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Abstract

Background and Objective: Currently, there is a need for alternative antimicrobial and anti-biofilm strategies owing to the combined
challenges of multidrug resistance and biofilm formation by Stenotrophomonas maltophilia. Thus, this study aimed to investigate the
antibacterial and antibiofilm effects of extracts from Thymus serpyllum, Mentha piperita, Rosmarinus officinalis, Tilia cordata, Salvia
officinalis, and Thymbra spicata against S. maltophilia, as well as the interactions of carnosic acid, luteolin, and carnosol compounds in
these extracts with potential target molecules. Materials and Methods: Plant extracts were obtained using a Soxhlet device. Antimi-
crobial activity against 16 clinical S. maltophilia isolates was evaluated using the disk diffusion method, and the antibiofilm effect was
assessed using the microtiter plate method. Carnosic acid, luteolin, and carnosol compounds in the extracts were selected as ligands, and
a binding analysis was performed with proteins. Results: The T. serpyllum extract showed the highest inhibition zone (20.5 ± 2.8 mm; p
< 0.005), with dose-dependent antimicrobial activity (1024 µg/mL > 512 µg/mL; p< 0.05). Among the assessed 15 biofilm-producing
strains, T. serpyllum inhibited 10, S. officinalis inhibited six, and R. officinalis inhibited five strains. Molecular docking indicated strong
binding energies (carnosic acid: –8.51 kcal/mol, luteolin: –7.62 kcal/mol, carnosol: –9.23 kcal/mol) and multiple interactions with the
MlaC protein. Conclusion: These findings suggest that extracts from T. serpyllum, S. officinalis, and R. officinalis may target the Mla
pathway and exhibit promising antimicrobial and antibiofilm effects against multidrug-resistant S. maltophilia, likely through the asso-
ciated active compounds. The molecular docking analyses further supported the potential of these extracts to disrupt membrane integrity
by interfering with the Mla system, thereby enhancing bacterial susceptibility to antimicrobial agents. However, additional studies are
required to validate these mechanisms and investigate their broader biological implications.
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1. Introduction

S. maltophilia is an emerging nosocomial pathogen
with intrinsic antibiotic resistance that primarily affects im-
munocompromised patients. S. maltophilia usually causes
respiratory tract infections with a mortality rate of 20–60%
[1]. These bacteria cause respiratory and urinary tract in-
fections by colonizing the surfaces of medical devices and
treatment equipment such as urinary catheters, endoscopes,
and ventilators [2]. S. maltophilia has many structural com-
ponents that contribute to its virulence and pathogenicity.
Pili/flagella/fimbrial/adhesins enable colonization on living
and non-living surfaces; outer membrane lipopolysaccha-
ride causes antibiotic resistance and biofilm formation as
well as cell death; diffusible signaling factor causes motil-
ity, extracellular enzyme production, lipopolysaccharide
synthesis, microcolony formation, and tolerance to antibi-
otics and heavy metal ions [3,4]. S. maltophilia has the abil-

ity to form biofilms on abiotic surfaces and host (biotic) tis-
sues. This is an important virulence factor for bacteria that
plays an important role in nosocomial and multi-bacterial
infections, significantly reducing the therapeutic efficacy
of important antibiotics, including aminoglycosides, fluo-
roquinolones, and tetracyclines [5].

Trimethoprim/sulfamethoxazole (TMP-SMX) is the
first-choice therapeutic option for treating infections due to
its in vitro efficacy and favorable clinical outcomes. Mean-
while, alternative antibiotics such as levofloxacin, tigecy-
cline, ceftazidime, colistin, and ticarcillin-clavulanic acid
are also used in cases of resistance to TMP-SMX [6]. Due
to the recent increase in antimicrobial resistance in S. mal-
tophilia and because of the biofilm component that con-
tributes to this resistance, there is a need to develop new
antimicrobial and antibiofilm agents against S. maltophilia.

https://www.imrpress.com/journal/IJP
https://doi.org/10.31083/IJP43917
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1297-944X
https://orcid.org/0000-0001-9782-5671
https://orcid.org/0000-0003-4705-5757
https://orcid.org/0009-0008-1871-0023
https://orcid.org/0000-0001-5202-8564
https://orcid.org/0000-0002-0272-5131


Studies have shown that T. serpyllum (wild thyme)
plant extracts are effective against both Gram-positive
and Gram-negative bacteria, including Escherichia coli,
Staphylococcus aureus, and Bacillus subtilis [7,8]. M.
piperita (peppermint), R. officinalis (rosemary), T. cordata
(T. linden), S. officinalis (sage), and T. spicata (spiked
thyme) plants have also been reported to promote antimi-
crobial effects [9–12]. Although some studies have ex-
amined the antimicrobial effects of these plant species, no
comprehensive research has evaluated the activity of these
extracts against multidrug-resistant S. maltophilia, except
for T. serpyllum. Unlike previous studies, this study com-
pares six plant extracts and further integrates a molecular
docking analysis to explore potential mechanisms of ac-
tion, thereby offering a more mechanistic and comparative
insight into the antimicrobial and antibiofilm potential of
these extracts.

In silico molecular docking is used to describe the re-
actions of molecules and predict the potential associated
macroscopic properties. Data obtained from experiments
can provide novel information; however, these data do not
reveal the mechanism of action in the biological system.
Therefore, these mechanisms should be further studied in
computer modeling analyses using the structures of biolog-
ical systems [13].

This study aimed to investigate the antimicrobial and
antibiofilm activities of T. serpyllum, M. piperita, R. of-
ficinalis, T. cordata, S. officinalis, and T. spicata extracts
against S. maltophilia strains and to investigate the possi-
ble interactions of the compounds in the most active extracts
with the targets in terms of antibacterial activity through the
molecular docking method.

2. Materials and Methods
2.1 Plants and Extraction

T. serpyllum, M. piperita, R. officinalis, T.cordata, S.
officinalis, and T. spicata plants were purchased in dried
form from an herbalist in Gaziantep in 2023. The purchased
material was washed with distilled water and left to dry in
a sunless environment for one week. The plant material
was then ground into powder, and methanol extracts (50
grams of plant material in 250 mL of methanol) were ob-
tained using a Soxhlet extraction apparatus (Thermo Fisher
Scientific, Waltham, MA, USA). The methanol extracts
were concentrated using a rotary evaporator (Heidolph,
Schwabach, Germany) at 40 °C and then allowed to dry
completely at ambient temperature in a light-protected en-
vironment. The dried extracts were stored in a cool, dark
place until further use.

2.2 Bacterial Strains

The bacterial strains used in this study consisted
of eight TMP-SMX-resistant and eight TMP-SMX-
susceptible S. maltophilia strains, which were obtained as
part of the routine microbiological diagnostic workflow at

the hospital. The samples sent to the microbiology labora-
tory were inoculated on 5% sheep blood agar, MacConkey
agar, and chocolate agar media. The medium plates were
incubated at 35 ± 2 °C for 24–48 hours under aerobic
conditions. Bacterial colonies in the plates in which growth
was detected were identified at the species level using the
VITEK®2 COMPACT (VITEK 2 bioMérieux, France) au-
tomated system. Antibiotic susceptibilities were evaluated
according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) recommendations. This
study was approved by the Istanbul Health Sciences
University Umraniye Training and Research Hospital
Clinical Research Ethics Committee (approval number:
228473746, date: 02 November 2023). The study was
carried out in accordance with the guidelines of the Decla-
ration of Helsinki. Written consent was obtained from the
patients or their families/legal guardians.

2.3 Determination of Antibacterial Activity

Plant extracts were dissolved in 10% dimethyl sulfox-
ide (DMSO), and concentrations of 1024 µg/mL and 512
µg/mL were prepared. A total of 20 µL of the prepared so-
lution was pipetted and impregnated onto sterile 6 cm diam-
eter disks. As a control, 20 µL of 10% DMSO alone was im-
pregnated onto a sterile disk. The prepared disks were left to
dry at room temperature for 24 hours. Inoculum with a den-
sity of 0.5 McFarland (BioMerieux, Marcyl’Étoile, France)
was prepared (1 × 108 CFU/mL) from overnight cultures
of bacterial strains. A total of 100 µL was added to the
surface of the Mueller–Hinton agar (MHA) (Merck, Darm-
stadt, Germany), and the mixture was spread with a sterile
swab. Extract disks were placed on the agar with sterile
forceps. Petri dishes were incubated at 35 °C for 24 hours.
The zone diameters formed at the end of the incubation were
measured with a ruler and recorded. The antibiofilm activ-
ity of three plant extracts, among those showing the largest
zone diameters, was studied.

