN and BswR

The binding studies between AGPN and swarming motil-
ity protein BswR represent the Glide score − 3.798 kcal/
mol for the best-predicted binding. In complex, Pro60 and 
Val78 present in the active site of BswR interact with AGPN 
through alkyl bond formation (Table 1).

According to the predicted binding energy, Fig. 4d is the 
best-ranked complex between AGPN and BswR, showing 
− 6.20 kcal/mol (Table 1). The representative display dem-
onstrates AGPN interacts with Pro60 of protein through 
alkyl bond formation, similar to the glide docking result.

AGPN declines mRNA expression of lasR and rhlI 
gene

The real-time PCR of the lasR and rhlI gene was performed 
(Fig. 5a) to assess the effect of AGPN on gene regulation in 
the quorum-sensing pathway. lasR is one of the key regula-
tors as it controls both the LasB production and the RhlIR 
cascade. This rhlI gene works as a downstream of signal 
synthase of P. aeruginosa. There was a significant reduction 
in fold change of the lasR and rhlI gene expression at mRNA 
level when treated with AGPN with GEN (0.0723 fold for 
lasR and 0.0394 fold for rhlI) compared to the untreated 
control group.

Alteration of P. aeruginosa morphology and its 
biofilm structure using FE‑SEM

All the above experiments further led us to explore the 
effect of AGPN on P. aeruginosa morphology and its bio-
film structure using the FE-SEM technique (Fig. 5b). This 
approach provided us with important information about 
microscopic structural details, including shape, the size of 
bacteria, along with the outside texture of biofilm. The con-
trol group exhibited the multi-layered dense matrix of EPS, 
whereas AGPN with GEN reduced the biomass significantly 
by eradicating the EPS matrix.

Discussion

Microbes become tolerant against antimicrobial drugs 
through various pathways such as the genetic modification 
or the formation of a physical barrier called biofilm. The bac-
teria inside the biofilm are more tolerant than planktonic cells 
as the drug fails to invade the multi-layered structure of bio-
film (Donlan 2002; Saini et al. 2011). This protective shield 

Fig. 4  Molecular docking analyses of possible interactions between 
AGPN and proteins involved in quorum sensing: the images are in 
3D and 2D view generated in Discovery Studio. a  Images represent 
the interactions between AGPN and RhlI (PDB ID: 1KZF); b images 
represent the interactions of AGPN with LasI (PDB ID: 1RO5); c (i) 
images represent the interactions between AGPN and LasR chain A 
(PDB ID: 3XI3), (ii) images represent the interactions of AGPN with 
LasR chain B (PDB ID: 3XI3); d images represent the interactions of 
AGPN with BswR (PDB ID: 4O8B)
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of bacterial community makes them least susceptible to 
antibiotics (Lázár et al. 2018; Andersson et al. 2019). In the 
present study for the very first time, the effect of andrograpa-
nin, a diterpene present in the leaf of A. paniculata has been 
evaluated against biofilm formation using model microorgan-
ism P. aeruginosa. This Gram-negative bacterium is mainly 
responsible for nosocomial infections in human (Wu et al. 
2011). Besides, we evaluated the synergistic effect of the 
sub-MIC dose of conventional antibiotic gentamicin (GEN) 
in combination with andrograpanin (AGPN) against biofilm 
developed by P. aeruginosa (Fig. 1a and b). The compound 
AGPN at the level of sub-MIC doses showed significant inhi-
bition of biofilm production, which was further increased by 
many folds during combined treatment with the sub-MIC 
dose of GEN, indicating AGPN helps to inhibit biofilm for-
mation. However, the sub-MIC dose of GEN alone was not 
able to inhibit the production of biofilm, which reflects bio-
film had stopped antibiotic penetration towards the microbial 
cells. This outcome confirmed that AGPN inhibits biofilm 
formation rather than acting as an antimicrobial agent to kill 
the bacterial cells as there were no significant differences in 
the cell viability of bacteria (Fig. 1D). Thus, the applied dose 
has no cell-killing response towards P. aeruginosa.

