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compounds from Cassia fistula on
quorum sensing mediated virulence and biofilm
formation in Pseudomonas aeruginosa†

Zoya Peerzada,a Ashish M. Kanhedb and Krutika B. Desai *c

Pseudomonas aeruginosa infections are attributed to its ability to form biofilms and are difficult to eliminate

with antibiotic treatment. Biofilm formation is regulated by quorum sensing (QS), an intracellular bacterial

communication mechanism that allows the activation of numerous virulence factors and secondary

metabolites. Targeting the QS pathway is a potential approach that prevents QS-controlled phenotypes

and biofilm formation. For the first time, the current work has identified antiquorum sensing activity in

the partially purified four fractions from the hot ethyl acetate extract of Cassia fistula fruit pods. Of the

four fractions, only fraction-1 gave decreased AHL activity; the phytoconstituents in this fraction were

identified as rhein, 3-aminodibenzofuran, 5-(hydroxymethyl)-2-(dimethoxymethyl)furan, and

dihydrorhodamine. Fraction-1 (1 mg ml�1) and rhein (0.15 mg ml�1) showed 63% and 42.7% reduction in

short-chain AHL production, respectively, without hindering the bacterial growth. Fraction-1 inhibited

QS-mediated extracellular virulence factors viz. protease, elastase, pyocyanin, and rhamnolipid (p <

0.05). Quantitative analysis of biofilm formation showed 77% & 62.4% reduction by fraction-1 (1 mg ml�1)

and rhein (0.15 mg ml�1) respectively. Confocal laser microscopy (CLMS) & scanning electron

microscopy (SEM) confirmed the reduction of biofilm formation in Pseudomonas aeruginosa upon

treatment with fraction-1 and rhein. Moreover, the in vivo study displayed that fraction-1 and rhein

(standard) significantly enhanced the survival of Caenorhabditis elegans by suppressing the potency of

virulence factors of Pseudomonas aeruginosa. Quantitative real-time polymerase chain reaction results

demonstrated the down-regulation of QS-related genes, lasI, lasR, rhlI, and rhlR. In addition, in silico

analysis divulged that a component identified by GC-MS displayed a strong affinity towards LasI and

LasR. These findings suggest that potent phytochemicals from fraction-1, including rhein, could serve as

novel phytotherapeutics in controlling emerging infections of antibiotic-resistant bacterial pathogens like

Pseudomonas aeruginosa.
1. Introduction

The pervasive use of antibiotics to treat bacterial infections has
led to the emergence of drug resistance in microorganisms,
resulting in a signicant challenge for the healthcare sector in
controlling bacterial infections.1,2 Various mechanisms of
antibiotic resistance include efflux pump mediated antibiotic
elimination, chemical modication of antibiotics, and modi-
cation in drug target genes. Biolms formation by many of the
bacterial pathogens also poses a greater challenge in treatment
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mation (ESI) available. See

14
than that of their planktonic counterparts. Poor penetration of
antibiotics in biolms matrix may manifest in antibiotic resis-
tance in such pathogens. Consequently, there is a greater need
for futuristic antibacterial molecules to treat various bacterial
infections; however, inadequate new drug development poses
a great challenge, especially for the healthcare sector in devel-
oping countries.3,4

Biolm formation and extracellular virulence phenotypes are
globally regulated by the well-dened cell-to-cell communica-
tion systems called quorum sensing (QS).5,6 This system aids in
synchronizing specic genes and determining bacterial patho-
genesis. In Gram-negative bacteria, QS is controlled by diffus-
ible auto-inducers molecules (N-acyl-L-homoserine lactones
(AHL)).7–9 Pseudomonas aeruginosa (P. aeruginosa), recognized as
a malevolent pathogen, is a prime cause of numerous outbreaks
of nosocomial infections. It is associated with a signicant risk
of drug resistance and facilitates biolm establishment by
successfully infecting many hosts.10
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of rhein (C15H8O6), mol wt ¼ 284.22 g
mol�1.
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In P. aeruginosa, virulence factor production is modulated by
three hierarchical QS circuits – LasI/R, RhlI/R, and PQS – that
initiate the QS process using small autoinducer molecules viz.
long acyl chain-HSL, 3-oxo-C12-HSL, as well as a short acyl
chain-HSL, C4-HSL. These molecules collectively regulate the
autoinduction loop for upregulation of several virulence factors
and secondary metabolites (LasA, LasB, rhamnolipids,
hydrogen cyanide, and pyocyanin) and tissue degrading
enzymes (exoenzymes and exotoxins) in host cells. These viru-
lence factors help bacteria to invade host tissues and initiate
damage.11 QS-mediated swimming, swarming & twitching
motilities are vital factors in the spread and development of
biolms. Considering the involvement of QS in regulating
numerous pathogenicity-associated genes, targeting and atten-
uating QS serves as a reliable target for the control of biolm-
forming MDR strains.12

The rst anti-QS activity was reported in halogenated fur-
anone isolated from marine red algae Delisea pulchra; however,
this could not gain much popularity because of its toxic nature
and instability.13

In the past few years, plant-based drug discovery has been
gaining currency among researchers for exploring new modal-
ities of drugs.14 Natural-originated compounds are always
considered in medical elds because they are biodegradable
and usually very useful, and serve as a convenient compound for
inhibiting biological infection.15 Diterpene phytol was found to
inhibit pyocyanin secretion, twitching motility, and biolm
production in P. aeruginosa.16 A avonoid, mosloavone, was
investigated against P. aeruginosa virulence and biolm
formation. It inhibited the pyocyanin production, LasB elastase,
and QS regulated biolm formation and development and
exhibited promising potential in controlling bacterial infection
in the Caenorhabditis elegans model system in vivo.17 Various
plant-derived QS inhibitors viz. coumarin, baicalein, curcumin,
berberine, phillyrin, cinnamic acid, clove oil, zingerone, and
quercetin have been surveyed and proven to be attractive anti-
infective drug targets in pathogenic bacteria. Researchers have
explored medicinal plants and their active components, but
anti-QS hit molecules are still at an initial stage of development
and need to be studied extensively.18–27

Cassia stula is well known for its laxative properties due to
anthraquinone compounds (rhein, aloe-emodin) in the pods.
The anti-microbial activity of rhein (7.8–31.25 mg ml�1) against
“methicillin-resistant Staphylococcus aureus (MRSA) and
methicillin-sensitive Staphylococcus aureus (MSSA)” strains have
already been explored.28 Azelmat et al. reported rhein for its
potential to impair bacterial pathogenicity by reducing the
transcriptional gene expression of periodontopathogenic
bacterium P. gingivalis.29 In a report by Ding et al., 46 traditional
Chinese medicines, including various anthraquinones, were
screened for anti-QS activity through molecular docking against
P. aeruginosa and Stenotrophomonas maltophilia.30 Interestingly,
study results showed that emodin conjointly with ampicillin
showed the highest inhibition against P. aeruginosa rather than
either of them alone.

