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Abstract

Antimicrobial resistance among multidrug-resistant enteric pathogens, such as Salmonella
enterica and Shigella flexneri, poses a critical global health challenge, necessitating novel
therapeutic strategies from natural sources. This study evaluated the preliminary phyto-
chemical profile and dual antibacterial and antibiofilm activities of methanolic leaf extract
from Platanus orientalis Linn. Qualitative and quantitative phytochemical analyses were
conducted to assess phenolic and flavonoid contents, while antibacterial activity against
multidrug-resistant isolates was determined using broth microdilution to obtain mini-
mum inhibitory concentrations (MICs). Antibiofilm effects were examined at sub-MIC
concentrations via the crystal violet assay. The extract was found to be rich in phenolics
and flavonoids and exhibited concentration-dependent antibacterial activity, with MICs
of 64 µg/mL for S. enterica and 32 µg/mL for S. flexneri. Sub-MIC concentrations sig-
nificantly reduced biofilm biomass by 60–80%, likely through interference with quorum
sensing and extracellular polymeric substance production. These results highlight the
extract’s potential as a phytotherapeutic agent targeting both planktonic cells and biofilms,
providing insights for the development of natural antimicrobials against resistant enteric
pathogens. Overall, the findings underscore the potential of Platanus orientalis methanolic
leaf extract as a promising natural antibacterial and antibiofilm agent against multidrug-
resistant enteric pathogens and support its further development as an alternative or com-
plementary therapeutic strategy. It should be noted that the phytochemical results are
qualitative and indicative, and further LC–MS or NMR analyses are required for definitive
compound identification.

Keywords: Platanus orientalis; antimicrobial activity; biofilm inhibition; multidrug-resistant
bacteria; phytochemical analysis; quorum sensing inhibition

1. Introduction
The global antimicrobial resistance (AMR) crisis represents one of the most severe

threats to modern medicine. The increasing prevalence of multidrug-resistant (MDR) and
extensively drug-resistant (XDR) organisms has critically undermined the effectiveness
of conventional antibiotics, compromising the management of infectious diseases, surgi-
cal interventions, organ transplants, and chemotherapy [1]. Enteric pathogens, such as
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Salmonella enterica and Shigella flexneri, are major contributors to AMR-related morbidity
and mortality worldwide, with global surveillance systems reporting nearly 5 million
deaths in 2023 attributable to resistant infections [2]. These alarming trends underscore the
urgent need for enhanced surveillance, antibiotic stewardship, and the development of
novel antimicrobial agents, particularly given the substantial public health burden imposed
by these pathogens.

Various resistance mechanisms have been identified in Enterobacteriaceae, includ-
ing Salmonella and Shigella, which significantly increase their tolerance to antimicrobial
compounds [3]. Notably, Salmonella and Shigella biofilms form complex physical and bio-
chemical barriers that enhance bacterial resistance to antibiotics and host immune responses.
These biofilms consist of extracellular polymeric substance (EPS) matrices that can confer
up to a 1000-fold increase in antibiotic tolerance compared to planktonic cells [4–6]. Bacteria
within these biofilms communicate via quorum sensing (QS), a regulatory mechanism that
controls gene expression related to virulence factors and facilitates the horizontal transfer
of resistance genes, including plasmid-mediated ones [7]. This coordinated gene regulation
via QS contributes to the persistence of biofilm-associated infections, often linked to chronic
carrier states and recurrent enteric diseases caused by Salmonella and Shigella [8].

Among medicinal plants, Platanus orientalis Linn., native to Europe, Asia, and the Mid-
dle East, has attracted considerable attention due to its diverse pharmacological activities.
The leaves, bark, and fruits of P. orientalis exhibit antibacterial effects, primarily attributed
to flavonoids, tannins, terpenoids, saponins, and polyphenols, which act synergistically
to inhibit bacterial growth and block biofilm formation. Flavonoids in P. orientalis extracts
function by interacting with bacterial signaling molecules to reduce EPS production, while
polyphenols target microbial cell membranes or chelate metal ions essential for enzymatic
function [9]. Recent studies have explored its inhibitory activity against biofilm-producing
bacteria such as Klebsiella pneumoniae and Pseudomonas aeruginosa. However, its efficacy
against clinically relevant enteric pathogens, including S. enterica and S. flexneri, which pose
a growing threat in sanitation-challenged regions, remains insufficiently investigated.

Plant-derived phytochemicals, particularly those from P. orientalis, therefore present a
promising and eco-friendly alternative. Their multifaceted properties in modulating both
planktonic and biofilm-encased bacteria offer a strategic approach to addressing multidrug
resistance in pathogenic bacteria. By elucidating the antimicrobial and antibiofilm effects of
P. orientalis, this study contributes valuable evidence supporting plant-based therapeutics as
potential alternatives to conventional antibiotics. The anticipated outcomes aim to promote
the development of natural medicines or microbial coatings capable of inhibiting bacterial
colonization and enhancing infection control in healthcare and environmental settings.

Given the pressing molecular challenges posed by AMR in Enterobacteriaceae—including
horizontal gene transfer, efflux pump activation, and QS-regulated biofilms—targeting these
mechanisms using phytochemicals that suppress key biofilm-related genes such as bssS,
csgD, and luxS is critically important [10–12]. Although several medicinal plants have
been investigated for their antimicrobial properties, limited data are available regard-
ing the antibiofilm potential of P. orientalis against multidrug-resistant enteric pathogens.
Furthermore, few studies have combined phytochemical analysis with antibacterial and
antibiofilm activity assessment. This study, therefore, provides new insights by correlating
the phytochemical diversity of P. orientalis methanolic leaf extract with its antimicrobial
and antibiofilm potential.

