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Objectives: The quorum-sensing-inhibitory and anti-biofilm activities of the methanol ex-
tract of E. globulus leaves were determined against clinically isolated multidrug-resistant
Pseudomonas aeruginosa.

Methods: The preliminary anti-quorum-sensing (AQS) activity of eucalyptus was investi-
gated against a biosensor strain Chromobacterium violaceum ATCC 12472 (CV12472) by
using the agar well diffusion method. The effect of sub-minimum inhibitory concentrations
(sub-MICs) of the methanol extract of eucalyptus on different quorum-sensing-regulated
virulence factors, such as swarming motility, pyocyanin pigment, exopolysaccharide (EPS),
and biofilm formation, against clinical isolates (Cls 2, 3, and 4) and reference PAO1 of
Pseudomonas aeruginosa were determined using the swarm diameter (mm)-measurement
method, chloroform extraction method, phenol (5%)-sulphuric acid (concentrated) method,
and the microtiter plate assay respectively, and the inhibition (%) in formation were calcu-
lated.

Results: The preliminary AQS activity (violacein pigment inhibition) of eucalyptus was con-
firmed against Chromobacterium violaceum ATCC 12472 (CV12472). The eucalyptus ex-
tract also showed concentration-dependent inhibition (%) of swarming motility, pyocyanin
pigment, EPS, and biofilm formation in different Cls and PAO1 of P. aeruginosa.
Conclusion: Our results revealed the effectiveness of the E. globulus extract for the regu-
lation of quorum-sensing-dependent virulence factors and biofilm formation at a reduced
dose (sub-MICs) and suggest that E. globulus may be a therapeutic agent for curing and
controlling bacterial infection and thereby reducing the possibility of resistance develop-
ment in pathogenic strains.
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opportunistic human pathogen that can cause respiratory in-

INTRODUCTION

fections, urinary tract infections (UTIs), eye infections, ear

The increasing emergence of microbial multi-drug resis-
tance has proven to be an obstacle for the effective treatment
of microbial infection worldwide. This severe problem has
necessitated the development of new therapeutic agents as well

as drug targets. Pseudomonas aeruginosa is a Gram-negative,

infections, infections in bone, skin, and soft tissues, ventilator-
associated pneumonia (VAP), and cystic fibrosis [1-3]. The
commonly used antibiotics for the treatment of P. aeruginosa
infection include gentamicin, tobramycin (aminoglycosides);

ceftazidime, cefepime (cephalosporins); ciprofloxacin (fluo-
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roquinolones); aztreonam (monobactams); and imipenem
(carbapenems) [4]. Several Gram-negative bacteria, including
P. aeruginosa, monitor their population density using signal
molecules (auto-inducer) such as N-acyl homoserine lactones
(AHLs) under a gene regulatory mechanism known as quorum
sensing (QS) [5, 6]. In P, aeruginosa, las and rhl are two inter-
related QS systems that work in a hierarchical manner, and LasI
and RhlI are synthetases that produce the auto-inducer signal-
ing molecules N-(3-oxododecanoyl)-L-homoserinelactone
(OdDHL) and N-butanoyl-L-homoserine lactone (BHL), re-
spectively. Another signal named the Pseudomonas quinolone
signal plays an essential role in the QS system [7-9]. Various
virulence factors of P. aeruginosa, such as swarming motility
and the formation of pyocyanin pigment, exopolysaccharide,
LasA protease, and LasB elastase, contribute to the regulation
of pathogenesis by the QS mechanism [10, 11]. In comparison
with planktonic cells, cells in the biofilm are highly resistant
and require greater doses of antibiotics for their removal [12].
Inhibition of QS, also known as quorum quenching (QQ), may
be achieved by destruction or modification of QS signaling
molecules (AHL), interference or blocking agents of QS, or via
formation of antibodies to regulate QS signals [13]. The inhibi-
tion of virulence factor production by interference in QS may
be a better approach than killing or inhibiting the growth to
regulate the pathogenicity and virulence of pathogenic bacteria
such as P, aeruginosa [14, 15]. Several studies have reported the
antibacterial and anti-QS (AQS) activity of plant extracts [16-
18]. The doses of antibiotics or natural plant extracts required
to inhibit bacterial growth (antibacterial activity) are generally
higher than the doses required to interfere with QS and inhibit
virulence factor formation.