To study the effect of Cassia stula on the bacterial QS system,
different fractions of the hot ethyl acetate extracts of fruit pods
© 2022 The Author(s). Published by the Royal Society of Chemistry
were obtained using ash chromatography-mass spectrometry.
Fraction-1 was observed to be most effective against the QS
network of P. aeruginosa. One of the active phytoconstituents of
F-1, anthraquinone (rhein shown in Fig. 1), shares structural
similarities with emodin, a known antivirulent molecule against
certain bacterial pathogens.30 Hence, the present work hypothe-
sized to investigate the potential of isolated rhein-rich fraction
(F-1) and pure rhein as an effective agent to ght against the QS
circuitry of P. aeruginosa. Molecular docking was carried out to
identify these phytoconstituents as putative QSIs.
2. Material and methods
2.1 Media and chemicals

All media viz. Brain Heart Infusion (BHI) agar, Luria–Bertani
(LB) agar, and LB broth were procured from Hi-Media Labora-
tories, Mumbai. Propidium iodide (PI), rhamnose standard,
Elastin Congo Red (ECR) & rhein were procured from Sigma-
Aldrich (AMI Chemicals, Mumbai with $98% purity). Nucleic
acid stain SYTO 9 green-uorescent was obtained from
Invitrogen™. All other organic solvents and chemicals were
obtained from Qualigens Fine Chemicals, India, and ash-
chromatography disposable columns (12 grams) from RediS-
ep® Rf from Teledyne Isco US.
2.2 Bacterial strain and culture conditions

This study used P. aeruginosa PAO1 (ATCC15692) as a test strain;
Escherichia coli MG4/PKDT17 (lasB:lacZ place-lasR Apr) and C.
violaceum (ATCC12472) were used as reporter strains to evaluate
the long-chain & short-chain AHLs, respectively. Staphylococcus
aureus (MTCC737) strain was utilized for virulence factor
protease. Sterile LB broth was used to revive all the bacterial
cultures before conducting the experiments. Temperature
conditions were maintained between 32 �C and 37 �C for all
bacterial strains. Caenorhabditis elegans worms (wild-type strain)
and Escherichia coli OP50 were received from the Tata Institute of
Fundamental Research (TIFR), Mumbai, India. E. coli OP50 was
propagated in the LB broth (37 �C). Nematode growth medium
(NGM) agar plates, prior seeded with E. coli OP50, were used to
grow nematodes (maintained at 21 �C) as a food source.
2.3 Collection of fruit pods, extraction, and purication of
active components by ash chromatography

Cassia stula (Aragvadha) fruit pods were collected from a local
vendor in Mumbai in January 2017. Plant authentication was
RSC Adv., 2022, 12, 15196–15214 | 15197
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done from Blatter Herbarium, St. Xavier's College, Mumbai,
India. The specimen is identical to the Blatter Herbarium
specimen PD 5430 of P. Divakar. The fruit pods, pulp, and seeds
were dried in the oven at 40 �C, powdered, and stored in an
airtight container. 50 g of the material was extracted (Soxhlet)
using ethyl acetate solvent (300 ml) at 30–45 �C. Eventually,
extracts were ltered & dried using a rotary evaporator. The
dried crude extract was subjected to successive purication
using ash column chromatography (Teledyne ISCO), as
described by Uckoo et al. previously, with modications.31 A
RediSep® Rf column of 12 g packed with ne spherical silica gel
(20–40 mm) and column volume capacity of 30 ml min�1 was
used to purify the crudemixture's active component. 3 g of silica
gel (60–120 mesh) impregnated crude ethyl acetate extract of
Cassia stula was loaded into the solid load cartridges. Before
separation, the column was equilibrated and saturated with
mobile phase ethyl acetate and hexane. The crude extract was
separated using solvent A (hexane) and solvent B (ethyl acetate)
gradient. Initially, 10% of solvent B was held for 4–5 min; later,
it was linearly increased to 50% over 18–22 min, then 60% B
over 6.5 min (21–26 min), slowly increased from 60% to 100%
(26–34 min) and 100% B over 10 min. Overall run time was 40–
42 min, with the ow rate maintained at 10 ml min�1. A total of
70 fractions was eluted by continuous monitoring of the ana-
lytes at 254 nm and 280 nm wavelengths (chromatogram
exhibited in ESI Fig. 1†). These fractions were pooled based on
the TLC prole (Fig. 2A) and subsequently analyzed for anti-QS
activity.
2.4 Fraction-based anti-quorum sensing (anti-QS) activity

2.4.1 Chromatography fractions were analyzed for their
inhibition of short-chain AHL production. Inhibition of short-
chain AHL production was analyzed using reporter strain C.
violaceum 12472, which produces a short acyl-HSL (C6-HSL) that
regulates the production of dark purple pigment, violacein.32

Agar well diffusion assay was performed to evaluate inhibition
Fig. 2 (A) Thin layer chromatography (TLC) images of F-1 to F-4 extracte
AHL in C. violaceum 12472 with increasing concentrations of various frac
(ii), (iii), and (iv) represent 4 wells (well 1–0.4mgml�1, well 2–0.6mgml�1,
varying concentrations (well 1–0.025 mg ml�1, well 2–0.05 mg ml�1, we

15198 | RSC Adv., 2022, 12, 15196–15214
of short acyl-HSLs. About 100 ml of all 4 fractions at concen-
trations (0.4 mg ml�1, 0.6 mg ml�1, 0.8 mg ml�1 and 1.0 mg
ml�1) and rhein (0.025 mgml�1, 0.05 mgml�1, 0.1 mgml�1 and
0.15 mg ml�1) were used for the assay. DMSO (0.08%) and azi-
thromycin dihydrate (AZM) (4 mg ml�1) were used as negative
and positive controls, respectively. Inhibition was detected in
terms of loss of pigment around the wells treated with the test
fractions but with visible growth of bacteria.33 F-1 and its main
component rhein were selected for subsequent analysis.
2.5 Analysis of phytochemical of F-1

2.5.1 GC-mass spectrum analysis (GC-MS). GC-MS analysis
was carried out at the Indian Institute of Technology, Bombay,
India, with an Agilent 7890 instrument furnished with an FID
detector and Head Space injector, Combipal autosampler, MS:
Jeol, ionization: electron ionization, time of ight mass analy-
ser, soware: data analysis, library: Nist 2008, column utilized:
HP 5 ms, dimensions: 30 mm � 0.25 mm ID � 0.25 mm lm
thickness, initial temperature 21–50 �C, 2 min hold time, room
temperature, helium applied as a carrier gas, ow rate (1
ml min�1). One ml volume was used for the nal injection.
Unknown compounds in the samples were identied by
comparing the known spectrum of the compounds in the
library (NIST 2008).34

2.5.2 Identication and quantication of rhein using LC-
MS. Structural characterization of rhein was carried out on LC-
MS (LC-MS-8040 Shimadzu Japan) instrument. The mass spec-
trometric data were analyzed using lab solution soware.
Kromasil-C18 column (diameter 4.6� 100 mm) was employed to
perform the chromatographic separation. The analysis was
carried out in positive electron ionizationmode. 10 ml of samples
(rhein and F-1–1000 ppm of stock concentration) were injected
into the instrument. Ultra-high pure nitrogen gas was used as
collision gas. The ow rate of the mobile phase was maintained
at 0.8 ml min�1. 0.1% formic acid (30%) and acetonitrile (ACN)
(70%) was used as a solvent system in an isocratic manner. The
d from flash chromatography (at 366 nm). (B) Inhibition of short-chain
tions viz. F-1, F-2, F-3, F-4 and main constituent of F-1, rhein. Plates (i),
well 3–0.8mgml�1, well 4–1.0mgml�1). Plate (v) represents rheinwith
ll 3–0.1 mg ml�1, well 4–0.15 mg ml�1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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total chromatographic run time was 5 minutes & column
temperature was maintained at 27 �C35 (ESI Fig. 3†).

2.6 Bacterial growth curve analysis

The effect of F-1 (0.6 mg ml�1, 0.8 mg ml�1, and 1 mg ml�1) and
rhein (0.15 mg ml�1) on bacterial growth was analyzed by
employing the method of Abraham et al. and Gala et al.36,37

Various concentrations of F-1 and rhein were added to P. aer-
uginosa containing LB broth up to the nal volume of 200 ml in
96 well plate. The alteration in cell density was measured at
600 nm every half-hour interval (Epoch 2 BioTek microplate
reader). The growth curve was plotted by calculating the mean
reduction in OD of 3 triplicates values (n ¼ 9).