2.4 Biofilm Quantification

Biofilm production by bacterial isolates was investi-
gated using the method described by Christensen et al. [14].
With this method, the absorbance of the crystal violet dye
formed in the wells of the microplates was measured in the
spectrometer (Multiskan Go/Thermo Scientific, ABD) at
570 nm. At the end of the measurement, the mean opti-
cal density (OD) of the control group was recorded as the
OD cut-off (ODc) value, and the mean OD of the isolates
(ODisolate) was calculated. Results were evaluated accord-
ing to the criteria described by Stepanović et al. [15]: ODis-
olate ≤ ODc as no biofilm formation; ODc < ODisolate ≤
(2ODc) as weak biofilm; (2ODc)<ODisolate≤ (4ODc) as
moderate biofilm; ODisolate > (4ODc) as strong biofilm.
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2.5 Determination of Antimicrobial Activity Against
Mature Biofilms

The method used by Pompilio et al. [16] was mod-
ified and applied. Fresh inoculum adjusted to 0.5 McFar-
land turbidity (1× 108 CFU/mL) was diluted 1/10 (1× 107
CFU/mL). A total of 200 µL of this inoculum was added to
each well of a 96-well polystyrene flat-bottom microplate
and incubated at 37 °C for 24 h. Planktonic bacteria were re-
moved by washing the wells twice with phosphate-buffered
saline (PBS) (200 µL). A total of 200 µL of 4 mg/mL TMP-
SMX, 8 mg/mL rosemary, 8 mg/mL thyme, and 8 mg/mL
sage extracts, prepared in cationic Mueller–Hinton broth
(CAMHB), were added to the remaining biofilm-formed
wells in the microplate, separately against each strain. The
CAMHB without any antibiotic or extract was used as a
positive control. The wells to which 200 µL of DMSO was
added were considered as negative controls. Measurements
were recorded at an optical density of 600 nm (OD600) be-
fore and after incubation. The reduction (inhibition) rates
of the live bacteria in the biofilm were evaluated by com-
paring the OD values of the positive and negative controls.

2.6 Computer-Aided In Silico Molecular Docking Analysis
This study analyzed the compounds carnosol, carnosic

acid, and luteolin, which had been previously identified in
the literature via high-performance liquid chromatography
(HPLC) as bioactive components in R. officinalis, T. ser-
pyllum, and S. officinalis [17–19]. Carnosic acid, luteolin,
and carnosol compounds were evaluated within the scope
of Lipinski’s Rule of Five, which is traditionally used for
small-molecule therapeutics. The three-dimensional (3D)
structures of these molecules were downloaded in SDF for-
mat from the PubChem database (https://pubchem.ncbi.nlm
.nih.gov).

Subsequently, the structure of each molecule was con-
verted into the PDB format using the BIOVIA Discovery
Studio Visualizer program (Dassault Systèmes, VélizyVil-
lacoublay, France). The E. coli phospholipid-binding pro-
tein MlaC (PDB ID: 5UWA) was selected as the receptor
molecule and was downloaded in PDB format from the Pro-
tein Data Bank (https://www.rcsb.org) database.

Molecular docking analyses were performed using
AutoDock 4.0 (The Scripps Research Institute, La Jolla,
CA, USA) [20] to predict the possible binding sites of
carnosic acid and carnosol, which are abundant in R. offici-
nalis and S. officinalis, and luteolin ligands, which are abun-
dant in T. serpyllum, on the crystal structure of the MlaC
receptor. The MlaC crystal structure, with a resolution
of 1.50 Å, was selected as the target (receptor) molecule.
AutoDock Tools (ADT) software was used to prepare the
parameters of the receptor and ligand molecules before ini-
tiating the docking analysis. Polar hydrogen atoms in the
receptor and ligand molecules were retained while nonpo-
lar hydrogens were incorporated. Gasteiger charges were
calculated using ADT as previously described by Ricci and
Netz [21] and Nasab et al. [22]. During the molecular dock-

ing experiment, all rotatable bonds in the ligands were al-
lowed to rotate. The prepared receptor and ligand structures
were then saved in the PDBQT format. A grid box size of
60 × 60 × 60 Å was set with a grid spacing of 0.375 Å.
The dockings were generated from 25 GA (Genetic Algo-
rithm) runs, 5 × 10 [5]. An energy evaluation was con-
ducted, utilizing a maximum of 27,000 generations and an
initial population of up to 150 individuals. Values of 0.02
and 0.8 were selected as the mutation and crossover rates,
respectively, for the population. After conducting 100 in-
dependent docking runs with the MlaC protein for each lig-
and, the program clustered all possible binding modes and
ranked the selected poses based on their binding free en-
ergy. The ranking focused on the conformation with the
lowest binding free energy, measured in kcal/mol, which
represents the best docking pose for each ligand. The best
docking pose obtained between the ligand and the receptor
using AutoDock 4.0 was analyzed using BIOVIA Discov-
ery Studio Visualizer 2016 [23].

2.7 Statistical Analysis
Statistical analyses were performed using IBM SPSS

Statistics for Windows, Version 27 (IBM Corp., Armonk,
NY, USA). Since the data did not exhibit a normal distribu-
tion (as verified by the Shapiro–Wilk test), non-parametric
tests were employed. The Kruskal–Wallis H-test was ap-
plied to compare inhibition zone diameters and biofilm inhi-
bition rates among different plant extract groups. When the
Kruskal–Wallis test indicated statistically significant differ-
ences (p< 0.05), pairwise comparisons were conducted us-
ing the Mann–Whitney U-test to determine which specific
groups differed from each other. Strains exhibiting inhibi-
tion were coded as “1” in the biofilm inhibition analysis,
while those showing no inhibition were coded as “0”. All
results were evaluated at a 95% confidence level (p< 0.05).

3. Results
3.1 Antimicrobial Activity

The inhibition zone diameters for the S. maltophilia
strain formed using the plant extracts are presented in Ta-
ble 1. The zone diameter for T. serpyllum was found to be
the highest (p< 0.005). While there was no significant dif-
ference between the zone diameters for M. piperita, R. of-
ficinalis, and S. officinalis, the activity of these extracts was
higher than that of T. cordota and T. spicata (p < 0.005).
The antimicrobial activity of R. officinalis and T. cordata
extracts was found to be more effective against TMP-SMX-
susceptible strains than against resistant ones (p < 0.05).
However, no statistically significant difference was found
between susceptible and resistant strains in other extracts
(p > 0.05). Antimicrobial activity increased with the dose
of the extracts (Fig. 1). The activities of the extracts at the
1024 µg/mL dose were greater than those at the 512 µg/mL
dose (p < 0.05).
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Table 1. Inhibition zone diameters formed by plant extracts for S. maltophilia strains.
Zone diameter (mm)

T. serpyllum M. piperita R. officinalis T. cordata S. officinalis T. spicata

Strain
number

TMP-SMX
susceptibility

1024 µg/mL 512 µg/mL 1024 µg/mL 512 µg/mL 1024 µg/mL 512 µg/mL 1024 µg/mL 512 µg/mL 1024 µg/mL 512 µg/mL 1024 µg/mL 512 µg/mL

1 S 20 12 20 16 15 10 17 12 19 12 12 0
2 S 19 15 17 13 20 13 0 0 17 0 13 12
3 S 19 11 18 15 20 16 0 0 15 7 13 12
4 S 20 12 19 13 20 11 0 0 15 0 10 0
5 S 18 10 14 7 13 7 0 0 16 0 10 0
6 S 28 16 24 16 21 16 14 6 21 0 15 10
7 S 19 11 16 7 16 10 14 10 16 11 18 13
8 S 26 19 20 16 21 19 21 19 19 14 14 11
9 R 18 11 15 11 15 9 15 13 16 0 14 0
10 R 19 9 14 6 17 12 0 0 15 0 10 6
11 R 20 16 17 17 18 15 0 0 15 0 13 8
12 R 21 15 20  17 17 14 0 0 17 14 11 7
13 R 24 16 20 15 17 14 0 0 20 14 17 12
14 R 20 15 17 15 16 12 0 0 18 0 12 8
15 R 19 12 16 15 16 12 0 0 16 0 12 6
16 R 18 9 14 8 14 7 0 0 14 0 8 0
R, resistance; S, susceptible; TMP-SMX, Trimethoprim/Sulfamethoxazole. The susceptibility of S. maltophilia strains to TMP/SMX was determined using the VITEK®2 COMPACT device.
The inhibition rates of plant extracts against these strains at concentrations of 1024 µg/mL and 512 µg/mL were determined using the disk diffusion test. Zone diameters were measured with a
ruler. The length was recorded in millimeters.
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Fig. 1. Inhibition zones for T. serpyllum and M. piperita ex-
tracts against S. maltophilia strain (number 12) at concentra-
tions of 1024 µg/mL, 512 µg/mL, 256 µg/mL, and 128 µg/mL.