The use of higher doses of antibiotics for growth inhibi-
tion and biofilm removal may lead to serious adverse effects in
patients and facilitate the emergence of drug resistance in the
microorganism. The common mechanisms of drug resistance
in P, aeruginosa are efflux pump activity, low outer membrane
permeability, formation of antibiotic-inactivating enzymes
(intrinsic resistance); mutational alterations or horizontal anti-
biotic resistant gene transfer (acquired resistance) [19, 20]; and
biofilm formation (adaptive resistance) [21]. Thus, in addition
to the antibacterial approach, QS inhibition for attenuation of
virulence factor formation at reduced doses of plant extracts
or antibiotics may be an attractive solution for emergence of
microbial drug resistance as well as effective and safe treat-

ment of infections. Over the last several decades, eucalyptus
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has been used as a medicinal plant for its antibacterial, anti-
inflammatory, antifungal, antiviral, anticancer, and antioxidant
properties [22]. Essential oils from many Eucalyptus species
have been previously reported for their antibacterial properties
[23-25]. 1,8-Cineole or eucalyptol (63.81%) was reported to be
a major constituent of Eucalyptus globulus leaves [26], and the
anti-biofilm and AQS activity of 1,8-cineole against methicillin-
resistant Staphylococcus aureus (MRSA) isolates has been re-
ported previously [27]. In a previous study, we had determined
the growth-inhibiting activity of the methanol extract of E.
globulus leaves and their MICs against clinical isolates (CIs) of
multidrug-resistant P. aeruginosa [17]. As an extension of these
findings, the aim of the present study is to reveal the AQS and
anti-biofilm efficacy of a crude methanolic extract of E. globu-

lus against CIs and a reference strain (PA01) of P, aeruginosa.

MATERIALS AND METHODS

1. Collection of plant material and extract preparation

Fresh leaves of E. globulus were collected and authenticated
by the Council for Research in Ayurvedic Sciences-Regional
Ayurveda Research Institute, Jhansi (Uttar Pradesh), India.
The maceration method was used for extraction of E. globulus
leaves. Briefly leaves were air-dried, powdered, and soaked (10
gm) in 100% methanol and subjected to continuous mixing for
3 successive days at room temperature. The crude methanolic
extract was filtered through Whatman filter paper no. 1 and
subjected to centrifugation at 3,000 rpm for 10 min. The col-
lected supernatant was evaporated and concentrated with a
rotary evaporator. The concentrated crude methanol extract of
eucalyptus was aseptically preserved at 4C in a sterile airtight
bottle.

2. Bacterial isolates

All the clinical isolates of P. aeruginosa were collected from
Department of Microbiology, Sarojini Naidu Medical College,
Agra (Uttar Pradesh), India. A biosensor strain Chromobacte-
rium violaceum ATCC 12472 (CV12472) and reference strain
(PAO1) of P. aeruginosa were collected from Department of
Agricultural Microbiology, Aligarh Muslim University, Aligarh
(Uttar Pradesh), India. P. aeruginosa was maintained on Luria-
Bertani (LB) broth at 37C while C. violaceum (CV12472) was

maintained on nutrient broth at 28T.
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3. Determination of antibacterial activity and MIC

The antibacterial activity of the eucalyptus extract against
clinical isolates (Cls) and the reference strain of P. aeruginosa
was determined using an agar well diffusion method, and the
MICs were determined using the broth microdilution method
in accordance with the guidelines of Clinical and Laboratory
Standard Institute; the protocols for these evaluations were the

same as those in our previous study [28].
4. Determination of AQS activity

The AQS activity of the eucalyptus extract was confirmed
by showing pigment (violacein) inhibitory activity in CV12472
using the standard agar well diffusion method [29] with slight
modification. Briefly, a Mueller-Hinton agar plate with 100 pL
of freshly grown and aseptically diluted bacterial suspension
with an inoculum size of 2.5 x 10° CFU/mL was prepared. Wells
of 6-8 mm diameter were made on the plates by using a sterile
cub borer, and the bottom was sealed using soft agar. Next, 50
uL of eucalyptus extract (500 mg/mL) was poured aseptically in
the wells. The plates were incubated for 18-20 h at 28C. DMSO
(dimethyl sulfoxide) was used as a negative control. The inhibi-
tion zone diameter of pigment inhibition (mm) around the well

was measured to determine AQS activity.

5. Inhibition of QS-regulated virulence factors and biofilm
formation

1) Assay for swarming motility

The effect on swarming motility was determined using a
swarm plate prepared using sterile nutrient broth (8 gm/L)
supplemented with 5 gm/L glucose and solidified by bacto
agar (0.5%) with sub-MICs of eucalyptus extract (50 pL) [30].
Swarm plates were point-inoculated with freshly grown culture
of P aeruginosa and incubated at 37C for 18-24 h. The diam-
eter (mm) of the circular turbid zone from the point of bacterial
inoculation was measured to determine the effect of eucalyptus
on swarming motility. Swarm diameters (mm) of treated and
untreated cultures (as control) were noted to calculate the per-

centage inhibition in swarming motility.