2.7 Quantitative analysis of violacein pigment production

Based on the screening results, the effect of F-1 and rhein on
violacein production was quantied spectrophotometrically
using a biomarker strain.38 Briey, overnight grown, C. viola-
ceum 12472 was revived in fresh LB broth (OD600 ¼ 0.2). To the
above culture, samples (0.6–1 mg ml�1 of F-1 and 0.15 mg ml�1

for rhein) were supplemented and incubated overnight (the
temperature at 31 �C) with continuous shaking (180 rpm). The
next day, violacein pigments were pelleted by centrifuging the
cultures (10 min at 12 880g). The collected cell pellet was dis-
integrated by employing pure DMSO, and further spectropho-
tometrically (PerkinElmer Lambda 25) was analyzed at
585 nm.39 Finally, the percentage reduction in violacein
pigment post-treatments with F-1 and rhein was calculated.
Violacein was quantied using a molar extinction coefficient of
0.05601 ml mg�1 cm�1.40

2.8 Effect of F-1 & rhein on long chain 3-oxo-C12-AHL

The levels of long-chain AHLs in F-1 and rhein treated bacterial
culture supernatants were measured as per the procedure re-
ported earlier.37 AZM was used for comparing the results of the
test sample. Briey, overnight grown bacteria (OD600 ¼ of 0.2)
were mixed with F-1 and rhein and the controls (AZM and
DMSO). These treated cultures were incubated at 32 �C over-
night. The next day, the above cultures were centrifuged to
obtain supernatant. Further, AHL containing supernatant was
extracted using ethyl acetate (4–6 ml), and the solvent was
evaporated by employing a nitrogen evaporator. The dried AHL
in the tubes was reconstituted with 100 ml of sterile LB broth
and further mixed with an E. coliMG4/PKDT17 culture (OD600 ¼
0.4). This reaction mixture was then incubated for 4–5 h and
eventually pelleted. The pellet was solubilized in Z-buffer and
mixed with 100 ml of chloroform, followed by 0.2% SDS. Finally,
O-nitrophenyl-b-galactoside (ONPG) was added to the above
solution, and the Miller assay (Miller 1972) was employed to
measure b-galactosidase activity. Three independent assays in
triplicate were performed (n ¼ 9).41

2.9 Estimation of the extracellular virulence factors

2.9.1 Supernatant preparation. Overnight grown P. aerugi-
nosa was inoculated in the appropriate medium and grown till
© 2022 The Author(s). Published by the Royal Society of Chemistry
OD reached 0.2 at 600 nm, and this culture was used for all the
assays. AZM was prepared by dissolving in phosphate buffer
saline and ethanol [PBS : EtOH (1 : 1)]. Kings' B medium was
used for pyocyanin estimation; for all the other assays, LB broth
was used for supernatant preparation. Bacterial cultures were
supplemented with F-1 (0.6 mgml�1, 0.8 mgml�1, 1 mgml�1) &
rhein (0.15 mg ml�1) and incubated overnight. Post incubation,
these tubes were centrifuged (11 180g for 10 min). Cell-free
supernatants were collected, syringe ltered (Millipore lter;
the size of 0.45 mm) in sterile Eppendorf tubes, and maintained
at 4 �C for further analysis of virulence factors.

The method previously described by Kessler et al. & Shah
et al.41,42 was employed for staphylolytic protease quantication.
500 ml culture supernatants of F-1, rhein & AZM were suspended
in an equal volume of overnight grown boiled S. aureus
suspension (prepared in 0.03 M Tris–Cl buffer (pH � 8.5)).
Following the incubation, OD600 was determined at 0 h and
aer 3 h of incubation using PerkinElmer UV-Vis Spectropho-
tometer Lambda 25 model. Enzyme activity was expressed as
units per ml, with 1 unit corresponding to a reduction in OD by
0.01.43

The elastolytic activity was performed as reported by Ado-
nizio et al. & Gala et al.37,44 500 ml of F-1, and rhein treated
culture supernatant was blended with the same amount of
Elastin Congo Red (ECR) prepared in 100 mM Tris, and 1 mM
CaCl2 (pH ¼ 7.2) containing 10 mg ml�1 of ECR (Sigma); this
mixture was incubated at 32 �C overnight. Insoluble ECR was
removed through centrifugation of the tubes at low speed
(5000g for 5 min). Elastin Congo Red (ECR) works as a substrate,
wherein the elastase enzyme action separates Congo Red from
the conjugate, leading to conversion of the insoluble ECR into
a soluble form, thereby imparting a red colour to the solution.
Thereaer, elastase enzyme levels were assessed in terms of
a decrease in enzymatic activity. Decrease in elastase enzyme
activity was expressed as units per ml, with 1 unit correspond-
ing to a reduction in OD by 0.01.

Pyocyanin levels were evaluated as per the method of
O'Loughlin et al.45 1ml of treated (F-1, rhein, and AZM) bacterial
culture supernatants were extracted in chloroform (3–5 ml), and
the optical density was analyzed at 650 nm. Extracted pyocyanin
pigment concentration was calculated using molar extinction
coefficient 3 ¼ 17.072 ml mg�1 cm�1.46

Rhamnolipid production was quantied using the orcinol
method, as per the method of Koch et al., with some modi-
cations.47 Culture supernatants of treated (F-1, rhein, AZM)
and untreated bacteria were collected, and rhamnolipids in
the culture supernatant were extracted using diethyl ether. The
rhamnolipid-containing solvent layer was collected and evap-
orated to dryness. To the above assay, tubes containing dried
rhamnolipids were redissolved in distilled water (5 ml) and 450
ml of 0.19% orcinol (in 54% H2SO4) solution. This mixture was
mixed thoroughly, and it was then boiled at 85 �C for 25 min
and cooled down; for every reaction sample, OD was recorded
at 421 nm. Rhamnolipid content in the samples was quanti-
ed by plotting the standard curve of the rhamnolipid
standard.
RSC Adv., 2022, 12, 15196–15214 | 15199
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2.10 Swarm, swim & twitch motility assays

All three motilities in P. aeruginosawere determined as per Alain
Filloux and Juan-Luis Ramos et al.48–50 Swarm plates were
prepared using bacto-agar (0.8%), bacto-peptone (1%), glucose
(1%), and NaCl (0.5%), and swim plates were prepared using
tryptone (1%), NaCl (0.5%) and agar (0.4%). Different concen-
trations of F-1 and rhein were added to molten media (cooled at
45 �C), and subsequently solidied. 5 ml inoculum of PAO1
(OD600 at 0.2) was inoculated in the centre of the plate. Plates
were incubated at 32 �C in the upright position overnight. The
decrease in migration was measured by examining the swarm
and swim zones (mm).

In a similar way, the twitch plates were prepared. The treated
plates were stab inoculated using a sterile toothpick containing
P. aeruginosa into the bottom of the plates. These plates were
then incubated at 32 �C for 18 h, and the twitch zone (interstitial
colony) was recorded.
2.11 Effect of test samples on biolm formation

2.11.1 Biolm formation assay. The effects of the test
sample on biolm were determined as per the method of Gala
et al.37 Dose-dependent concentrations of F-1 (0.6 mg ml�1,
0.8 mg ml�1, and 1 mg ml�1) and rhein (0.15 mg ml�1) were
combined with 200 ml of P. aeruginosa culture (OD600 ¼ 0.2) and
dispensed into a sterile 96 well microtiter plate. Bacteria treated
with AZM (4 mg ml�1) was utilized as the positive control. Bio-
lms were then grown statically overnight in the 96-well plate.
Following incubation, unadhered planktonic bacterial cells
were carefully removed aer washing with double distilled
water and naturally air-dried. Biolm was xed for 15–20 min
using methanol and then stained with crystal violet dye (0.1%)
for 20 min. Later the excess stain was washed off using sterile
distilled water. The bacterial cell-bound stain in biolms was
solubilized in 200 ml ethanol (aqueous 96%) and spectropho-
tometrically analyzed at 590 nm (Epoc2 (BioTek)). The experi-
ments were done in three independent experiments with three
replicates.37,51