3.2 Biofilm Formation Ability of S. maltophilia
In total, 15 of the S. maltophilia strains isolated from

16 different clinical samples produced a biofilm, whereas
one strain did not. When the biofilm production capacities
of the strains were examined, 11 were observed as strong,
2 were medium, and 2 were weak (Table 2).

3.3 Antibiofilm Activity
Among the 15 biofilm-producing strains, while TMP-

SMX inhibited bacterial growth in all strains to varying de-
grees, rosemary inhibited bacterial growth in five strains,
sage in six strains, and thyme in 10 strains. Among the
extracts, the highest activity against the strain was ob-
served for the T. serpyllum (thyme) extract (p < 0.05). The
absorbance values in the biofilm wells to which the ex-
tract or antibiotic was added were measured at OD600 and
compared with those in the control wells containing pure
medium with biofilm. Table 2 shows that there was less
growth than the control, expressed as a percentage decrease
based on absorbance. The wells in which a decrease was not
observed are denoted as “0”. Since strain number one did
not form a biofilm, the absorbance values are not provided
(Table 2).

3.4 Docking Analysis
The amino acid interactions of the ligands with the

target protein MlaC are shown in Figs. 2,3,4. The lowest
Gibbs free binding energies (∆G) for carnosic acid, lute-
olin, and carnosol were determined to be –8.51, –7.62, and
–9.23 kcal/mol, respectively. Carnosic acid and carnosol

each formed interactions with 18 amino acids (via five and
six different bond types, respectively), while luteolin inter-
acted with 14 amino acids via five different bond types.
All binding energies were considered significant, as the
recorded energies were lower (more negative) than the
threshold of –6.0 kcal/mol.

4. Discussion
S. maltophilia is naturally resistant to many an-

tibiotics, including beta-lactams, aminoglycosides,
macrolides, tetracyclines, and carbapenems. This poses
serious challenges in the treatment of S. maltophilia
infections. Currently, the most effective antibiotic is
TMP-SMX; however, resistance to TMP-SMX has in-
creased over recent years [24,25]. Indeed, a systematic
review reported that the resistance rate of S. maltophilia
to TMP/SMX was 9.2% worldwide between 2000 and
2022 [26]. These data highlight that reliance on TMP-
SMX alone may not be sustainable in the long term, and
alternative therapeutic strategies are urgently required.

Moreover, in a study by Pompilio et al. [16], which
analyzed 109 S. maltophilia isolates from various clinical
samples, the authors noted that the majority of the assessed
strains (91.7%) were capable of producing biofilms. Addi-
tionally, Bilgin et al. [27] determined that a significant por-
tion (87.2%) of the 78 evaluated S. maltophilia isolates from
pulmonary and extrapulmonary samples formed biofilms,
and Sun et al. [28] reported that 42 (82%) of 51 hospital-
acquired S. maltophilia isolates also formed biofilms.

In the present study, 15 of the 16 assessed clinical S.
maltophilia strains (93%) were found to produce biofilms;
furthermore, 11 were determined to have a strong biofilm
production capacity, two a moderate capacity, and two a
weak capacity. The results of our study are consistent with
those of other studies, indicating that S. maltophilia strains
exhibit a high capacity for biofilm production. This strong
biofilm-forming ability may partly explain the persistence
and multidrug resistance of S. maltophilia in clinical envi-
ronments. Meanwhile, no significant difference was found
in our study between the biofilm production capacities of
TMP-SMX-resistant and susceptible strains (p > 0.05), in-
dicating that biofilm formation is a common adaptive trait
independent of TMP-SMX resistance.

To our knowledge, no previous studies have investi-
gated the antibacterial activity of T. serpyllum, R. offici-
nalis, T. cordata, and S. officinalis extracts against S. mal-
tophilia. However, our study demonstrates significant an-
tibacterial activity by the T. serpyllum methanolic extract.
Balkan et al. [29] reported that essential oils from T. serpyl-
lum have shown inhibition zones>20 mm with 20 µL appli-
cations, while Galovičová et al. [30] reported a 15.67 mm
inhibition zone using 10 µL of essential oil. In our study, the
methanolic extract at a concentration of 1024 µg/mL pro-
duced a larger inhibition zone of 20.5 mm. These results
not only demonstrate a dose–response relationship for the
essential oil but also suggest that the methanolic extract may

5

https://www.imrpress.com


Table 2. Antibiofilm activity against a preformed S. maltophilia biofilm.
Strain no. R/S Biofilm degree TMP-SMX T. serpyllum S. officinalis R. officinalis

1 S - N N N N
2 S +++ 90 56 68 77
3 S + 100 68 55 0
4 S ++ 99 32 0 0
5 S +++ 90 7 23 27
6 S +++ 90 0 0 0
7 S +++ 99 0 0 0
8 S +++ 90 8 0 0
9 R +++ 99 0 0 0
10 R +++ 100 0 0 0
11 R + 100 82 56 0
12 R ++ 90 57 0 83
13 R +++ 90 73 54 57
14 R +++ 94 30 0 0
15 R +++ 91 76 58 56
16 R +++ 99 0 0 0
R, resistance; S, susceptible; N, none; +++, strong biofilm; ++, medium biofilm; +, weak biofilm; -,
no biofilm.
After biofilm formation was confirmed in the microplates, planktonic bacteria were washed with
TMP-SMX (4 mg/mL), and extracts of rosemary, thyme, and sage (8 mg/mL) were added to the
remaining biofilms. CAMHB was used as a positive control, and 100% DMSO was used as a negative
control. Biofilm inhibition rates were calculated using OD600 measurements and are presented as
percentages compared to the controls.

be more effective than essential oils. This enhanced activity
may be attributed to the synergistic effects of polar com-
pounds (such as phenolic acids and flavonoids) extracted
by methanol, emphasizing the importance of the extraction
technique in maximizing antimicrobial potential.

A study on methanol and water extracts from T. spi-
cata showed the formation of inhibition zones of 23 mm
and 16 mm, respectively [31]. In this study, the inhibition
zone of the methanol extract from T. spicata was found to
be 12.63 ± 2.55 mm. This difference may be due to the
dose used. Joma et al. [31] used an extract concentration
of 50 mg/mL, whereas our study employed an extract con-
centration of 1 mg/mL. The results show that the diameter
of the inhibition zone increases with the dose of the antibi-
otic. In this study, a dose-dependent increase in the inhi-
bition zone was also demonstrated in measurements per-
formed with concentrations of 512 µg/mL and 1000 µg/mL
(p < 0.05). These results confirm a dose–response effect,
but also suggest the need for standardized extract concentra-
tions in antimicrobial studies to allow comparability across
research.

While the minimum inhibitory concentration (MIC)
for the ethanol extract from M. piperita against S. mal-
tophilia is reported in the literature as >80 mg/mL [32],
our study observed inhibition of 17.56 ± 2.67 mm at a con-
centration of 1 mg/mL, demonstrating that this extract may
be effective even at low concentrations.