2) Assay for pyocyanin formation
The effect of eucalyptus extract on pyocyanin formation in

CIs and the reference strain (PAO1) of P. aeruginosa was deter-

mined using the standard chloroform extraction method [31].
Freshly prepared bacterial culture (5 mL) was treated with 150
L of sub-MIC eucalyptus extract and incubated at 37T for
18-24 h. A 3-mL volume of chloroform was added to the su-
pernatant of the incubated culture and mixed vigorously. After
mixing, the chloroform layer was separated and further mixed
with 1 mL of 0.2 M HCL (hydrochloric acid). The solution was
centrifuged at 8,000 rpm for 10-12 min at room temperature.
The absorbance of the HCL layer (pink to deep red color) was
measured at 520 nm. Absorbance of treated and untreated cul-
ture (as control) was noted to calculate the percentage inhibi-

tion in pyocyanin formation.

3) EPS extraction and estimation

The bacterial isolates were grown in LB broth containing
150 pL of sub-MIC eucalyptus extract at 37C for 18-24 h. Af-
ter incubation, the bacterial culture was centrifuged, and the
supernatant was filtered and transferred to fresh sterile tubes.
Three volumes of chilled ethanol (100%) were added, and the
tube was incubated at 4C for 24 h to precipitate extraction and
EPS quantification [32]. Quantification of EPS was performed
by measuring the sugar concentration with the phenol (5%) -
sulfuric acid (concentrated) method [33]. Percentage inhibition
of EPS formation was calculated by determining the absorbance

of treated and untreated cultures (as control) at 490 nm.

Figure 1. Anti-quorum sensing (violacein pigment inhibition) activity
of the methanol extract of eucalyptus against C. violaceum CV12472.
(A: methanol extract of Eucalyptus globulus; B: negative control).
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4) Assay for biofilm

The effects of sub-MICs of the eucalyptus extract on biofilm
formation were determined by the microtiter plate assay [34],
with slight modifications. Briefly, biofilms were developed in
the presence of eucalyptus extract (at different sub-MICs) at
37T for 18-24 h. The wells were drained properly the next day
and washed with sterile PBS (phosphate-buffered saline) three
times to remove planktonic cells. For biofilm staining, 150 puL
of crystal violet solution (0.1%) was poured into the wells and
plate was incubated at room temperature for 5-10 min. After
incubation, excess dye was removed by washing with sterile
PBS, and the plate was kept at room temperature for air drying.
Next, 150 uL of glacial acetic acid (33% v/v) was added to wells
to solubilize the dye taken in by the cells in the biofilm. Percent-
age inhibition in biofilm formation was calculated by determin-
ing the absorbance of treated and untreated culture (as control)
at 570 nm.
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6. Statistical analysis

Experiments were performed in triplicate, and mean + stan-
dard deviation was calculated. The data were statistically ana-
lyzed with one-way ANOVA, and the level of significance was
expressed as the p value (p < 0.001, p < 0.005, p < 0.01 and p <
0.05 were denoted with ****, ¥ ** ‘and *, respectively) when
inhibition in PAOI was compared to those in clinical isolates.
Comparison of inhibition in the reference strain/clinical isolates
by sub-MICs was made using Tukey’s HSD post-hoc test, and
the mean difference was expressed as significant at the 0.05 lev-
el. Values sharing a common letter (a, b, ¢) were not significant
(at p < 0.05) when comparisons were made between percentage
inhibition (%) of strain/clinical isolates by sub-MICs. Statisti-
cal analyses were performed in IBM SPSS statistics 20 (Version
20.0. Armonk, NY: IBM Corporation).
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Figure 2. Inhibition of the formation of various virulence factors
(A), swarming motility (B), pyocyanin formation (C), and exopolysac-
charide (EPS) formation by sub-MICs of eucalyptus extract in the
reference PAOL strain and the clinical isolates (Cl 2, CI 3, and Cl 4)
of P. aeruginosa, and comparison of the reference strain PAO1 to the
clinical isolates. Each bar represents the mean value of three inde-
pendent replicates, and the error bar shows the standard deviation.
*%%*p < 0.001, ***p < 0.005, **p < 0.01, *p < 0.05, NS: not
significant when the reference PAO1 strain was compared to Cl 2, 3,
and 4. Values sharing a common letter (a, b, ¢) were not significant
(at p < 0.05) when comparison was made between inhibitions by
sub-MICs with in strain/clinical isolates.
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RESULTS