2.11.2 Environmental scanning electron microscopy (e
SEM) & confocal laser scanning microscopy (CLMS) for visual
analysis of biolms. The biolm inhibition property of F-1 and
rhein in P. aeruginosa was visualized by employing FEI Quanta
200 scanning electron microscope (SEM) as described by
Husain et al.24 Overnight grown bacterial culture (OD600 ¼ 0.2)
was mixed with different concentrations of F-1 (0.6–1 mg ml�1),
rhein (0.15 mg ml�1) and AZM (4 mg ml�1). 10 ml was withdrawn
and grown over the sterile coverslip surface (1 � 1 cm) and kept
in a sterile 24-well plate. Aer overnight incubation at 35 �C,
Phosphate Buffer Saline (PBS) (pH ¼ 7.2) was employed to
remove un-adhered cells and nally subjected to xation with
glutaraldehyde (2% v/v) for half an hour. These cells on the
coverslips were further dehydrated using increasing concen-
trations of ethanol (30–100%) and allowed to dry. The dried
membranes were coated with platinum for 2 min using
a sputter-coating system. Finally, biolms formed on the
coverslip surface were observed under a scanning electron
microscope (Quanta 200).
15200 | RSC Adv., 2022, 12, 15196–15214
Confocal laser scanning microscopy (CLSM) investigation of
the test sample treated P. aeruginosa was done as reported
previously by Singh et al. and Shah et al.41,52 For the CLSM
analysis, the treated bacterial samples were prepared and
incubated the same way as stated for SEM analysis. Following
the incubation, slides were carefully washed with phosphate
buffer saline (pH � 7.2) to detach unadhered bacterial cells,
stained with a mixture of SYTO9/propidium iodide, and placed
in the dark (15 min). Finally, the cells were visualized under
a CLMS microscope. Propidium iodide (lex/lem 490/635 nm)
and SYTO-9 (lex/lem 480/500 nm) dyes were used for confocal
study in a 1 : 2 ratio. CLSM was performed using a CLSM (Zeiss
LSM 800, Carl Zeiss, Jena) by keeping the magnication (40�)
for capturing the images.

2.12 Quantitative real-time PCR

The expression levels of crucial QS regulatory genes (lasI, lasR,
rhlI, and rhlR) in the PAO1 strain were analyzed using real-time
polymerase chain reaction (qRTPCR).53 Total cellular RNA was
extracted from overnight treated F-1 (0.6–1 mg ml�1), rhein
(0.15 mg ml�1), AZM (4 mg ml�1), and untreated culture of P.
aeruginosa PAO1 (OD600 of 0.2) using TRIzol reagent (Thermo
Scientic, United States). Purity and total extracted RNA were
quantied at 260/280 nm (take 3 plate in Epoc2 by BioTek). From
the extracted RNA, single-stranded cDNA synthesis was done
using iScript™ reagent kit (BIO-RAD) as given by the manufac-
turer. The cDNA template amplication was carried out using
SYBR® green master mix (Thermo Scientic, USA) and the
primers mentioned in ESI Table 2.† Reaction protocol was
carried out on the Applied Biosystems Step One Real-Time PCR
instrument (California, USA). The reaction program was done as
follows: 95 �C for 5 min, denaturation at 95 �C for 15 s, annealing
at 55 �C for 30 s, and extension at 72 �C at 30 s for 40 cycles. The
melting curve was done as follows: analysis 60 �C to 95 �C, with
a rise in temperature of 0.5 �C every 3 s. The housekeeping rpsL
gene was employed as a reference for normalization of gene
expression; the 2�DDCt method was utilised to determine the
differential gene expression of the QS-associated genes.41

2.13 Effect of test samples on survival of Caenorhabditis
elegans (C. elegans)

2.13.1 C. elegans paralytic assay. C. elegans culture was
maintained as mentioned in ESI (Method 1†). F1, rhein, and
AZM were mixed in molten brain heart infusion agar, cooled,
and then used for diagnosis of paralysis in worms (35 mm).
Following the solidication, 500 ml of an overnight grown P.
aeruginosa culture (BHI broth 0.2 OD600) was seeded and later
incubated (in Hexatech HIPL – 035C) at 31 �C overnight.
Untreated worms seeded with E. coli OP50 were utilized as
negative control plates, while AZM (4 mg ml�1) treated plates
were employed as a positive control. Worms in the L-4 stage
were washed off thrice using M9 buffer (pH ¼ 6.0 � 0.2). Then,
droplets containing 10–15 synchronized adult worms (L4 stage)
were placed on the bacterial lawns to score paralysis hourly for
4–5 h. When the worms stopped responding to physical stimuli,
they were declared dead.44
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.13.2 C. elegans fast-killing assay & slow-killing assay. For
the fast-killing assay, specic media – peptone–glucose–sorbitol
(PGS) (ESI Table 3†) – was utilized, as given by Miklos et al.54 In
contrast, the slow-killing assay was performed in Nematode
Growth Medium (NGM) (ESI Table 4†). The rest of the protocol
was performed in a similar way as mentioned for the paralytic
assay above.44,55

2.14 Molecular docking studies

Molecular docking studies further validated the anti-QS
potential of main phytoconstituents detected by GC-MS and
LC-MS. The present work studied the virtual interaction of the
identied constituents with LasI and LasR using AutoDock4
soware.56,57 3D structures of LasI and LasR were acquired from
the RCSB Protein Data Bank (PDB code: 1RO5 and 2UV0,
respectively).58 These protein structures were checked and
prepared with their consistency and charges in AutoDock4.
Kollman charges were added to the protein, and nal structures
were saved in *. PDBQT format. The active site receptor grid was
generated on the protein structure. 50 docking experiments
were conducted using the Lamarckian genetic algorithm to
determine the binding energy (docked energy) for the ligand–
protein complex. The maximum number of energy evaluations
of 25 million was applied for each docking experiment. All the
identied phytocompounds from the GC-MS study were virtu-
ally built using the Marvin sketch tool and converted to *.
PDBQT format by using the Open Babel soware. These small
molecular structures were then used for docking study in
AutoDock4 to understand the interactions with LasI and LasR.
All the 3D ligand–receptor interaction images were generated
using the Chimera tool,59 and 2D interaction images were
generated using Discovery Studio Visualizer.

2.15 Statistical analysis

All the experiments were validated by performing in triplicate (n
¼ 9) for three consecutive days. The graphs were plotted using
GraphPad Prism soware (version 5.0; GraphPad Soware, Inc.,
USA). All values presented in the results are an average of 3
independent experiments. Differences between groups were
compared using a one-way analysis of variance followed by
Dunnett's post hoc test, with a P-value of#0.05 being considered
signicant. Killing curves represent the mean value of three
independent experiments.

3. Results and discussion
3.1 Fraction collection and pooling

From the ash chromatography, four fractions were collected,
dried, and reconstituted in DMSO. These fractions were stored
at 4 �C for subsequent analysis.