Although, to our knowledge, no previous antimi-
crobial studies have been conducted on T. cordata ex-

tracts against S. maltophilia, Ali et al. [11] tested alka-
loid, flavonoid, and glycoside extracts on S. aureus and
E. coli. Notably, while no antimicrobial activity was ob-
served against E. coli in this study [11], the flavonoid ex-
tract showed activity against S. aureus, producing an 18
mm inhibition zone at a high concentration of 3 mg/mL.
This low level of antimicrobial activity is consistent with
the weak antibacterial effect of T. cordata extracts observed
in our study. Furthermore, the significantly reduced impact
of T. cordata extracts on resistant S. maltophilia strains in
our findings (p < 0.05) provides additional evidence of the
limited antimicrobial potential of this extract. Therefore, T.
cordata extracts may not represent a promising candidate
for therapeutic development against S. maltophilia infec-
tions.

Zhang et al. [33] reported that a disc impregnated
with 50% R. officinalis essential oil produced a 13.83 mm
inhibition zone against S. maltophilia. In our study, the
methanol extract (primarily containing polar compounds)
demonstrated a larger inhibition zone (17.25 mm). This ob-
servation suggests that the bioactive compounds in the po-
lar fraction of R. officinalis could exhibit stronger antimi-
crobial effects compared to the essential oil. Additionally,
partial evaporation of volatile components from the essen-
tial oil during testing might have contributed to this differ-
ence. These findings could be interpreted to indicate that
the polar extract of R. officinalis may potentially offer ther-
apeutic advantages over the essential oil against resistant
S. maltophilia strains. Moreover, this finding implies that
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Fig. 2. Representation of the docking interaction between carnosic acid and MlaC. (a) Best 3D docking pose. (b) The two-
dimensional (2D) aa interaction and chemical bond types. (c) The 3D electric field interaction. (d) Ligand interaction pose.

polar extracts may be advantageous for developing stable
formulations compared to volatile essential oils.

In our study, we observed an inhibition zone of 16.81
mm against S. maltophilia using a total extract of S. offici-
nalis. Interestingly, this finding is comparable to results re-
ported by Kačániová et al. [34], who demonstrated a 16.47
± 0.58 mm inhibition zone using S. officinalis essential oils.
Although essential oils generally contain a higher concen-
tration of volatile bioactive compounds, the similar levels
of antibacterial activity observed suggest that well-prepared
total extracts—despite having a different composition—

may achieve comparable efficacy. This supports our ear-
lier observations that the synergistic interaction of both po-
lar and nonpolar compounds in total extracts can signifi-
cantly contribute to antimicrobial activity. Therefore, total
extracts may offer not only a broader spectrum of bioactive
components but also advantages in terms of stability and
formulation potential. This indicates that both the volatile
and non-volatile fractions of S. officinalis contribute toward
the observed antimicrobial properties, potentially offering
formulation flexibility for therapeutic use.
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Fig. 3. Illustration of the docking interaction between luteolin and MlaC. (a) Best 3D docking pose. (b) The 2D aa interaction and
chemical bond types. (c) The 3D electric field interaction. (d) Ligand interaction pose.

Pietruczuk-Padzik et al. [35] reported that among
all the tested plant extracts against Staphylococcus species,
T. serpyllum and Taraxacum officinale leaf extracts exhib-
ited the most promising antibacterial activity, both against
planktonic cultures and biofilm forms. Kačániová et al.
[34] found that T. serpyllum essential oils inhibited Pseu-
domonas aeruginosa biofilm at a concentration of 0.236
mg/mL, while Čabarkapa et al. [36] reported that this es-
sential oil prevented biofilm formation by Salmonella en-
teritidis strains. In our study, the T. serpyllum extract
demonstrated biofilm inhibition activity in 66.7% of the S.
maltophilia strains. These findings support the potential of
T. serpyllum to suppress biofilm formation in various bac-
terial species.

Wijesundara and Rupasinghe [37] reported that the es-
sential oils from S. officinalis significantly inhibited biofilm
formation of Streptococcus pyogenes strains at 0.25 mg/mL
and were able to eradicate existing biofilms at 0.5 mg/mL.
Ünlü et al. [38] also reported that this essential oil inhib-
ited biofilm formation in 41.2% of the tested methicillin-
resistant Staphylococcus aureus (MRSA) and methicillin-
sensitive Staphylococcus aureus (MSSA) isolates, with
varying degrees of inhibition. In the present study, S. offici-
nalis extract exhibited biofilm inhibition activity in 40% of
S. maltophilia strains. These findings indicate that S. offic-
inalis can exert biofilm-suppressing effects on various bac-
terial species.
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Fig. 4. Illustration of the docking interaction between carnosol and MlaC. (a) Best 3D docking pose. (b) The 2D aa interaction and
chemical bond types. (c) The 3D electric field interaction. (d) Ligand interaction pose.

Ben Abdallah et al. [39] reported the potent an-
tibiofilm activity of R. officinalis (rosemary) essential oils
against MRSA, and Jardak et al. [40] demonstrated the
effectiveness of the same essential oils against Staphylo-
coccus epidermidis biofilms. Galovičová et al. [41] also
reported that these essential oils inhibited S. maltophilia
biofilms. In our study, the methanolic extract of R. of-
ficinalis showed lower inhibition (33.3%) against S. mal-
tophilia biofilms. This difference in efficacy may be due to
differences in extract type and concentration ratio.

Su et al. [42] reported that the minimum biofilm erad-
ication concentration was above 1 mg/mL for all the stud-
ied strains. Similarly, Río-Chacón et al. [43] reported that
the minimum biofilm eradication concentration value was
above 5 mg/mL for the majority of strains. In our study, a
TMP-SMX concentration of 4 mg/mL inhibited the forma-
tion of mature biofilm structures in all tested strains. Our
results, when evaluated in conjunction with the literature,
indicate that high doses of TMP-SMX are necessary for
inhibiting S. maltophilia biofilms. However, systemic ap-
plication of this concentration in humans is not possible.
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Therefore, the obtained data may simply guide the evalua-
tion of alternative treatment strategies, such as topical appli-
cations, implant coatings, or the development of new drug
delivery systems.

According to our results, the T. serpyllum extract ex-
hibited the highest antibacterial and antibiofilm activity
with statistical significance (p< 0.05). This suggests that T.
serpyllum may be a potential antimicrobial agent against S.
maltophilia. While M. piperita, R. officinalis, and S. offici-
nalis extracts showed similar levels of antibacterial activity
(p > 0.05), T. cordata and T. spicata extracts demonstrated
lower activity (p< 0.05). The fact that T. serpyllumwas the
most effective extract in terms of both antibacterial and an-
tibiofilm activities suggests a possible relationship between
these effects. Therefore, these findings indicate that T. ser-
pyllum has the potential to be evaluated as a natural antimi-
crobial and antibiofilm agent.

In the analyses conducted by Sonmezdag et al. [44]
using the gas chromatography–mass spectrometry–
olfactometry (GC–MS–olfactometry) and liquid
chromatography–electrospray ionization–tandem mass
spectrometry (LC–ESI–MS/MS) techniques, 24 volatile
compounds were identified in the aroma profile of T.
serpyllum, most of which were classified as terpenes. Phe-
nolic compound analysis revealed 18 different phenolics,
with luteolin-7-O-glucoside, luteolin, and rosmarinic acid
being the most prominent.

Recent metabolomic studies using ultra-high-
performance liquid chromatography–electrospray
ionization–quadrupole-time-of-flight mass spectrome-
try (UHPLC–ESI–QTOF-MS) have elucidated the distinct
yet overlapping phytochemical profiles of R. officinalis
and S. officinalis [45,46]. These analyses revealed that
rosemary is particularly rich in bioactive diterpenes,
with Soxhlet extraction yielding high concentrations of
carnosol (22,000.67 ± 77.39 µg/g) and carnosic acid
(2915.40 ± 33.23 µg/g), along with notable levels of
luteolin-7-O-glucoside (209.95 ± 8.78 µg/g). In contrast,
sage demonstrated higher accumulations of rosmarinic
acid (17,678.7 ± 673.4 µg/g) and 12-methoxy carnosic
acid (21,918.3 ± 715.4 µg/g), while still containing de-
tectable quantities of luteolin derivatives. Previous studies
have reported that carnosol, carnosic acid, and luteolin
compounds, which are biocomponents of R. officinalis,
T. serpyllmus, and S. officinalis species, exhibited strong
antimicrobial and antibiofilm activities, and that the
mechanism of action of these compounds occurred on the
cell membrane [47–49]. In line with these findings, our
study identified an active transport mechanism located in
the cell membrane, which maintains membrane integrity
through lipid transport, as a potential target for improving
the understanding of the possible antimicrobial mechanism
of action. In this context, a molecular docking analysis
was performed to evaluate the interaction of the selected
compounds through this mechanism.