In preliminary evaluation of the QS-inhibitory activity of
eucalyptus, the eucalyptus extract showed significant inhibi-
tion of violacein pigment formation in CV12472 (Fig. 1). The
effects of the eucalyptus extract on the growth of PAO1 and Cls
2, 3, and 4 at its sub-MICs (1/2 MIC, 1/4 MIC, 1/8 MIC) were
determined using spectroscopic growth curve analysis, and the
results showed that the growth of the reference strain/isolates
was not affected at sub-MICs (data not shown). A significant
(p < 0.05) concentration-dependent reduction in swarming
motility was observed in PA01 and CIs 2 and 4 at all tested sub-
MIC levels (1/2, 1/4, 1/8 MIC), while the reduction in CI 3
was slightly similar at both 1/4 and 1/8 MIC. The reduction in
swarming motility in PAO1 (approximately 44%) was signifi-
cantly higher than those in Cls 2, 3, and 4 (approximately 38%,
28%, and 35%, respectively, at 1/2 MIC; Fig. 2). At 1/2 MIC,
the maximum and significantly higher inhibition of pyocyanin
formation (%) was observed in CI 3 (p < 0.05) and CI 4 (p <
0.01) than in PAO1, while inhibition (%) at 1/4 MIC was signifi-
cantly higher in PAO1 than in CIs 2 and 3 but lower than that
in CI 4. At 1/4 MIC and 1/8 MIC, a significant concentration-
dependent pyocyanin inhibition (%) was found in PAO1 and
CI 4 while inhibition was slightly similar in both the CI 2 and
CI 3 (Fig. 2). A significant concentration-dependent inhibition
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(%) in EPS formation was found in all of the tested CIs and the
reference strain (PAO1) of P. aeruginosa (p < 0.05). At all of the
tested levels of sub-MICs, inhibition was significantly higher in
PAO1 than in the other Cls (Fig. 2). The reduction in OD (570
nm) and percentage inhibition (%) of biofilm formation by the
eucalyptus extract in the reference strain PA01 and Cls of P, ae-
ruginosa are mentioned in Fig. 3. A significant concentration-
dependent inhibition in biofilm formation (%) was observed in
PAO1, CI 2 and CI 3 (p < 0.05) at the sub-MICs. For CI 4, the
inhibition was slightly similar at 1/2 MIC and 1/4 MIC, but the
inhibition at both sub-MIC levels was significantly higher as
compared to at 1/8 MIC (Fig. 3).

Over the last several decades, plant-based components have
been traditionally used as medicines for curing and controlling
microbial infections and diseases. Previous research studies
have reported the AQS activity of plant materials [35-40]. The
methanol extract of eucalyptus leaves was prepared because
this solvent allows easy degradation of the cell wall and releases
a range of phytoconstituents from the plant cells because of
its polar nature [41, 42]. In the preliminary step of research,
the growth inhibitory activity and MIC of methanol extract of

eucalyptus leaves against the ClIs and reference strain (PA01)
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Figure 3. Inhibition of biofilm formation. (A) OD at 570 nm. (B) Percent inhibition (%) by sub-MICs of eucalyptus extract in the reference strain
PAO1 and clinical isolates (Cl 2, CI 3 and CI 4) of P. aeruginosa. Each bar represents the mean value of three independent replicates, and the
error bar shows the standard deviation. ****p < 0.001, ***p < 0.005, **p < 0.01, *p < 0.05, NS: not significant. Values sharing a com-
mon letter (a, b, c) were not significant (at p < 0.05) when comparison was made between percent inhibitions (%) by sub-MICs within strain/

clinical isolates.
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of P aeruginosa were determined [17]. As an extension of that
study, the present study prepared sub-MICs of the eucalyptus
extract (Table 1) and investigated their AQS effects to evalu-
ate whether the virulence factors regulated under QS as well
as biofilm formation could be inhibited at the sub-MIC levels.
In the present study, effective initial AQS activity of eucalyptus

against CV12472 was observed as violacein pigment inhibition
(Fig. 1), indicating the efficacy of the extract to interfere with
the QS signaling cascade. Similar inhibition in violacein pig-
ment formation was reported for eucalyptus (E. globulus and
E. radiata) [26], Mangifera indica [15], clove [36], Cuminum

cyminum [39], and Terminalia bellerica [40]. In the present

Table 1. MIC and sub-MICs of methanol extract of eucalyptus against clinical isolate (Cl) 2, 3, 4 and PAO1 of P. aeruginosa

Strain/Clinical isolates (Cls)