3.2 Fraction based anti-QS activity (short-chain AHL
inhibition assay)

The effectiveness of fractions and their most crucial constituent
rhein was analyzed using sensor strain C. violaceum 12472.
Purple pigment production of C. violaceum 12472 is controlled
© 2022 The Author(s). Published by the Royal Society of Chemistry
by CviIR dependent circuit, and the loss of pigment production
suggests the obstruction in the QS pathway.60 As shown in
Fig. 2B, fraction-1 (F-1), at various concentrations of 0.4 mg
ml�1, 0.6 mg ml�1, 0.8 mg ml�1, and 1 mg ml�1, showed a clear
zone of pigment inhibition of 11.0 � 1.1, 13.1 � 0.9, 14.3 � 2,
and 17.9 � 1.6 mm respectively around the wells. Fraction-2
showed the zone of bactericidal activity; fraction-3 and
fraction-4 showed no noticeable pigment inhibition at lower
concentrations (Table 1). In an independent assay, DMSO
showed no pigment inhibition around the well, while AZM
displayed 18.9 � 0.5 mm of the zone (ESI Fig. 2†). From the
initial screening, fraction-1 showed the best anti-QS activity.
Rhein exhibited a zone of pigment inhibition of 10.0 mm � 0.8
mm, 12.9 � 1 mm, 13.5 � 2.2 mm, and 17.2 � 2 mm at
concentrations of 0.025 mg ml�1, 0.05 mg ml�1, 0.1 mg ml�1,
and 0.15 mg ml�1 respectively. These results directly corrobo-
rate the work that showed violacein pigment inhibition of C.
violaceum by mango plant extract and clove oil from Aeromonas
hydrophila.24,61 A comparative study of F-1 and rhein was done
for other QS-mediated assays.
3.3 Analysis of phytochemical of F-1

3.3.1 GC-MS results. The major compounds identied in
fraction 1 by gas chromatography-mass spectrometry (GC-MS)
displayed the presence of 14 volatile oils and fatty acids, as
shown in the chromatogram (Fig. 3) and Table 2. Similarly, in
the study of Kulkarni et al., crude methanolic extract of Cassia
stula (found to contain a total of ten different phytocon-
stituents) was identied from GC-MS and showed vitro anti-
cancer activity in human prostate cancer cell line.62

3.3.2 LC-MS linearity and the limits of detection and
quantication. Multiple reaction monitoring (MRM) chro-
matogram of standard rhein and rhein in F-1 showed the same
retention time of 2.5 min as shown in Fig. 4A-1 and A-2. The
linearity of the calibration curves was determined and analyzed
with standard rhein of concentrations ranging from 32 to 2500
ng ml�1 in F-1 (Fig. 4B-1 and B-2). A calibration curve was
plotted for each concentration, comparing the peak area ratio to
the internal standard. The results demonstrated linearity of 32–
2500 ng ml�1 for rhein in F-1 with correlation coefficients (r2) >
0.998 obtained for the regression lines.63
3.4 Effect of F-1 and rhein on P. aeruginosa growth

The growth curve analysis of P. aeruginosa PAO1 in the presence
of different concentrations of F-1 (0.6–1 mg ml�1) & rhein
(0.15 mg ml�1) showed no inhibitory effect on bacterial cells
compared with the control group (untreated P. aeruginosa). PAO1
attained a stationary phase aer 8 h incubation. Incubation of
bacteria with AZM did not signicantly affect the bacterial growth
curves. Conventional antibiotics hamper the crucial metabolic
process of bacterial cells and exert tremendous selection pressure
on bacterial cells, leading to the evolution of MDR strains.64 Our
growth curve assay results conrmed that F-1 and rhein at
various concentrations did not show growth inhibition of P.
aeruginosa (Fig. 5A). This nding goes well with the research
RSC Adv., 2022, 12, 15196–15214 | 15201
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Table 1 Anti-QS and antibacterial activity of various collected fractions and standard rhein

Activity

Fraction-1
(mg ml�1)

Fraction-2
(mg ml�1)

Fraction-3
(mg ml�1)

Fraction-4
(mg ml�1) Rhein (R) (mg ml�1)

0.4 0.6 0.8 1 0.4 0.6 0.8 1 0.4 0.6 0.8 1 0.4 0.6 0.8 1 0.025 0.05 0.1 0.15

Anti-microbial activity � � � � + + + + � � � � � � � + � � � �
Anti-QS activity + + + + � � � � + + + + + + + + + + + +

Fig. 3 GC-MS analysis of fraction-1 of Cassia fistula fruit pods.
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results of Kalia et al., in which parthenolide at 1 mM showed no
growth inhibitory effects on bacterial growth.65
3.5 Quantitative evaluation of violacein inhibition

In the spectrophotometric quantitative detection method, vio-
lacein pigment production was reduced by approximately 26 �
Table 2 Identification of phytochemicals in purified fraction-1 of Cassia

Peak number Compound name

1 1-Nonanol
2 5-(Hydroxymethyl)-2-(dimethoxymethyl)furan
3 Tetradecane
4 3-Aminodibenzofuran
5 2,4-Di-tert-butylphenol
6 1-Octadecene
7 1-Eicosene
8 Methyl palmitate
9 Palmitic acid
10 Methyl linoleate
11 Methyl oleate
12 Methyl stearate
13 Dihydrorhodamine/palmitic acid
14 Methyl linoleate
15 9-Octadecenamide/oleamide E

15202 | RSC Adv., 2022, 12, 15196–15214
0.8%, 39 � 0.6%, and 63.4 � 0.4% at dose-dependent concen-
trations of 0.6 mg ml�1, 0.8 mg ml�1, and 1 mg ml�1, respec-
tively, by F-1 (Fig. 5B). Rhein alone manifested approximately 13
� 1%, 24 � 0.9%, and 43 � 0.7% inhibition of violacein
production at 0.5 mg ml�1, 1 mg ml�1, and 0.15 mg ml�1

concentrations, respectively; it was statistically signicant then
untreated control. These results validate the QS inhibitory role
fistula using GC-MS analysis

Time (min) Class

6.18 Volatile oil component
9.00 Volatile oil components

10.39 Volatile oil components
10.83 Volatile oil components
12.43 Class of phenols
13.45 Plant fat
16.23 Long-chain primary fatty alcohol
18.37 Fatty acid methyl ester
19.17 Saturated long-chain fatty acid
21.31 Linoleic acid
21.40 Fatty acid methyl ester
22.17 Fatty acid methyl ester and octadecenoate ester
22.52 Saturated fatty acid
22.81 Linoleic acid
25.54 Fatty amide derived from oleic acid

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A-1) Typical MRM chromatogram of standard rhein RT: 2.5 min. (A-2) Rhein in F-1 (287.4 ngml�1) RT: 2.5 min. Rhein linearity results using
LC-MS. (B-1) Standard rhein at various concentrations viz. 32 ngml�1, 64 ng ml�1, 125 ng ml�1, 250 ngml�1, 500 ngml�1, 1000 ng ml�1, 2500 ng
ml�1 (B-2) F-1 at various concentrations of rhein in F-1 viz. 32 ngml�1, 64 ngml�1, 125 ngml�1, 250 ngml�1, 500 ngml�1, 1000 ngml�1, and 2500
ng ml�1.
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of F-1 and rhein in rhlI/R circuitry of P. aeruginosa. The result is
in line with the data of Aswathanarayan et al., in which
berberine was screened using the biosensor bacteria C. viola-
ceum. Berberine reduced violacein production in the wild-type
strain by 62.67% at a concentration of 1.6 mg ml�1.66
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.6 Long-chain AHL inhibition assay

The level of 3-oxo-C12 HSL in F-1 and rhein treated P. aeruginosa,
was detected using reporter strain E. coli MG4/pKDT17. The AHL
levels in the supernatant of the F-1 treated sample was reduced by
RSC Adv., 2022, 12, 15196–15214 | 15203
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21.2%, 47.7%, and 68.9% at 0.6 mg ml�1, 0.8 mg ml�1, and 1 mg
ml�1, respectively; this indicates that different fraction concen-
trations (F-1) signicantly target the las IR circuit. The extent of
inhibition by standard rhein was 24.9%, 35.3% and 56.4% at
concentrations of 0.05 mg ml�1, 0.1 mg ml�1 & 0.15 mg ml�1

respectively. AZM showed around 78.72% reduction in b galacto-
sidase production (Fig. 5C). Similarly, a dose-dependent reduc-
tion in AHL levels in P. aeruginosa was recorded upon treatment
with eugenol, and Mangifera indica extracts.61,67

3.7 Effect of F-1 & rhein on bacterial virulence factors

Both LasI/LasR and RhlI/RhlR circuits conjointly regulate the
array of virulence factors throughout the advancement of
infections in the host. These virulence factors viz. LasB elastase,
LasA protease, pyocyanin, rhamnolipids, and I agella type IV
pili govern the pathogenicity of bacteria PQS.68 The BHL (Butyryl
Homoserine Lactone) and OdDHL (N-3-oxo-dodecanoyl homo-
serine lactone) signal control LasB elastase, LasA protease, and
alkaline protease production. LasA and LasB are crucial players
Fig. 5 (A) P. aeruginosa growth curve acquired on treatment with F-1
violacein pigment inhibition inC. violaceum 12472. Y axis represents the d
as average of triplicate readings with SD represented as bar where ** ind
production inhibition, which is quantified using bioreporter strain E. coli p
and SD are presented.