The Mla ABC transport system, which is known
to transport phospholipids across the periplasm in Gram-
negative bacteria and plays a role in maintaining outer
membrane homeostasis, is also found in S. maltophilia.
The Mla system plays a role in basic resistance to antimi-
crobial and antibiofilm agents. The periplasmic substrate-
binding protein MlaC is an important component in this
system and has been shown to bind to phospholipids,
thereby contributing to basic resistance to various antimi-
crobial agents [50]. In this study, the E. coli phospholipid-
binding protein MlaC (PDB ID: 5UWA) was selected as
a model receptor in the docking analysis. When we ex-
amined the molecular docking results, strong hydrogen
bond interactions were observed with MET31 in the amino
acid residues of the carnossic acid molecule and the MlaC
receptor-binding motif (RBM), while van der Waals inter-
actions were observed with the THR38, VAL135, ILE119,
ASP32, LEU30, TYR67, ALA163, and VAL68 residues.
In addition, a Pi-Sigma bond interaction was observed
with LEU64, while alkyl and Pi–alkyl bond interactions
were determined with ALA34, LEU109, LEU148, ALA35,
PHE39, ILE137, TRP152, and PHE150. When the lute-
olin and MlaC docking interaction was examined, hydro-
gen bonds were observed for the TYR164, ASP165, and
MET166 residues, and van der Waals interactions were ob-
served for the ILE174, LEU101, LEU65, VAL60, PHE150,
and MET173 residues. The MET166 residue also formed a
second interaction: a Pi–sulfur bond. While the TYR105
residue showed a Pi–Pi interaction, the LEU65, ALA73,
and VAL68 residues exhibited Pi–alkyl interactions.

In the carnosol–MlaC docking interaction, van der
Waals interactions were observed for the MET166,
ASP165, MET173, TYR164, GLN69, VAL70, PHE97,
LEU65, VAL60, and TYR67 residues, and both hydro-
gen bonding and Pi–Pi–T interactions were observed for
TYR105. Additionally, carnosol exhibited Pi–Sigma in-
teractions for the VAL68 and ALA163 residues. More-
over, the ILE174, ALA73, LEU101, PHE150, and LEU64
residues showed alkyl and Pi–alkyl interactions.

The binding energy threshold is accepted as –6.0
kcal/mol. In our study, the results were accepted as sig-
nificant because all ligand–receptor Gibbs free binding en-
ergies were more negative than –6.0 kcal/mol. When de-
signing molecular docking analyses, the antimicrobial ac-
tivity was predicted to occur via the Mla pathway. The Mla
system consists of 6 proteins, MlaA, MlaB, MlaC, MlaD,
MlaE, and MlaF, which transport phospholipids from the
outer leaflet of the outer membrane to the inner membrane.
MlaA is a lipoprotein located in the outer membrane and
transfers phospholipids to MlaC, which is a periplasmic
protein [51]. MlaC transfers phospholipids to the Mla–
FEDB complex in the inner membrane, and Mla–FEDB
then inserts phospholipids into the inner membrane [52].
In this study, the MlaC protein within the Mla system was
specifically targeted owing to the central and unique role
MlaC plays in the lipid transport function in the Mla sys-
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tem. MlaC is the sole periplasmic, soluble protein that
transports phospholipids between MlaA in the outer mem-
brane and the Mla–FEDB complex in the inner membrane.
Since most other Mla components are membrane proteins,
these components are structurally less accessible; in con-
trast, MlaC offers a directly inhibitory target [53]. Previ-
ous studies have demonstrated that the functional loss of
mlaC increases bacterial susceptibility to several classes
of antibiotics. Bernier et al. [54] showed that mlaC
mutants in Burkholderia cepacia complex strains exhib-
ited increased sensitivity to tetracyclines, chlorampheni-
col, macrolides, fluoroquinolones, and rifampin compared
to wild-type strains. This highlights the functional rele-
vance of MlaC as a potential target in antimicrobial resis-
tance mechanisms. Moreover, inactivating the Mla system
eliminates the lipid asymmetry of the outer membrane and
increases the sensitivity to various antimicrobial agents in
many Gram-negative bacteria [53]. When these results are
evaluated in conjunction with in vitro antimicrobial activity
studies, carnosic acid, carnosol, and luteolin compounds,
which are abundantly found in T. serpyllum, R. officinalis,
and S. officinalis extracts, are highlighted in terms of an-
timicrobial activity and may be potential active antibacte-
rial substances.

This study has certain limitations, including the rela-
tively small number of clinical isolates and the exclusive
use of in vitro assays, which may not fully reflect the com-
plexity of in vivo conditions. Moreover, variations in ex-
tract composition related to plant origin, harvest time, and
extraction method could affect reproducibility. Despite
these limitations, these findings provide preliminary evi-
dence supporting the antibacterial and antibiofilm activity
of selected plant extracts against S. maltophilia. Impor-
tantly, this work addresses a gap in the literature by, to our
knowledge, being the first to evaluate the activity of T. ser-
pyllum, R. officinalis, T. cordata, and S. officinalis extracts
against S. maltophilia and by proposing the Mla system as
a possible molecular target. Nonetheless, further investiga-
tions focusing on the standardization of extract preparation,
the exploration of potential synergistic effects with existing
antibiotics, and the experimental validation of molecular
docking predictions would strengthen the clinical relevance
of these results.

5. Conclusion
This study demonstrated that extracts of T. serpyl-

lum, S. officinalis, and R. officinalis possess measurable
antimicrobial and antibiofilm activities against multidrug-
resistant S. maltophilia. The most active extract was from T.
serpyllum, producing an inhibition zone of 20.5 ± 2.8 mm
at a concentration of 1024 µg/mL and inhibiting biofilm for-
mation in 66.7% of the tested strains. S. officinalis and R.
officinalis were also effective, with inhibition zones of 16.8
± 2.0 mm and 17.3 ± 2.4 mm, and observed biofilm inhi-
bition in 40% and 33.3% of the evaluated strains, respec-
tively. Notably, all three extracts retained activity against

TMP-SMX-resistant isolates. Meanwhile, molecular dock-
ing analyses revealed strong binding of carnosol (–9.23
kcal/mol), carnosic acid (–8.51 kcal/mol), and luteolin (–
7.62 kcal/mol) to the MlaC protein, suggesting a possible
mechanism via the disruption of the Mla system. These
findings provide the first evidence that these plant extracts
and their key phytochemicals could serve as promising
alternative therapeutic agents or potent adjuvants against
challenging S. maltophilia infections.

Availability of Data and Materials
The datasets used in this study are available from the

corresponding author upon reasonable request.

Author Contributions
YA and ZAT designed the research study. YA, HA,

and IHK performed the research and conducted experi-
ments. YA, HA, and IHK analyzed the data. BNE and FFS
contributed to literature review, methodology development,
and writing – review & editing. All authors contributed to
editorial changes in the manuscript. All authors read and
approved the final manuscript. All authors have partici-
pated sufficiently in the work and agreed to be accountable
for all aspects of the work.

Ethics Approval and Consent to Participate
Approval for this study was obtained from the Istan-

bul Health Sciences University Umraniye Training and Re-
search Hospital Clinical Research Ethics Committee (ap-
proval number: 228473746, date: 02 November 2023). The
study was carried out in accordance with the guidelines of
the Declaration of Helsinki. Written consent was obtained
from the patients or their families/legal guardians.

Acknowledgment
The authors would like to thank Master Student Uğur

Vural and PhD Student Zeynep Çelik for their guidance in
antimicrobial activity studies.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Nair AP, Sasi S, Al Maslamani M, Al-Khal A, Chacko K, Desh-

mukh A, et al. Clinical and Epidemiological Characteristics of
Stenotrophomonas maltophilia Associated Lower Respiratory
Tract Infections in Qatar: A Retrospective Study. Cureus. 2022;
14: e23263. https://doi.org/10.7759/cureus.23263.