MIC and sub-MICs (mg/mL) of methanol extract of Eucalyptus globulus leaves

MIC 1/2 MIC 1/4 MIC 1/8 MIC
PAOL 7.81 3.90 1.95 0.97
Cl2 15.62 7.81 3.90 1.95
Cl3 62.5 31.25 15.62 7.81
Cl4 31.25 15.62 7.81 3.90
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Figure 4. Inhibition (%) of quorum-sensing-regulated virulence factors and biofilm formation in the (A) reference strain PAO1, (B) CI 2, (C) Cl
3, and (D) Cl 4 of P. aeruginosa by sub-MICs of the eucalyptus extract. Each bar represents the mean value of three independent replicates,

and the error bar shows the standard deviation.
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study, sub-MICs of the eucalyptus extract showed effective
concentration-dependent inhibition (%) of QS-regulated viru-
lence factors and biofilm formation in the reference PAOI and
different CIs of P, aeruginosa (Fig. 4). Pyocyanin pigment is a
QS-regulated virulence factor contributing to the pathogenesis
of P aeruginosa infections in cystic fibrosis patients [43]. In the
present study, effective reduction (%) in pyocyanin pigment
formation was observed in CIs and the reference strain PAO1.
A significant (p < 0.05) concentration-dependent reduction
in pyocyanin formation was observed in PA01 and CI 4 at all
the tested sub-MICs, while the reduction in CI 2 and CI 3 at
1/4 MIC and 1/8 MIC were similar, which exhibited the limit
of possible reduction at the selected sub-MICs (Fig. 2). Similar
reduction in pyocyanin formation by plants was also previously
reported in P. aeruginosa [40, 44]. EPS and swarming are the
two most important QS-regulated factors closely related to the
biofilm. EPS is required for maturation of the biofilm [45], and
type IV pilli and flagella-mediated motility, swarming motility
[46], is a key factor to keep cells compact and close within the
biofilm. Therefore, controlling the swarming and EPS forma-
tion through interference in QS signaling may also regulate
biofilm formation and maturation. The significant inhibitory
effect of eucalyptus extract on biofilm formation (Fig. 3) as well
as virulence factors such as swarming and EPS formation was
observed in both the CIs and the reference strain (PA01) of P
aeruginosa (Fig. 2). The biofilm-forming bacteria are usually
resistant to antibiotics due to the formation of EPS as an essen-
tial component of biofilms [47].

Thus, reduction in EPS formation may be beneficial to
control biofilm formation and the emergence of antibiotic re-
sistance. In the present study, a significant reduction in biofilm
formation as well as EPS was observed in CIs and the reference
strain PAO1 and as a result, the chances of resistance develop-
ment in P. aeruginosa might be decreased at a lower dose (sub-
MICs) of the eucalyptus extract. Reduction in biofilm forma-
tion using other plant extracts and oils has been previously
reported in P, aeruginosa [36, 48]. The present study revealed
the AQS potential of E. globulus, which may contribute to con-
trolling bacterial infection as well reducing the emergence of
resistance. Furthermore, molecular investigations are needed to
elucidate its actual mechanism of virulence factors and biofilm

inhibition.

Because of its AQS potential at a low dose, E. globulus has
therapeutic importance in curing and controlling infections
and reducing microbial resistance. Eucalyptus extracts may be
an alternative and effective agent to combat infections caused

by multi-drug resistant pathogenic bacteria.

ACKNOWLEDGMENTS

The authors would like to thank the Central Council for
Research in Ayurvedic Sciences-Regional Ayurveda Research
Institute, Jhansi (Uttar Pradesh), India for providing and au-
thenticating the Eucalyptus globulus leaves used in this research
work. The authors also thank to the Department of Microbiolo-
gy, Sarojini Naidu Medical College, Agra (Uttar Pradesh), India
for providing the CIs of P. aeruginosa and the Department of
Agricultural Microbiology, Aligarh Muslim University, Aligarh
(Uttar Pradesh), India for providing Chromobacterium viola-
ceum ATCC 12472 (CV12472) and the reference strain (PAO1)
for this study. The authors gratefully thank the Innovation cen-
tre, Bundelkhand University, Jhansi (Uttar Pradesh), India for

facilitating the equipment for experiments.

CONFLICT OF INTEREST

There are no conflicts of interest.

Nil.

Pankaj Kumar Sagar, https://orcid.org/0000-0002-5335-2398
Poonam Sharma, https://orcid.org/0000-0003-1999-7309
Rambir Singh, https://orcid.org/0000-0002-3895-3005

1. Boyle EM, Ainsworth JR, Levin AV, Campbell AN, Watkinson M.
Ophthalmic Pseudomonas infection in infancy. Arch Dis Child
Fetal Neonatal Ed. 2001;85(2):F139-40.