15204 | RSC Adv., 2022, 12, 15196–15214
in the deterioration of matrix proteins and the degradation of
the host tissues.69

Our data showed that with increasing concentrations of F-1
(0.6 mg ml�1, 0.8 mg ml�1 and 1 mg ml�1), protease activity
reduced signicantly (p < 0.01) by 28%, 43% and 56% respec-
tively, whereas AZM showed 74% protease activity inhibition
(Fig. 6A). Rhein (0.15 mg ml�1) showed a profound effect in
reducing protease activity by 64.

Similarly, LasB elastase is a multifunctional metalloenzyme
that is highly potent. It plays an important role during host cell
infection and can inactivate various biological tissues and
immunological agents. On exposure to F-1 (0.6 mg ml�1, 0.8 mg
ml�1, 1 mg ml�1), there was a noticeable reduction in LasB
elastase by 27%, 51% and 68% respectively (Fig. 6B). Rhein
(0.15 mg ml�1) showed a substantial effect with a 75% decrease
in the elastase activity, almost equal to positive control AZM
(77.1%).

Pyocyanin is a blue, green cytotoxic factor released in
copious amounts during cystic brosis lung infection. QS
, rhein (R) and AZM. (B) Quantitative assessment of F-1 and rhein on
ecrease in reduction in violacein pigment concentration. Data is shown
icates p # 0.05 with respect to untreated control. (C) 3-Oxo-C12 HSL
kdt17. Mean values of three triplicate independent experiments (n ¼ 9)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of F-1, Rhein and AZM on the virulence factor of culture supernatant (A) LasA proteolytic activity, (B) LasB elastolytic assay (C)
pyocyanin assay (D) rhamnolipid assay. The bars indicate the standard deviation for triplicate sets of experiments. The three independent
experiments were performed in triplicate (n ¼ 9), and values were shown as the average of three independent experiments compared with
control AZM (**p < 0.05, ***p < 0.001).
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controls the production and secretion of pyocyanin. We inves-
tigated the effects of various concentrations of F-1 and rhein on
the potential of P. aeruginosa to synthesize and secrete pyocya-
nin. Pre-treatment with F-1 concentrations of 0.6 mg ml�1,
0.8 mg ml�1, and 1 mg ml�1 displayed 48%, 55% and 59%
pyocyanin reduction respectively (Fig. 6C). The extent of pyo-
cyanin production was lowered by 72% upon treatment with
rhein (0.15 mg ml�1), comparable with the decline observed
with AZM (78%). The depletion in pyocyanin levels indicates the
potential effects of test samples on the QS circuit of P.
aeruginosa.

Rhamnolipids play a critical role in biolm formation and
bacterial pathogenesis by modulating the swarming motility.
The efficacy of F-1 and rhein in reducing the secretion of
rhamnolipids was quantied. As shown in Fig. 3, dose-
dependent concentrations of F-1 (0.6 mg ml�1, 0.8 mg ml�1,
and 1 mg ml�1) showed 41%, 54%, and 70% reduction in
© 2022 The Author(s). Published by the Royal Society of Chemistry
rhamnolipid production respectively. At 1 mg ml�1 of F-1, the
inhibition was far better than AZM. Rhein, a strong constituent
of F-1, also showed a 43% decrease in rhamnolipid production
(Fig. 6D).

F-1 and rhein treated bacterial supernatant was also tested
for all the above virulence assays and showed a remarkable
reduction in the virulence factor production. These results are
consistent with the study of Luo et al. and Zhou et al., in which
baicalein and phillyrin showed a varying level (between 10–
90%) of virulence factor reduction in P. aeruginosa.22,33
3.8 Swarm, swim & twitch motility assays

Biolm forming capacity in P. aeruginosa is highly associated
with motility. This bacteria displays three types of motility –

swarming, swimming (controlled by bacterial agellar move-
ment), and twitching (controlled by type IV pili) – which play
RSC Adv., 2022, 12, 15196–15214 | 15205
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a fundamental role during various stages of biolm formation.70

Therefore, reducing migration movement with plant fraction
reects the decline in biolm development by interrupting AHL
mediated QS mechanism.

The effect of F-1 and rhein on all the three motilities of P.
aeruginosa was assessed by inoculating overnight cultures of P.
aeruginosa onto the sample (F-1 and rhein) treated motility
plates. As shown in Fig. 7i and ii, a signicant reduction in all
three motilities was observed. Untreated P. aeruginosa PAO1
exhibited 30 mm and 47 mm of swarming and twitching
migration zones, respectively. Concentration-dependent dosage
of F-1 (0.6 mg ml�1, 0.8 mg ml�1 and 1 mg ml�1) resulted in
signicant decrease (P < 0.05) in both swimming and swarming
motility by (12.7 mm, 10 mm and 7 mm) & (33 mm, 27 mm and
24 mm) respectively. These reductions were comparable with
AZM, which showed a 9.25 mm diameter for swarming and
26 mm for swimming agar plates. Treatment with rhein at
0.15 mg ml�1 exhibited 7 mm swarming and 26 mm swimming
migrations.

P. aeruginosa PAO1 inoculated plates at various doses (0.6 to
1 mg ml�1) of F-1 showed poor twitch motility (28.3 to 21.9 mm)
Fig. 7 Motility inhibition of P. aeruginosa by treatment of F-1, rhein and
twitching motility of P. aeruginosa (ii) pictorial representations of (1) swa
three panels viz. 1, 2 and 3, plate (A) represents untreated P. aeruginosa, p
represent P. aeruginosa treated with F-1, at 0.6 mg ml�1, 0.8 mg ml�1 an
treated P. aeruginosa. Results are shown as mean of three (swarming, sw

15206 | RSC Adv., 2022, 12, 15196–15214
zones; rhein (0.15 mg ml�1) also imposed the inhibitory effect
on type IV pili mediated twitching motility (21.7 mm). Negative
control (untreated PAO1) showed great twitching migration of
49.5 mm. However, AZM displayed a signicant reduction of
17.4 mm twitching motility of the test pathogen. Pyocyanin is
a blue-green toxic pigment produced by bacteria. It is a prereq-
uisite for immune circumvention. In addition, rhamnolipid,
a biosurfactant, helps initiate biolm colonization and spread
in host tissue.71 In conclusion, virulence factors production,
which is necessary during the host invasion in the early and late
stages of infection, is controlled by QS systems; these factors
inuence the host cellular proteins in the infected tissues and
aid bacterial invasion and growth. A similar reduction in
motilities was reported by Zhou et al. & Aleksic et al.72,73

Hordenine treatment signicantly reduced tendril formation
and colony diameter in swimming and swarming motility at
concentrations varying from 0.5 mg ml�l to 1.0 mg ml�l. Aleksic
et al. showed that various synthetic derivatives of N-
octaneamino-4-aminoquinoline effectively inhibited swim-
ming, swarming and twitching motilities.
AZM (i) graphical representation of (1) swarming, (2) swimming and (3)
rming, (2) swimming and (3) twitching motility of P. aeruginosa. In all
late (B) represents AZM treated P. aeruginosa, and plates (C), (D) and (E)
d 1 mg ml�1, respectively. Plate (F) in all three panels represents rhein
imming & twitching) independent experiments (n ¼ 9).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Biofilm inhibition assay (I) quantitative assay representing the effect of F-1, rhein on P. aeruginosa PAO1 biofilm after 24 h of incubation (II)
confocal laser scanning microscopy images of P. aeruginosa PAO1 biofilms (III) scanning electron microscopic images of P. aeruginosa biofilms
where (A) untreated P. aeruginosa (B) AZM (4 mgml�1), (C) rhein (0.15mgml�1) and (D–F) F-1 treatments at concentrations of 0.6mgml�1, 0.8mg
ml�1 and 1 mg ml�1. The asterisk above the bars indicate statistically significant difference compared to AZM (**p < 0.05; ***p < 0.001).
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3.9 Effect on biolm formation