[2] Majumdar R, Karthikeyan H, Senthilnathan V, Sugumar S.
Review on Stenotrophomonas maltophilia: An Emerging
Multidrug- resistant Opportunistic Pathogen. Recent Patents
on Biotechnology. 2022; 16: 329–354. https://doi.org/10.2174/
1872208316666220512121205.

11

https://doi.org/10.7759/cureus.23263
https://doi.org/10.2174/1872208316666220512121205
https://doi.org/10.2174/1872208316666220512121205
https://www.imrpress.com


[3] Kalidasan V, Joseph N, Kumar S, Awang Hamat R, Neela VK.
Iron and Virulence in Stenotrophomonas Maltophilia: All We
Know So Far. Frontiers in Cellular and Infection Microbiology.
2018; 8: 401. https://doi.org/10.3389/fcimb.2018.00401.

[4] Alcaraz E, Centrón D, Camicia G, Quiroga MP, Di Conza
J, Passerini de Rossi B. Stenotrophomonas maltophilia phe-
notypic and genotypic features through 4-year cystic fibrosis
lung colonization. Journal of Medical Microbiology. 2021; 70:
10.1099/jmm.0.001281. https://doi.org/10.1099/jmm.0.001281.

[5] Mikhailovich V, Heydarov R, Zimenkov D, Chebotar I.
Stenotrophomonas maltophilia virulence: a current view. Fron-
tiers in Microbiology. 2024; 15: 1385631. https://doi.org/10.
3389/fmicb.2024.1385631.

[6] Bostanghadiri N, Sholeh M, Navidifar T, Dadgar-Zankbar L,
Elahi Z, van Belkum A, et al. Global mapping of antibiotic
resistance rates among clinical isolates of Stenotrophomonas
maltophilia: a systematic review and meta-analysis. Annals of
Clinical Microbiology and Antimicrobials. 2024; 23: 26. https:
//doi.org/10.1186/s12941-024-00685-4.

[7] Idrees M, Saeed-Ur-Rehman, Leghari SK, Rehman MU,
Rehman KU, Achakzai AKK, et al. Antimicrobial activity of
three medicinally important plants (Berberis balochistanica,
Thymus serpyllum and Salvia bucharica) of Shudden, Mazhoo
Tehsil Nana Sab area, District Pishin, Balochistan-Pakistan.
Pure and Applied Biology. 2022; 11: 570–576. https://doi.org/
10.19045/bspab.2022.110057.

[8] Ivasenko SA, Orazbayeva P, Skalicka-Woźniak K, Ludwiczuk
A, Marchenko A, Ishmuratova M, et al. Antimicrobial Activity
of Ultrasonic Extracts of Two Chemotypes of Thymus serpyllum
L. of Central Kazakhstan and their Polyphenolic Profiles. Open
Access Macedonian Journal of Medical Sciences. 2021; 9: 61–
67. https://doi.org/10.3889/oamjms.2021.5520.

[9] Al-hajri MZM, Hossain MA, Al-touby SS. Composition anal-
ysis and antibacterial activity evaluation of different crude ex-
tracts of Mentha piperita (Lamiaceae). International Journal of
Secondary Metabolite. 2022; 9: 387–396. https://doi.org/10.
21448/ijsm.1079952.

[10] Saleh A, Al Kamaly O, Alanazi AS, Noman O. Phytochemical
Analysis and Antimicrobial Activity of Rosmarinus officinalis
L. Growing in Saudi Arabia: Experimental and Computational
Approaches. Processes. 2022; 10: 2422. https://doi.org/10.3390/
pr10112422.

[11] Ali SA, Al-Atbi HS, Moein F, Ali BM. Antibacterial and an-
tioxidant activity of flavonoid, glycoside and alkaloid extracts
of Tilia Cordata. International Journal of Health Sciences. 2022;
6: 3976–3983. https://doi.org/10.53730/ijhs.v6nS3.6664.

[12] Şahiner A, Aksoy S, Alğın Yapar E, Cengiz G, Halat E, Ateş M.
Evaluation of Antimicrobial Activity of Thymbra spicata L. var.
spicata Essential Oil as a Potential Source of Herbal Medicine.
Current Nutraceuticals 2022; 3: 1–7. https://doi.org/10.2174/
2665978603666220329235246.

[13] Meza-Menchaca T, Zepeda R, Juárez Portilla C. Past, Present,
and Future of Molecular Docking. IntechOpen. 2020. https://do
i.org/10.5772/intechopen.90921.

[14] Christensen GD, Simpson WA, Younger JJ, Baddour LM, Bar-
rett FF, Melton DM, et al. Adherence of coagulase-negative
staphylococci to plastic tissue culture plates: a quantitative
model for the adherence of staphylococci to medical devices.
Journal of Clinical Microbiology. 1985; 22: 996–1006. https:
//doi.org/10.1128/jcm.22.6.996-1006.1985.

[15] Stepanović S, Vuković D, Hola V, Di Bonaventura G, Djukić S,
Cirković I, et al. Quantification of biofilm in microtiter plates:
overview of testing conditions and practical recommendations
for assessment of biofilm production by staphylococci. APMIS:
Acta Pathologica, Microbiologica, et Immunologica Scandinav-
ica. 2007; 115: 891–899. https://doi.org/10.1111/j.1600-0463.
2007.apm_630.x.

[16] Pompilio A, Ranalli M, Piccirilli A, Perilli M, Vukovic D,
Savic B, et al. Biofilm Formation among Stenotrophomonas
maltophilia Isolates Has Clinical Relevance: The ANSELM
Prospective Multicenter Study. Microorganisms. 2020; 9: 49.
https://doi.org/10.3390/microorganisms9010049.

[17] Fatma K, Ayse A, Caglar K. Extraction and HPLC Analysis
of Sage (Salvia officinalis) Plant. Natural Products Chemistry
& Research. 2017; 5: 8. https://doi.org/10.4172/2329-6836.
1000298.

[18] Lesellier E, Lefebvre T, Destandau E. Recent developments for
the analysis and the extraction of bioactive compounds from
Rosmarinus officinalis and medicinal plants of the Lamiaceae
family. Trends in Analytical Chemistry. 2021; 135: 116158.
https://doi.org/10.1016/j.trac.2020.116158.

[19] Çakmakçi E, Deveoglu O, Muhammed A, Fouad A, Torgan E,
Karadag R. HPLC-DAD analysis of Thymus serpyllum based
natural pigments and investigation of their antimicrobial prop-
erties. Pigment & Resin Technology. 2014; 43: 19–25. https:
//doi.org/10.1108/PRT-07-2012-0045.

[20] Sanner MF. Python: a programming language for software in-
tegration and development. Journal of Molecular Graphics &
Modelling. 1999; 17: 57–61.

[21] Ricci CG, Netz PA. Docking studies on DNA-ligand interac-
tions: building and application of a protocol to identify the bind-
ing mode. Journal of Chemical Information and Modeling. 2009;
49: 1925–1935. https://doi.org/10.1021/ci9001537.

[22] Nasab RR, Hassanzadeh F, Khodarahmi GA, Rostami M,
Mirzaei M, Jahanian-Najafabadi A, et al. Docking study,
synthesis and antimicrobial evaluation of some novel 4-
anilinoquinazoline derivatives. Research in Pharmaceutical Sci-
ences. 2017; 12: 425–433. https://doi.org/10.4103/1735-5362.
213988.

[23] Husunet MT, Mısırlı RÇ, Istıflı ES, Ila HB. Investigation of the
genotoxic effects of patent blue V (E131) in human peripheral
lymphocytes and in silico molecular docking. Drug and Chem-
ical Toxicology. 2022; 45: 1780–1786. https://doi.org/10.1080/
01480545.2021.1878208.

[24] Bhaumik R, Aungkur NZ, Anderson GG. A guide to
Stenotrophomonas maltophilia virulence capabilities,
as we currently understand them. Frontiers in Cellu-
lar and Infection Microbiology. 2024; 13: 1322853.
https://doi.org/10.3389/fcimb.2023.1322853.