2. Chastre ], Fagon JY. Ventilator-associated pneumonia. Am J
Respir Crit Care Med. 2002;165(7):867-903.

43

www.journal-jop.org


https://orcid.org/0000-0002-5335-2398

Pankaj Kumar Sagar, et al.

10.

11.

12.

13.

14.

15.

16.

44

. Sadikot RT, Blackwell TS, Christman JW, Prince AS. Pathogen-

host interactions in Pseudomonas aeruginosa pneumonia. Am J
Respir Crit Care Med. 2005;171(11):1209-23.

Bassetti M, Vena A, Croxatto A, Righi E, Guery B. How to man-
age Pseudomonas aeruginosa infections. Drugs Context. 2018;7:
212527.

Dandekar AA, Chugani S, Greenberg EP. Bacterial quorum
sensing and metabolic incentives to cooperate. Science. 2012;
338(6104):264-6.

. Hentzer M, Givskov M, Parsek MR. Targeting quorum sensing

for treatment of chronic bacterial biofilm infections. Lab Med.
2002;33(4):295-306.

de Kievit TR. Quorum sensing in Pseudomonas aeruginosa bio-
films. Environ Microbiol. 2009;11(2):279-88.

Pesci EC, Milbank JB, Pearson JP, McKnight S, Kende AS,
Greenberg EP, et al. Quinolone signaling in the cell-to-cell com-
munication system of Pseudomonas aeruginosa. Proc Natl Acad
Sci USA. 1999;96(20):11229-34.

Venturi V. Regulation of quorum sensing in Pseudomonas.
FEMS Microbiol Rev. 2006;30(2):274-91.

Adonizio A, Kong KE, Mathee K. Inhibition of quorum sensing-
controlled virulence factor production in Pseudomonas aerugi-
nosa by South Florida plant extracts. Antimicrob Agents Che-
mother. 2008;52(1):198-203.

Rasmussen TB, Givskov M. Quorum sensing inhibitors: a bar-
gain of effects. Microbiology (Reading). 2006;152(Pt 4):895-904.
Donlan RM. Biofilms: microbial life on surfaces. Emerg Infect
Dis. 2002;8(9):881-90.

Chan KG, Atkinson S, Mathee K, Sam CK, Chhabra SR, Camara
M, et al. Characterization of N-acylhomoserine lactone-de-
grading bacteria associated with the Zingiber officinale (ginger)
rhizosphere: co-existence of quorum quenching and quorum
sensing in Acinetobacter and Burkholderia. BMC Microbiol.
2011;11:51.

Ghosh R, Tiwary BK, Kumar A, Chakraborty R. Guava leaf
extract inhibits quorum-sensing and Chromobacterium viola-
ceum induced lysis of human hepatoma cells: whole transcrip-
tome analysis reveals differential gene expression. PLoS One.
2014;9(9):¢107703.

Husain FM, Ahmad I, Al-Thubiani AS, Abulreesh HH, AlHazza
IM, Aqil E Leaf extracts of Mangifera indica L. Inhibit quorum
sensing - regulated production of virulence factors and biofilm
in test bacteria. Front Microbiol. 2017;8:727.

Alreshidi M, Noumi E, Bouslama L, Ceylan O, Veettil VN, Ad-
nan M, et al. Phytochemical screening, antibacterial, antifungal,
antiviral, cytotoxic, and anti-quorum-sensing properties of Teu-
crium polium L. Aerial Parts Methanolic Extract. Plants (Basel).
2020;9(11):1418.

https://doi.org/10.3831/KP1.2022.25.1.37

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sagar PK, Sharma P, Singh R. Antibacterial efficacy of different
combinations of clove, eucalyptus, ginger, and selected antibiot-
ics against clinical isolates of Pseudomonas aeruginosa. Ayu.
2020;41(2):123-9.

Sagar PK, Singh R. Anti-quorum sensing activity of clove (Syzy-
gium aromaticum) bud extract and its combined efficacy with
ceftazidime against multidrug-resistant Pseudomonas aerugi-
nosa. Res ] Biotechnol. 2021;16(3):75-82.

. Breidenstein EB, de la Fuente-Nufez C, Hancock RE. Pseudo-

monas aeruginosa: all roads lead to resistance. Trends Microbiol.
2011;19(8):419-26.

Pang Z, Raudonis R, Glick BR, Lin TJ, Cheng Z. Antibiotic resis-
tance in Pseudomonas aeruginosa: mechanisms and alternative
therapeutic strategies. Biotechnol Adv. 2019;37(1):177-92.
Drenkard E. Antimicrobial resistance of Pseudomonas aerugi-
nosa biofilms. Microbes Infect. 2003;5(13):1213-9.
Gonzalez-Burgos E, Liaudanskas M, Viskelis J, Zvikas V; Janulis
V, Gémez-Serranillos MP. Antioxidant activity, neuroprotective
properties and bioactive constituents analysis of varying polar-
ity extracts from Eucalyptus globulus leaves. ] Food Drug Anal.
2018;26(4):1293-302.