Depending on the above affirmation, we further determined the
effect of F-1 and rhein on biolm formation. P. aeruginosa is
© 2022 The Author(s). Published by the Royal Society of Chemistry
popular for its biolm-forming property, which is controlled by
the rhl circuit. In biolms, bacteria live in the sessile commu-
nity encased in Extracellular Polymeric Substance (EPS). They
RSC Adv., 2022, 12, 15196–15214 | 15207

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08351a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

12
:5

0:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
tend to adhere to various surfaces and initiate bacterial colo-
nies, leading to severe chronic infections in immunocompro-
mised patients that are difficult to eradicate.74

Conventional crystal violet (CV) binding assay was performed
to analyze the effect of F-1 and rhein on biolm formation. The
spectrophotometric analysis showed an 18–69% decrease in
bacterial biolm production in a concentration-dependent
manner of F-1 (0.6–1 mg ml�1), as shown in Fig. 8I. The lowest
concentration of F-1 exhibited comparatively less inhibition of
biolm biomass by 18%; however, F-1 at 1 mg ml�1 concentra-
tion demonstrated 69% inhibition which was more signicant
than AZM (66%). Similarly, treatment with rhein showed 51.4%
inhibition of the biolm formation of P. aeruginosa PAO1.
Further, the effect of F-1 and rhein was analyzed using confocal
microscopy and scanning electron microscopy. Microscopy
analysis was performed to validate quantitative biolm inhibi-
tion data and give a visual representation of biolms. In confocal
laser microscopy (CLMS) imaging analysis, the density of
planktonic cells was notably reduced with increasing dosage of F-
1. Rhein and AZM treated cells showed a decrease in the cell
biomass on a glass coverslip. However, the untreated cultures of
P. aeruginosa build a mat-like thick and dense biolm on glass
coverslips, as shown in Fig. 8II.

Moreover, visualization of the fraction-treated biolms
through scanning electron microscopy revealed a potent
reduction in microbial adherence and a scattered appearance of
biolms. As shown in Fig. 8III, the biolm of the control group
(untreated cells) showed excellent adhesion. An entire coverslip
was covered with the fully grown biolm, whereas the exposure
of F-1 & rhein led to a drastic reduction in biolm. These results
indicate that rhein-rich F-1 and pure rhein potentially inhibited
the biolm adhesion and further blocked the advancement in
the biolm-forming capacity of P. aeruginosa.

In the current study, upon treatment of P. aeruginosawith F-1
(1 mg ml�1) and rhein, we observed a signicant diminution in
biolm biomass in P. aeruginosa PAO1 in 96 well plates without
compromising bacterial growth. Major constituent rhein also
reduces biolm thickness, resulting in the scattered pattern of
bacteria on the glass coverslip. These research results are in
conformity with Rajkumari et al. and Zhou et al.72,75
3.10 Expression of QS-regulated genes

lasI, lasR, rhlI, rhlR are vital regulators of the QS-regulated
circuit and play an indispensable role in QS-related virulence
factors production and biolms development.76 These QS-
regulated key genes were analyzed using qRTPCR for treated
(F-1, rhein, and AZM) and untreated P. aeruginosa PAO1
(control). The relative expression of QS-regulated genes – lasI,
lasR, rhlI, rhlR – was determined by calculating Ct values. RpsL
gene was employed as a reference gene. Melting curves acquired
for all the genes (rpsL, lasI, lasR, rhlI, and rhlI) showed that
control and treated samples of P. aeruginosa had the same
melting prole, and no primer dimer was monitored (data not
shown). Relative expression of treated test samples was
compared with untreated bacterial cultures, and the data was
analyse using the 2�DDCt method. As stated in real-time PCR
15208 | RSC Adv., 2022, 12, 15196–15214
data, the highest non-growth inhibitory concentrations of F-1
(1 mg ml�1) showed maximum inhibition in rhlI gene while
other genes manifested modest inhibition. Rhein-treated P.
aeruginosa (0.15 mg ml�1) signicantly down-regulated the
expression levels of lasI, lasR, rhlI, and rhlR by 76.5%, 39.5%,
63.5% and 33%, respectively. Results acquired in this study
manifested that rhein selectively down-regulates the functions
of all 4 genes (Fig. 9A). Similarly, exposure to AZM (positive
control) also caused a signicant and selective downregulation
of the expression of lasI, lasR, rhlI, and rhlR by 85.5%, 66%,
49%, and 62.5%, respectively, which is comparable with the
results obtained by F-1 and rhein. Overall, F-1 and its main
constituent drastically reduced all four gene expression levels in
P. aeruginosa.

These results indicate that multiple components of F-1 play
an essential role in the QS circuit. The study results are in line
with the work of Taha et al., in which they showed varying levels
of reduction in lasI, lasR, rhlI, and rhlR genes upon the treat-
ment with two synthetic peptides (LIVRHK and LIVRRK) in P.
aeruginosa.77
3.11 Effect on the survival of the worms

3.11.1 Cassia stula active fraction & rhein rescue Caeno-
rhabditis elegans from paralytic killing, slow killing & fast
killing by P. aeruginosa. We further investigated the anti-
virulence and preventive effects of F-1 and rhein on the ability
of P. aeruginosa PAO1 to kill C. elegans. Paralysis in C. elegans via
P. aeruginosa PAO1 occurs because of cyanide asphyxiation.
Cyanide production in P. aeruginosa PAO1 is under the control
of HCN operon, operated by the QS regulators, LasR and RhlR.
The high survival rate of worms reects the inhibitory effect of
F-1 and rhein on the QS circuit and bacterial pathogenesis.
Treatment with F-1, rhein, and AZM signicantly increased the
survival rate of infected worms by 70%, 60%, and 80%,
respectively, as shown in Fig. 9B.

In slow killing, the assay utilizes low osmolarity media, and
the killing of worms occurs over several days. Death of worms
happens due to ingestion and aggregation of P. aeruginosa in C.
elegans gut. Subsequently, the infection is controlled by the QS.
As shown in Fig. 9C, in the slow killing assay, 60–67% of worms
died on P. aeruginosa PAO1 treated plate between 48 to 50 h,
with the highest concentrations of F-1 (1 mg ml�1), increasing
the survival rate signicantly by 53% at the end of 72 h incu-
bation. Upon treatment with rhein and AZM, the survival rate
was recorded at 60% and 69%, respectively.

On the other hand, phenazine is a crucial virulence factor
that plays an indispensable role in the fast killing of C. elegans
and is partially controlled by the QS circuitry. Fast-killing assay
results are depicted in Fig. 9D. Upon exposure to F-1 and rhein,
there was a drastic increase in the worms' survival rate by 60%
and 57%, respectively, aer 5 h. The study results suggest that
the addition of F-1 and rhein remarkably increased the survival
rate of P. aeruginosa PAO1 infected C. elegans. Our research
results are encouraging and support the results of the previous
work in which Murraya essential oils at 0.3 v/v concentration
signicantly increase the survival rate of worms.78,79
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) Bar graph showing expression level of various QS regulatory genes lasI, lasR, rhlI, and rhlR genes in P. aeruginosa post treatment with
F-1 (0.6–1 mg ml�1) and rhein (0.15 mg ml�1). Untreated bacterial culture was used as negative control, while AZM (4 mg ml�1) treated bacterial
group was used as positive control. Data represented as the average of three independent experiments and indicated in terms of relative
expression with respect to untreated control group. (B–D) Effect of F-1 and rhein on the life span ofCaenorhabditis eleganswhere (B) represents
paralytic assay (C) slow-killing assay and (D) fast-killing assay.
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3.12 Molecular docking study

The molecular docking interactions of all the constituents
identied by GC-MS and LC-MS analysis, including rhein, were
studied against LasI and LasR protein structures using Auto-
Dock4. The observed binding energy scores are mentioned in
ESI Table 5.† Based on binding scores, it was observed that
constituents like rhein, 3-aminodibenzofuran, 5-
(hydroxymethyl)-2-(dimethoxymethyl)furan, dihydrorhodamine
have an equal affinity towards both the targets under study, i.e.,
LasI and LasR receptors. On the other hand, certain constituents
like 9-octadecenamide, 2-aminononadecane, methyl stearate,
and methyl linoleate showed more affinity towards LasR than
LasI. Phytocompounds of F-1 exhibiting the highest affinity,
including rhein, are discussed here. The remaining constitu-
ents exhibited almost similar (moderate to less) affinity towards
both targets.