[25] Hazirolan G, Araz H, Çelikbaş A, Aksu N. Attention! There is a
Significant Increase in Trimetoprim-sulfomethoxazole and Lev-
ofloxacin Resistance in Stenotrophomonas maltophilia Strains
Isolated from Clinical Samples (2008–2016). Türk Mikrobiy-
oloji Cemiyeti Dergisi. 2018; 48: 134–140. https://doi.org/10.
5222/TMCD.2018.134.

[26] Dadashi M, Hajikhani B, Nazarinejad N, Noorisepehr N,
Yazdani S, Hashemi A, et al. Global prevalence and dis-
tribution of antibiotic resistance among clinical isolates of
Stenotrophomonas maltophilia: A systematic review and meta-
analysis. Journal of Global Antimicrobial Resistance. 2023; 34:
253–267. https://doi.org/10.1016/j.jgar.2023.02.018.

[27] Bilgin K, Çaycı YT, Bıyık İ, Vural DG, Torun EG, Birinci
A. Comparing the biofilm formation properties of S. mal-
tophilia isolates obtained from the pulmonary and extrapul-
monary samples. Turkish Bulletin of Hygiene and Experimental
Biology. 2021; 78: 147–152. https://dx.doi.org/10.5505/TurkHi
jyen.2020.09365. (In Turkish)

[28] Sun E, Liang G, Wang L, Wei W, Lei M, Song S, et al. Antimi-
crobial susceptibility of hospital acquired Stenotrophomonas
maltophilia isolate biofilms. The Brazilian Journal of Infectious
Diseases: an Official Publication of the Brazilian Society of In-
fectious Diseases. 2016; 20: 365–373. https://doi.org/10.1016/j.
bjid.2016.04.002.

[29] Balkan CE, Karamese M, Celebi D, Aydogdu S, Dicle Y, Ca-

12

https://doi.org/10.3389/fcimb.2018.00401
https://doi.org/10.1099/jmm.0.001281
https://doi.org/10.3389/fmicb.2024.1385631
https://doi.org/10.3389/fmicb.2024.1385631
https://doi.org/10.1186/s12941-024-00685-4
https://doi.org/10.1186/s12941-024-00685-4
https://doi.org/10.19045/bspab.2022.110057
https://doi.org/10.19045/bspab.2022.110057
https://doi.org/10.3889/oamjms.2021.5520
https://doi.org/10.21448/ijsm.1079952
https://doi.org/10.21448/ijsm.1079952
https://doi.org/10.3390/pr10112422
https://doi.org/10.3390/pr10112422
https://doi.org/10.53730/ijhs.v6nS3.6664
https://doi.org/10.2174/2665978603666220329235246
https://doi.org/10.2174/2665978603666220329235246
https://doi.org/10.5772/intechopen.90921
https://doi.org/10.5772/intechopen.90921
https://doi.org/10.1128/jcm.22.6.996-1006.1985
https://doi.org/10.1128/jcm.22.6.996-1006.1985
https://doi.org/10.1111/j.1600-0463.2007.apm_630.x
https://doi.org/10.1111/j.1600-0463.2007.apm_630.x
https://doi.org/10.3390/microorganisms9010049
https://doi.org/10.4172/2329-6836.1000298
https://doi.org/10.4172/2329-6836.1000298
https://doi.org/10.1016/j.trac.2020.116158
https://doi.org/10.1108/PRT-07-2012-0045
https://doi.org/10.1108/PRT-07-2012-0045
https://doi.org/10.1021/ci9001537
https://doi.org/10.4103/1735-5362.213988
https://doi.org/10.4103/1735-5362.213988
https://doi.org/10.1080/01480545.2021.1878208
https://doi.org/10.1080/01480545.2021.1878208
https://doi.org/10.3389/fcimb.2023.1322853
https://doi.org/10.5222/TMCD.2018.134
https://doi.org/10.5222/TMCD.2018.134
https://doi.org/10.1016/j.jgar.2023.02.018
https://dx.doi.org/10.5505/TurkHijyen.2020.09365
https://dx.doi.org/10.5505/TurkHijyen.2020.09365
https://doi.org/10.1016/j.bjid.2016.04.002
https://doi.org/10.1016/j.bjid.2016.04.002
https://www.imrpress.com


lik Z. The Determination of the Antibacterial Activities of Rose,
Thyme, Centaury and Ozone Oils Against Some Pathogenic Mi-
croorganisms. Kafkas Journal of Medical Sciences. 2016; 6: 18–
22. https://doi.org/10.5505/kjms.2016.87587 (In Turkish)

[30] Galovičová L, Borotová P, Valková V, Vukovic NL, Vukic M,
Terentjeva M, et al. Thymus serpyllum Essential Oil and Its Bi-
ological Activity as a Modern Food Preserver. Plants (Basel,
Switzerland). 2021; 10: 1416. https://doi.org/10.3390/plants
10071416.

[31] Joma MH, Çay M, Kılıç İH, Özaslan M. Zahter (Thym-
bra spicata L. var. spicata) Bitki Özütlerinin DNA Koruyucu
Aktivitelerinin ve Stenotrophomonas maltophilia Üzerine An-
timikrobiyal Etkisinin Araştırılması. Zeugma Biological Sci-
ence. 2020; 1: 28–34.

[32] Shalayel M, Asaad A, Qureshi M, Elhussein A. Anti-bacterial
activity of peppermint (Mentha piperita) extracts against some
emerging multi-drug resistant human bacterial pathogens. Jour-
nal of Herbal Medicine. 2017; 7: 27–30. https://doi.org/10.1016/
j.hermed.2016.08.003.

[33] Zhang Y, Wei J, Chen H, Song Z, Guo H, Yuan Y, et al. Antibac-
terial activity of essential oils against Stenotrophomonas mal-
tophilia and the effect of citral on cell membrane. LWT. 2019;
117: 108667. https://doi.org/10.1016/j.lwt.2019.108667.

[34] Kačániová M, Garzoli S, Ben Hsouna A, Bianchi A, Kluz MI,
Elizondo-Luevano JH, et al. The Potential of Thymus serpyllum
Essential Oil as an Antibacterial Agent against Pseudomonas
aeruginosa in the Preservation of Sous Vide Red Deer Meat.
Foods (Basel, Switzerland). 2024; 13: 3107. https://doi.org/10.
3390/foods13193107.

[35] Pietruczuk-Padzik A, Śliwińska M, Mainka M, Czerwińska ME,
Skowrońska W, Bazylko A. Evaluation of Antimicrobial Activ-
ity of Selected Plant Extracts against Staphylococcus Strains Iso-
lated from Wound Infections. Planta Medica. 2024; 90: 1080–
1096. https://doi.org/10.1055/a-2416-8584.

[36] Čabarkapa I, Čolović R, Đuragić O, Popović S, Kokić B, Mi-
lanov D, et al. Anti-biofilm activities of essential oils rich
in carvacrol and thymol against Salmonella Enteritidis. Bio-
fouling. 2019; 35: 361–375. https://doi.org/10.1080/08927014.
2019.1610169.

[37] Wijesundara NM, Rupasinghe HPV. Essential oils from Ori-
ganum vulgare and Salvia officinalis exhibit antibacterial and
anti-biofilm activities against Streptococcus pyogenes. Micro-
bial Pathogenesis. 2018; 117: 118–127. https://doi.org/10.1016/
j.micpath.2018.02.026.

[38] Ünlü S, Üsküdar Güçlü A, Mirza HC, Altay Koçak A, Başus-
taoğlu A. In vitro effects of various essential oils on biofilm vi-
ability; their antibacterial and antibiofilm activities against clin-
ical Staphylococcus aureus isolates. Turkish Journal of Hygiene
and Experimental Biology (Türk Hijyen ve Deneysel Biyoloji
Dergisi). 2023; 80: 491–502. https://doi.org/10.5505/TurkHijy
en.2023.46504.

[39] Ben Abdallah F, Lagha R, Gaber A. Biofilm Inhibition and
Eradication Properties of Medicinal Plant Essential Oils against
Methicillin-Resistant Staphylococcus aureus Clinical Isolates.
Pharmaceuticals (Basel, Switzerland). 2020; 13: 369. https:
//doi.org/10.3390/ph13110369.