Bachir RG, Benali M. Antibacterial activity of the essential oils
from the leaves of Eucalyptus globulus against Escherichia coli
and Staphylococcus aureus. Asian Pac ] Trop Biomed. 2012;2(9):
739-42.

Ghaffar A, Yameen M, Kiran S, Kamal S, Jalal F, Munir B, et al.
Chemical composition and in-vitro evaluation of the antimi-
crobial and antioxidant activities of essential oils extracted from
seven Eucalyptus species. Molecules. 2015;20(11):20487-98.
Mulyaningsih S, Sporer F, Reichling J, Wink M. Antibacterial
activity of essential oils from Eucalyptus and of selected com-
ponents against multidrug-resistant bacterial pathogens. Pharm
Biol. 2011;49(9):893-9.

Luis A, Duarte A, Gominho J, Domingues F, Duarte AP. Chemi-
cal composition, antioxidant, antibacterial and anti-quorum
sensing activities of Eucalyptus globulus and Eucalyptus radiata
essential oils. Ind Crops Prod. 2016;79:274-82.

Merghni A, Noumi E, Hadded O, Dridi N, Panwar H, Ceylan
O, et al. Assessment of the antibiofilm and antiquorum sensing
activities of Eucalyptus globulus essential oil and its main com-
ponent 1,8-cineole against methicillin-resistant Staphylococcus
aureus strains. Microb Pathog. 2018;118:74-80.

Clinical and Laboratory Standards Institute. Methods for dilu-
tion antimicrobial susceptibility tests for bacteria that grow
aerobically: approved standard. 9th ed. Wayne: CLSI; 2012.
Zahin M, Hasan S, Aqil F, Khan MS, Husain FM, Ahmad I.
Screening of certain medicinal plants from India for their anti-

quorum sensing activity. Indian J Exp Biol. 2010;48(12):1219-


https://doi.org/10.1309/EYEV-WT6T-GKHE-C8LM
https://doi.org/10.1309/EYEV-WT6T-GKHE-C8LM
https://doi.org/10.1309/EYEV-WT6T-GKHE-C8LM
https://worldresearchersassociations.com/Archives/RJBT/Vol(16)2021/March 2021/Anti-quorum sensing activity of clove (Syzygium.pdf
https://worldresearchersassociations.com/Archives/RJBT/Vol(16)2021/March 2021/Anti-quorum sensing activity of clove (Syzygium.pdf
https://worldresearchersassociations.com/Archives/RJBT/Vol(16)2021/March 2021/Anti-quorum sensing activity of clove (Syzygium.pdf
https://worldresearchersassociations.com/Archives/RJBT/Vol(16)2021/March 2021/Anti-quorum sensing activity of clove (Syzygium.pdf
https://doi.org/10.1016/j.indcrop.2015.10.055
https://doi.org/10.1016/j.indcrop.2015.10.055
https://doi.org/10.1016/j.indcrop.2015.10.055
https://doi.org/10.1016/j.indcrop.2015.10.055
https://www.researchgate.net/file.PostFileLoader.html?id=564ceedf5e9d97daf08b45a2&assetKey=AS%3A297254750572544%401447882463055
https://www.researchgate.net/file.PostFileLoader.html?id=564ceedf5e9d97daf08b45a2&assetKey=AS%3A297254750572544%401447882463055
https://www.researchgate.net/file.PostFileLoader.html?id=564ceedf5e9d97daf08b45a2&assetKey=AS%3A297254750572544%401447882463055

Anti-Quorum Sensing and Anti-Biofilm Activity of Eucalyptus globulus against Multidrug-Resistant Pseudomonas aeruginosa

30.

31.

32.

33.

34.

35.

36.

37.

38.

24.

Bala A, Kumar R, Harjai K. Inhibition of quorum sensing in
Pseudomonas aeruginosa by azithromycin and its effectiveness
in urinary tract infections. ] Med Microbiol. 2011;60(Pt3):300-6.
Essar DW, Eberly L, Hadero A, Crawford IP. Identification and
characterization of genes for a second anthranilate synthase
in Pseudomonas aeruginosa: interchangeability of the two an-
thranilate synthases and evolutionary implications. ] Bacteriol.
1990;172(2):884-900.