The biofilm inhibition has a substantial impact on us 
to investigate further the deep insight of drug action on 
P. aeruginosa. It is well known that biofilm is made of 
extracellular polymeric substances (EPS) such as extra-
cellular polysaccharides, proteins, and eDNA. Moreover, 

several signalling molecules are also involved in govern-
ing the principle quorum-sensing (QS) pathway, which 
is responsible for biofilm formation (Medina et al. 2003; 
Mukherjee et al. 2017). Reduced production of EPS in a 
dose-dependent manner indicates that AGPN, along with 
the sub-MIC dose of GEN, potentially blocked the growth 
of the biofilm matrix (Fig. 1c). This result indicates a 
reduction of biofilm content, which consists of extracel-
lular matrix and attached cells within the biofilm matrix, 
excluding planktonic cells. It is assumed that a reduced 
biofilm matrix enhances the planktonic cell number rather 
than the number of attached cells with the biofilm, as the 
total number of cells remained unchanged, as observed 
in growth curve analysis. Also, the FIC index suggests 
that the interaction between AGPN and GEN is synergistic 
rather than additive. In our study, the sub-MIC dose of 
GEN and AGPN inhibits biofilm production upto 90%, 
which is indicative of synergistic interaction rather than 
70% of additive interaction. The FIC index of 0.375 also 
substantiates our findings on the interaction between the 
compounds for biofilm inhibition.

The structural modulation of biofilm was thoroughly 
investigated using image analysis through a high definition 
microscope since the quantity of EPS had been reduced after 
drug treatment. The Congo red is a well-known red fluores-
cent dye used to stain biofilm because it has a strong and 
specific binding affinity towards polysaccharides (Kan et al. 
2019). In our investigation, the maximum red fluorescence 

Fig. 5  Effect of combined treat-
ment of AGPN (0.15 mM) with 
GEN (sub-MIC, 0.0084 mM) on 
quorum sensing gene regula-
tion and structural change: 
a The result represents the 
relative expressions of las R and 
rhlI after 48 h treatment with 
AGPN and GEN in comparison 
with the control group. Each 
value represents mean ± S.D 
of the three independent 
experimental sets. Significance 
(****p < 0.0001) was calculated 
in respect to control; b repre-
sentative images of FE-SEM 
show the effect of AGPN with 
GEN on the structural alteration 
of biofilm and the distorted cell 
membrane of P. aeruginosa. 
Each image is the representation 
of three independent experi-
ments
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was observed in the control group. Still, there was no such 
strong red fluorescence field found in treated groups indicat-
ing the inhibition of EPS matrix production by the AGPN 
and GEN. AGPN (0.15 mM) effectively diminished the EPS 
production of P. aeruginosa (Fig. 2a). The entire topography 
of one surface can be achieved (Hu et al. 2012) by using 
atomic force microscopy. In our study, the sharp reduction 
in height and roughness distribution of biofilm in the AGPN 
treated samples indicates the inhibitory effect of AGPN on 
structural parameters of P. aeruginosa biofilm. Furthermore, 
we report that AGPN shows a synergistic effect in reducing 
the height of biofilm along with the sub-MIC dose of GEN, 
but it is absent in the group treated with the sub-MIC dose of 
GEN alone (Fig. 2b). These results further confirmed AGPN 
is likely the inhibitor of the quorum-sensing pathway.