[40] Jardak M, Elloumi-Mseddi J, Aifa S, Mnif S. Chemical compo-
sition, anti-biofilm activity and potential cytotoxic effect on can-
cer cells of Rosmarinus officinalis L. essential oil from Tunisia.
Lipids in Health and Disease. 2017; 16: 190. https://doi.org/10.
1186/s12944-017-0580-9.

[41] Galovičová L, Borotová P, Valková V, Kačániová M. An-
tibiofilm and antioxidant activity of Rosmarinus officinalis es-
sential oil. Slovak Journal of Food Sciences. 2021; 15: 1093–
1103. https://doi.org/10.5219/1693.

[42] Su BA, Chen CC, Chen HJ, Lai HY, Tsai CH, Lai CC, et al. In
vitro activities of antimicrobial combinations against planktonic
and biofilm forms of Stenotrophomonas maltophilia. Frontiers
in Microbiology. 2023; 14: 1186669. https://doi.org/10.3389/fm
icb.2023.1186669.

[43] Río-Chacón JMD, Rojas-Larios F, Bocanegra-Ibarias P, Salas-
Treviño D, Espinoza-Gómez F, Camacho-Ortiz A, et al. Biofilm
Eradication of Stenotrophomonas maltophilia by Levofloxacin
and Trimethoprim-Sulfamethoxazole. Japanese Journal of Infec-
tious Diseases. 2024; 77: 213–219. https://doi.org/10.7883/yoke
n.JJID.2023.389.

[44] Sonmezdag AS, Kelebek H, Selli S. Characterization of aroma-
active and phenolic profiles of wild thyme (Thymus serpyllum)
by GC-MS-Olfactometry and LC-ESI-MS/MS. Journal of Food
Science and Technology. 2016; 53: 1957–1965. https://doi.org/
10.1007/s13197-015-2144-1.

[45] Sharma Y, Velamuri R, Fagan J, Schaefer J. Full-Spectrum
Analysis of Bioactive Compounds in Rosemary (Rosmarinus
officinalis L.) as Influenced by Different Extraction Methods.
Molecules (Basel, Switzerland). 2020; 25: 4599. https://doi.or
g/10.3390/molecules25204599.

[46] Velamuri R, Sharma Y, Fagan J, Schaefer J. Application of
UHPLC-ESI-QTOF-MS in phytochemical profiling of sage
(Salvia officinalis) and rosemary (Rosmarinus officinalis).
Planta Medica International Open. 2020; 7: e133–e144. https:
//doi.org/10.1055/a-1272-2903.

[47] Shen F, Ge C, Yuan P. Metabolomics Study Reveals Inhibition
and Metabolic Dysregulation in Staphylococcus aureus Plank-
tonic Cells and Biofilms Induced by Carnosol. Frontiers in Mi-
crobiology. 2020; 11: 538572. https://doi.org/10.3389/fmicb.
2020.538572.

[48] Pavić V, Jakovljević M, Molnar M, Jokić S. Extraction of
Carnosic Acid and Carnosol from Sage (Salvia officinalis L.)
Leaves by Supercritical Fluid Extraction and Their Antioxidant
and Antibacterial Activity. Plants (Basel, Switzerland). 2019; 8:
16. https://doi.org/10.3390/plants8010016.

[49] Qian W, Liu M, Fu Y, Zhang J, Liu W, Li J, et al. Antimicro-
bial mechanism of luteolin against Staphylococcus aureus and
Listeria monocytogenes and its antibiofilm properties. Micro-
bial Pathogenesis. 2020; 142: 104056. https://doi.org/10.1016/
j.micpath.2020.104056.

[50] Coves X, Mamat U, Conchillo-Solé O, Huedo P, Bravo M,
Gómez AC, et al. The Mla system and its role in maintain-
ing outer membrane barrier function in Stenotrophomonas mal-
tophilia. Frontiers in Cellular and Infection Microbiology. 2024;
14: 1346565. https://doi.org/10.3389/fcimb.2024.1346565.

[51] Abellón-Ruiz J, Kaptan SS, Baslé A, Claudi B, Bumann
D, Kleinekathöfer U, et al. Structural basis for mainte-
nance of bacterial outer membrane lipid asymmetry. Nature
Microbiology. 2017; 2: 1616–1623. https://doi.org/10.1038/
s41564-017-0046-x.

[52] Nasu H, Shirakawa R, Furuta K, Kaito C. Knockout of mlaA
increases Escherichia coli virulence in a silkworm infection
model. PloS One. 2022; 17: e0270166. https://doi.org/10.1371/
journal.pone.0270166.

[53] Malinverni JC, Silhavy TJ. An ABC transport system that main-
tains lipid asymmetry in the gram-negative outer membrane.
Proceedings of the National Academy of Sciences of the United
States of America. 2009; 106: 8009–8014. https://doi.org/10.
1073/pnas.0903229106.

[54] Bernier SP, Son S, Surette MG. The Mla Pathway Plays an Es-
sential Role in the Intrinsic Resistance of Burkholderia cepa-
cia Complex Species to Antimicrobials and Host Innate Com-
ponents. Journal of Bacteriology. 2018; 200: e00156–18. https:
//doi.org/10.1128/JB.00156-18.

13

https://doi.org/10.5505/kjms.2016.8758
https://doi.org/10.3390/plants10071416
https://doi.org/10.3390/plants10071416
https://doi.org/10.1016/j.hermed.2016.08.003
https://doi.org/10.1016/j.hermed.2016.08.003
https://doi.org/10.1016/j.lwt.2019.108667
https://doi.org/10.3390/foods13193107
https://doi.org/10.3390/foods13193107
https://doi.org/10.1055/a-2416-8584
https://doi.org/10.1080/08927014.2019.1610169
https://doi.org/10.1080/08927014.2019.1610169
https://doi.org/10.1016/j.micpath.2018.02.026
https://doi.org/10.1016/j.micpath.2018.02.026
https://doi.org/10.5505/TurkHijyen.2023.46504
https://doi.org/10.5505/TurkHijyen.2023.46504
https://doi.org/10.3390/ph13110369
https://doi.org/10.3390/ph13110369
https://doi.org/10.1186/s12944-017-0580-9
https://doi.org/10.1186/s12944-017-0580-9
https://doi.org/10.5219/1693
https://doi.org/10.3389/fmicb.2023.1186669
https://doi.org/10.3389/fmicb.2023.1186669
https://doi.org/10.7883/yoken.JJID.2023.389
https://doi.org/10.7883/yoken.JJID.2023.389
https://doi.org/10.1007/s13197-015-2144-1
https://doi.org/10.1007/s13197-015-2144-1
https://doi.org/10.3390/molecules25204599
https://doi.org/10.3390/molecules25204599
https://doi.org/10.1055/a-1272-2903
https://doi.org/10.1055/a-1272-2903
https://doi.org/10.3389/fmicb.2020.538572
https://doi.org/10.3389/fmicb.2020.538572
https://doi.org/10.3390/plants8010016
https://doi.org/10.1016/j.micpath.2020.104056
https://doi.org/10.1016/j.micpath.2020.104056
https://doi.org/10.3389/fcimb.2024.1346565
https://doi.org/10.1038/s41564-017-0046-x
https://doi.org/10.1038/s41564-017-0046-x
https://doi.org/10.1371/journal.pone.0270166
https://doi.org/10.1371/journal.pone.0270166
https://doi.org/10.1073/pnas.0903229106
https://doi.org/10.1073/pnas.0903229106
https://doi.org/10.1128/JB.00156-18
https://doi.org/10.1128/JB.00156-18
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Plants and Extraction
	2.2 Bacterial Strains
	2.3 Determination of Antibacterial Activity
	2.4 Biofilm Quantification
	2.5 Determination of Antimicrobial Activity Against Mature Biofilms
	2.6 Computer-Aided In Silico Molecular Docking Analysis
	2.7 Statistical Analysis

	3. Results
	3.1 Antimicrobial Activity
	3.2 Biofilm Formation Ability of S. maltophilia
	3.3 Antibiofilm Activity
	3.4 Docking Analysis

	4. Discussion 
	5. Conclusion
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