Huston AL, Methe B, Deming JW. Purification, characterization,
and sequencing of an extracellular cold-active aminopeptidase
produced by marine psychrophile Colwellia psychrerythraea
strain 34H. Appl Environ Microbiol. 2004;70(6):3321-8.

Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F. Colo-
rimetric method for determination of sugars and related sub-
stances. Anal Chem. 1956;28(3):350-6.

O’Toole GA, Kolter R. Initiation of biofilm formation in Pseu-
domonas fluorescens WCS365 proceeds via multiple, conver-
gent signalling pathways: a genetic analysis. Mol Microbiol.
1998;28(3):449-61.

Adonizio AL, Downum K, Bennett BC, Mathee K. Anti-quorum
sensing activity of medicinal plants in southern Florida. J Eth-
nopharmacol. 2006;105(3):427-35.

Husain FM, Ahmad I, Asif M, Tahseen Q. Influence of clove oil
on certain quorum-sensing-regulated functions and biofilm of
Pseudomonas aeruginosa and Aeromonas hydrophila. J Biosci.
2013;38(5):835-44.

Khan MS, Zahin M, Hasan S, Husain FM, Ahmad 1. Inhibition
of quorum sensing regulated bacterial functions by plant essen-
tial oils with special reference to clove oil. Lett Appl Microbiol.
2009;49(3):354-60.

Krishnan T, Yin WE Chan KG. Inhibition of quorum sensing-
controlled virulence factor production in Pseudomonas aeru-
ginosa PAO1 by Ayurveda spice clove (Syzygium aromaticum)
bud extract. Sensors (Basel). 2012;12(4):4016-30.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Packiavathy IASV, Agilandeswari P, Musthafa KS, Pandian SK,
Ravi AV. Antibiofilm and quorum sensing inhibitory potential
of Cuminum cyminum and its secondary metabolite methyl eu-
genol against Gram negative bacterial pathogens. Food Res Int.
2012;45(1):85-92.

Sankar Ganesh P, Ravishankar Rai V. Attenuation of quorum-
sensing-dependent virulence factors and biofilm formation by
medicinal plants against antibiotic resistant Pseudomonas aeru-
ginosa. ] Tradit Complement Med. 2017;8(1):170-7.

Cowan MM. Plant products as antimicrobial agents. Clin Mi-
crobiol Rev. 1999;12(4):564-82.

Ncube NS, Afolayan AJ, Okoh AI. Assessment techniques of
antimicrobial properties of natural compounds of plant origin:
current methods and future trends. Afr ] Biotechnol. 2008;7(12):
1797-806.

Winstanley C, Fothergill JL. The role of quorum sensing in
chronic cystic fibrosis Pseudomonas aeruginosa infections.
FEMS Microbiol Lett. 2009;290(1):1-9.

Musthafa KS, Ravi AV, Annapoorani A, Packiavathy IS, Pandian
SK. Evaluation of anti-quorum-sensing activity of edible plants
and fruits through inhibition of the N-acyl-homoserine lactone
system in Chromobacterium violaceum and Pseudomonas aeru-
ginosa. Chemotherapy. 2010;56(4):333-9.

Watnick PI, Kolter R. Steps in the development of a Vibrio chol-
erae El Tor biofilm. Mol Microbiol. 1999;34(3):586-95.

Kohler T, Curty LK, Barja F, van Delden C, Pechére JC. Swarm-
ing of Pseudomonas aeruginosa is dependent on cell-to-cell
signaling and requires flagella and pili. ] Bacteriol. 2000;182(21):
5990-6.

Chen L, Wen YM. The role of bacterial biofilm in persistent in-
fections and control strategies. Int J Oral Sci. 2011;3(2):66-73.
Dolatabadi S, Moghadam HN, Mahdavi-Ourtakand M. Evaluat-
ing the anti-biofilm and antibacterial effects of Juglans regia L.
extracts against clinical isolates of Pseudomonas aeruginosa.
Microb Pathog. 2018;118:285-9.

45

www.journal-jop.org


https://pubs.acs.org/doi/10.1021/ac60111a017
https://pubs.acs.org/doi/10.1021/ac60111a017
https://pubs.acs.org/doi/10.1021/ac60111a017
https://doi.org/10.1016/j.foodres.2011.10.022
https://doi.org/10.1016/j.foodres.2011.10.022
https://doi.org/10.1016/j.foodres.2011.10.022
https://doi.org/10.1016/j.foodres.2011.10.022
https://doi.org/10.1016/j.foodres.2011.10.022
https://www.ajol.info/index.php/ajb/article/view/58804
https://www.ajol.info/index.php/ajb/article/view/58804
https://www.ajol.info/index.php/ajb/article/view/58804
https://www.ajol.info/index.php/ajb/article/view/58804