Pseudomonas aeruginosa contains two QS systems, 
namely LasI/R and RhlI/R, yield 3-oxo-C12-homoserine 
lactone (C12-HSL) and C4-homoserine lactone (C4-HSL), 
respectively (Medina et al. 2003; Mukherjee et al. 2017). 
The C12-HSL synthesized by the LasI system, which inter-
acts with LasR protein after setting up a critical concentra-
tion when the particular microbe achieves a threshold of 
cell density. On the other hand, the rhlI gene plays a crucial 
role in synthesizing C4-HSL leading to binding with RhlR 
to activate the transcription of several downstream genes 
such as lasB, toxA, and lasI. These genes are responsible 
for the production of a variety of virulence factors such as 
protease, elastase, rhamnolipid, hydrogen cyanide, pyocya-
nin, etc. The production of these virulence factors during 
biofilm formation helps the microbes to get a favourable envi-
ronment for pathogenesis in the host cells (Moradali et al. 
2017). Accordingly, in our approach, assessment of virulence 
factors production after drug treatment was crucial to get 
a clear idea about the AGPN action on the quorum-sens-
ing pathway. In our experiments, the antagonistic action of 
AGPN on the production of virulence factors such as exopro-
tease, LasB Elastase, rhamnolipid, pyocyanin was assessed 
(Fig. 3a–d). AGPN at 0.15 mM (sub-MIC) significantly 
inhibited (p < 0.001) those virulence factors generated by P. 
aeruginosa, indicating virulence factors were not synthesized 
through quorum sensing pathway. Our result is also justified 
by several other research reports demonstrating anti-biofilm 
drug action P. aeruginosa (Li et al. 2006; Das et al. 2016). 
In the initial phase of biofilm formation and its attachment 
to a new substratum by the bacteria using a special flagellar 
movement termed as swarming motility, which is also present 
in P. aeruginosa (Kearns 2010). In our findings, the antibiotic 
GEN is not able to stop the flagellar movement of P. aer-
uginosa at sub-MIC dose, but after the addition of AGPN in 
the similar experimental setup, a combination of these two 
synergistically stop the flagellar movement including the fact 
that AGPN alone also significantly stopped the swarming 
motility (Fig. 3e). This outcome deciphers the inhibitory role 

of AGPN on swarming motility as well as on the signalling 
cascade of the quorum-sensing pathway.

The in silico molecular docking study was performed to 
predict the possible bindings of AGPN with biofilm-associ-
ated proteins (RhlI, LasI, LasR, and BswR) of P. aeruginosa 
to understand the probable competitive binding as well as 
a possible conformational alteration of respective proteins. 
Already it is established C12-HSL and C4-HSL bind with 
LasR and RhlI, respectively (Medina et al. 2003; Mukher-
jee et al. 2017) and C12-HSL, C4-HSl and AGPN, all three 
have a common lactone moiety in their chemical structures. 
Analytical data of molecular simulation studies performed 
in two different platforms (Autodock and Glide) are strongly 
matched, suggesting that AGPN could effectively interact 
with active sites residues Ser98, Ser99, Arg100, Phe101 of 
RhlI and Leu8, Pro85, and Phe87 of LasR (Table 1). This 
observation suggests that AGPN could replace the autoin-
ducer C4-HSL and C12-HSL from the binding with RhlI 
and LasR, respectively. The binding of AGPN with the active 
sites of LasR with a stable hydrogen bond along with alkyl 
interactions indicates AGPN could act as an agent in the com-
petitive binding phenomenon. This event is also involved sim-
ilarly during the binding of C4-HSL with RhlI, and finally, 
the complexes are likely to be considered as AGPN-RhlI and 
AGPN-LasR (Fig. 4a and c). AGPN effectively binds with the 
active sites of LasI (Phe105, Thr142, Thr144, and Val148) 
suggested that it could inhibit the synthesis of AHL synthesis 
in P. aeruginosa (Maisuria et al. 2016). Sideways with QS 
proteins, in silico studies were performed to predict the bind-
ing of AGPN on swarming mobility protein of P. aeruginosa. 
BswR is a monomeric protein of P. aeruginosa, which acts 
as a transcription factor to synchronize the development of 
biofilm and accelerates the swarming motility (Wang et al. 
2014). The docking result demonstrated that AGPN inter-
acts with Pro60 and Val78 of BswR (Fig. 4d), which further 
indicates AGPN effectively moderate the signal transduction 
pathway of swarming motility of P. aeruginosa through a 
conformational alteration of BswR. We further checked the 
binding score of decoy molecules of AGPN with each protein 
of interest, excluding the hit list decoys having higher bind-
ing scores than the crystallographic structure extracted from 
Pub Chem (Powers et al. 2002). The decoy with best scoring 
geometry corresponds to the crystallographic ligand geom-
etry within 2.0 Å RMSD, which was considered as native-
like conformation (Supplementary Table S1) (Graves et al. 
2005). Other reports showed that ligands could effectively 
bind to the proteins of interest such as Reserpine for RhlI, 
Neophytadiene for LasR chain A and Chain B, Thunbergol 
for LasI (Parai et al. 2018; Qais et al. 2019). In our study, 
these ligands were also considered to corroborate the find-
ings of binding affinities of AGPN and proteins (RhlI, LasR, 
LasI, BswR), represented in supplementary Figure S2 (S2.1 
to S2.5) and Supplementary Table S1. AGPN interacted 
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with the active site residues Ser98, Ser99, Phe 101 of RhlI 
protein with strong conventional hydrogen bond, carbon-
hydrogen bond, and pi-alkyl bond, respectively, whereas the 
bond formed between Reserpine and nearby residue Val103 
of the active site of RhlI is alkyl in nature. AGPN interacts 
with additional residues on the active sites of RhlI rather 
than Reserpine (Supplementary Figure S2.1), indicating 
strong affinity. In the case of lasI protein, Thunbergol tied 
up with only one active site residue Arg30 by conventional 
hydrogen bond, whereas AGPN forms two alkyl bonds and 
a conventional hydrogen bond with Phe105, Thr144, and 
Arg30, respectively (Supplementary Figure S2.2). Further-
more, another compound, namely Neophytadiene interacts 
with Chain A and Chain B of LasR through the active site 
residues Pro85 and Phe87 by making chemical bonds. On 
the other side, the same residues with an additional residue 
Leu8 interact with AGPN by alkyl bonds (Supplementary 
Figures S2.3 and S2.4). The strong binding affinity of AGPN 
towards the active sites of these proteins might be due to 
the structural topology of AGPN itself. Under the purview 
of the chemical structure of AGPN, it could be stated that 
the >C=O group of AGPN acts as hydrogen bond acceptor, 
whereas –NH or the –COOH terminal of the amino acids of 
the proteins act as H-bond donor. Additionally, AGPN has 
pi-electron in its 14th position, which is favourable for alkyl 
bond formation. As a consequence, we can state that AGPN 
acts as a potent molecule controlling the biofilm formation 
by making stable complexes using non-covalent interactions 
with quorum sensing proteins of P. aeruginosa.