The carboxylic acid functionality of rhein stabilizes the LasI
receptor–ligand complex by strong hydrogen bond interaction
with Phe105 and a stable salt bridge with Arg104. The 9-
carbonyl functional group of 9,10-dioxoanthracene ring
© 2022 The Author(s). Published by the Royal Society of Chemistry
provides additional stability to the complex by creating
a hydrogen bond with Thr144. Apart from these interactions,
the structure is well stabilized in the receptor active site. Here
the 4,5-diOH and 10-carbonyl polar functionalities are aligned
with the essential positively charged polar amino acids such as
Lys28, Arg30, and Lys31. The aromatic rings of the scaffold are
further stabilized by pi–pi stacking interaction with Phe27 and
Trp33, along with pi–alkyl interaction with Val148. The inter-
action of Rhein with the active site of LasI is shown in Fig. 10A.
The 3-aminodibenzofuran exhibited promising interactions
with the active site of LasI as shown in Fig. 10B. One of the
benzene rings of the scaffold comfortably ts into a hydro-
phobic pocket comprising nonpolar amino acids like Phe105,
Ala106, Val148, Met151, and Met152 Phe117 pi–pi interaction.

Further, the aromatic rings of the scaffold also exhibited pi–
alkyl interaction with Val26 and Val148. The oxygen of the furan
ring of the scaffold supported ligand–receptor complex stability
by establishing a hydrogen bond with Ile107. Similarly, 5-
(hydroxymethyl)-2-(dimethoxymethyl) furan also showed
promising interactions with LasI (Fig. 10C). The 5-
RSC Adv., 2022, 12, 15196–15214 | 15209
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Fig. 10 Dockingmodel of compounds identified by GCMS (A) rhein, (B) 3-aminodibenzofuran, (C) 5-(hydroxymethyl)-2-(dimethoxymethyl)furan
and (D) dihydrorhodamine with LasI (PDB ID: 1RO5).
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hydroxymethyl group of scaffolds prominently stabilized the
complex by forming a hydrogen bond with Arg104, Phe105, and
Val143. The furan ring of the scaffold is found to be stabilized
between Phe27 and Trp33 aromatic amino acids by pi–pi
stacking interaction. Dihydrorhodamine derivative (Fig. 10D)
showed promising interaction with LasI. The methyl benzoate
moiety of the scaffold exhibited encouraging pi–pi interaction
with Trp33 and pi–alkyl interaction with Arg30 and Val148.

Additionally, the carbonyl functionality of benzoate stabi-
lized the complex by making a hydrogen bond with Thr145. One
of the 3-amino functional groups provided stability to the
complex by forming a hydrogen bond with Val143. A similar
type of hydrogen bonding interaction was exhibited by xan-
thenyl oxygen with Thr144. The aromatic ring further demon-
strated promising pi–alkyl interaction with Val26 and Val148.

Similarly, rhein, 3-aminodibenzofuran, 5-(hydroxymethyl)-2-
(dimethoxymethyl)furan, and dihydrorhodamine showed good
affinity towards LasR, indicating multi-target potential of these
molecules. Multi-target drugs are promising as they can be
useful in reducing the QS-mediated drug resistance problem.
Interactions of rhein with LasR are depicted in Fig. 11A. Here,
the 4-OH group of scaffolds stabilized the ligand–receptor
complex by forming a hydrogen bond with Thr75, Thr115, and
Ser129, whereas 10-carbonyl functionality represented the same
interaction with Ser129. The carboxylate group imparted
stability by hydrogen bonding with Trp60 and pi–anion inter-
action with Trp88. The 9-carbonyl functional group interacted
with Arg61 by stable hydrogen bonding. The aromatic rings of
the scaffold exhibited promising pi–pi interactions with Tyr56
and Tyr64, along with pi–alkyl interaction with Leu36, Ile52,
Val76, and Ala127. The 3D docked orientation of scaffold 3-
aminodibenzofuran is depicted in Fig. 11B. Stability to this
complex was imparted by a hydrogen bond between the 3-
amino group with Leu110 and oxygen of furan with Trp60. The
15210 | RSC Adv., 2022, 12, 15196–15214
aromatic rings of the scaffold comfortably presented pi–pi
interactions with Tyr56, Tyr64, Trp88, Phe101, and pi–alkyl
hydrophobic interaction with Leu36, Ala105, Leu110. Interac-
tions of 5-(hydroxymethyl)-2-(dimethoxymethyl)furan with LasR
are presented in Fig. 11C. An aromatic ring of the scaffold was
observed, forming a very stable pi–anion interaction with
Asp73. The –OH group of hydroxymethyl imparted stability to
the complex by exhibiting hydrogen bond interaction with
Asp73. The same type of hydrogen bonding was observed
between one of the methoxymethyl oxygen with Ser129. Further,
the aromatic ring was comfortably found in the hydrophobic
pocket of Tyr56, Tyr64, and Phe101. Dihydrorhodamine also
showed favorable interaction with LasR (Fig. 11D). Methyl
benzoate ring imparted stability by pi–alkyl hydrophobic
interactions with Leu40, Ala50, Val76, Cys79, Leu125, and
Ala127. The xanthenyl aromatic rings exhibited stability by pi–pi
interaction with Tyr64 and pi–anion interaction with Asp73, and
pi–alkyl hydrophobic interactions with Leu36, Ile52, Ala70, and
Val76. One of the amine functionalities of the scaffold pre-
sented stable hydrogen bonds with Tyr47 and Asp65 and
contributed to the ligand–receptor complex.

Results of in silico studies revealed that the various compo-
nents of F-1, including all four scaffolds (rhein, 3-amino-
dibenzofuran, 5-(hydroxymethyl)-2-(dimethoxymethyl)furan,
and dihydrorhodamine), showed promising interactions with
both the targets under study (LasI and LasR). These antagonistic
blockers either compete for the binding site of natural ligand
inducer proteins (LasI) or the natural ligand-binding site on the
quorum-sensing receptor proteins (LasR). The present data is in
agreement with the results reported by Kordbacheh et al.80 In
this study, rutin and myricetin-3-O-rutinoside showed the
highest affinity towards the LasR receptor with docking scores
of �11.503 and �11.253 kJ mol�1, respectively.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Dockingmodel of compounds identified by GCMS (A) rhein, (B) 3-aminodibenzofuran, (C) 5-(hydroxymethyl)-2-(dimethoxymethyl)furan
and (D) dihydrorhodamine with LasR (PDB ID: 2UV0).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

12
:5

0:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Conclusion

The study's overall results suggest that puried active secondary
metabolites from Cassia stula fruit pods and their active
anthraquinone rhein substantially diminish the QS circuitry of
P. aeruginosa. These natural phytoconstituents in various
combinations with antimicrobial agents can be used to develop
promising anti-virulence drug candidates based on their
binding energies to impair bacterial pathogenicity by mitigating
the QS mechanism.
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