The Las and Rhl are two central operon systems involved 
in the QS pathway, which yield C12-HSL and C4-HSL, 
respectively and regulating a series of genes required for 
biofilm production along with the secretion of virulence fac-
tors (Medina et al. 2003; Mukherjee et al. 2017). After per-
forming in silico analysis, the mRNA level of the QS gene 
rhlI of P. aeruginosa was estimated to evaluate the effect of 
AGPN at the genetic level. AGPN effectively down-regulates 
the mRNA production of one of the main regulators lasR 
and one downstream gene rhlI, leading to reduce the amount 
of C4-HSL quantity. As a result, additionally, C4-HSL is 
not sufficiently available to bind the RhlI protein regulating 
the biosynthesis of the elastase enzyme (Mukherjee et al. 
2017). These results resembled between docking studies and 
a qRT-PCR study showing AGPN is effectively binding with 
LasR and RhlI protein and downregulating lasR and rhlI 
gene (Fig. 5a), respectively. These strongly suggest a well-
framed correlation between theoretical and experimental 
outcomes. The findings by biochemical experiments and in 
silico studies could easily correlate with the FE-SEM results, 
in which AGPN and GEN significantly disrupted the biofilm 
formation of P. aeruginosa. This interpretation implies the 
efficiency of AGPN in inhibiting biofilm in combination 
with the sub-MIC dose of antibiotic against P. aeruginosa.

In the present study anti-biofilm activity of AGPN is 
evaluated and found to be very noteworthy. Besides, AGPN 
shows inhibition of virulence factors and down-regulation of 
the quorum-sensing gene, accompanied by a hostile effect in 
structural alterations of biofilm of P. aeruginosa. Our data 
suggest that AGPN can be considered as an antibiofilm com-
pound against bacterial biofilm.
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