The objectives of the current study are to investigate the antimicrobial resistance pat-
terns of clinical and environmental strains of S. enterica and S. flexneri, and to assess the
antibacterial and antibiofilm activities of P. orientalis methanolic leaf extract. Specifically,
the study aims to: (i) identify the phytochemical constituents of the extract, (ii) evaluate
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its antibacterial activity against multidrug-resistant strains, (iii) assess its antibiofilm ac-
tivity, and (iv) establish correlations between the observed biological activities and the
phytochemical composition of the extract.

2. Materials and Methods
2.1. Microbial Stains Collection and Ethical Considerations

No human participants, human data, or human tissue were involved in this study.
All experiments were conducted using standard microbiological techniques with bacterial
cultures and plant extracts. No ethical approval or informed consent was required for
this purely in vitro research. A total of 250 clinical samples (wound swabs, stool, burn
swabs, body fluids, blood, and urine) from inpatients, using anonymized IDs to prevent
duplication and 50 soil and water samples from the premises of various hospitals in
Baghdad were collected.

2.2. Molecular Conformation Using 16S rRNA

Isolates of Salmonella enterica and Shigella flexneri were identified and confirmed using
biochemical tests and 16S rRNA gene sequencing at AMS Research Laboratory, Bagh-
dad. Genomic DNA was extracted using a commercial kit (Promega, Madison, WI, USA).
The 16S rRNA PCR method involved specific primers (Table 1) designed by Primer3Plus
(https://www.primer3plus.com, 3 February 2026) accessed in November 2022 and amplifi-
cation with an initial denaturation at 94 ◦C for 3 min followed by 34 PCR cycles. The 25 µL
reaction mix contained 12.5 µL of PCR master mix (Promega, Madison, WI, USA), 4 µL of
each primer (10 pmol/µL), 4.5 µL of nuclease-free water, and 4 µL of DNA template [13].
Isolates were stored at −80 ◦C in trypticase soy broth with 20% glycerol and sub-cultured
twice before testing. Purity and identity were verified by 16S rRNA sequencing and con-
firmed with BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi, 3 February 2026) alignment
showing >98% similarity. For susceptibility testing, bacterial inoculum density was stan-
dardized to 1.5 × 108 CFU/mL using McFarland standards to ensure consistent conditions.
This procedure provided reliable microbial identification and standardized material for
further testing.

Table 1. PCR primers designed for molecular identification of Salmonella enterica and Shigella flexneri.

Primer Sequence (5′-3′) Fragment Size (bp) Annealing Tem.

Salmonella
Enterica

F GTGAGTAATGTCTGGGAAACTGC
522 59

R ATTTCACATCCGACTTGACAGAC

Shigellaflexneri
F TTGCGTAGAGATCTGGAGGAATA

402 57
R GGACTTAACCCAACATTTCACAA

2.3. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed using the Kirby-Bauer disc diffu-
sion method on Mueller-Hinton agar plates inoculated with bacterial suspensions adjusted
to 0.5 McFarland turbidity (1.5 × 108 CFU/mL). The antibiotic panel (Bioanalyse, Istan-
bul, Turkey) included representatives from major clinical classes: β-lactams (cefotaxime
[CTX], 30 µg; ceftriaxone [CTR], 30 µg; amoxicillin [AX], 25 µg; and augmentin [AMC],
30 µg), carbapenems (meropenem [MRP], 10 µg; imipenem [IPM], 10 µg), aminoglycosides
(amikacin [AK], 30 µg; gentamicin [GEN], 10 µg), and fluoroquinolones (ciprofloxacin [CIP],
10 µg; levofloxacin [LEV], 5 µg). Each disc contained the indicated concentration of the
respective antibiotic. Plates were incubated at 35 ± 2 ◦C for 16–18 h under ambient condi-
tions, following Clinical and Laboratory Standards Institute (CLSI) 2023 recommendations.
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All susceptibility tests were performed in triplicate. After incubation, inhibition zones
were measured in millimeters according to the CLSI 2023 guidelines to determine bacterial
susceptibility or resistance. This standardized protocol ensures reliable and reproducible
antibiotic sensitivity profiles for the tested bacterial isolates [14].

2.4. Plant Material Collection and Preparation

Platanus orientalis Linn leaves were collected from the Amedi region, Duhok Gover-
norate, in the Kurdistan Region of Iraq (37.09◦ N, 43.48◦ E, elevation 1200 m). The climate is
Mediterranean mountain type, with moderately acidic to neutral soil (pH 6.5–7.2) favorable
for the species. The leaves were washed, air-dried, and ground into powder.

2.5. Extraction Procedure

Extraction was performed using a Soxhlet apparatus with 500 mL absolute methanol
at 65 ◦C for 4 h. The extract was filtered and concentrated under reduced pressure at
40 ◦C using rotary evaporation. The yield percentage was calculated based on initial plant
powder weight [15,16].

2.6. Preliminary Qualitative Phytochemical Screening

The phytochemical screening of the methanolic extract of P. orientalis Linn was carried
out in an effort to test for the presence of prominent secondary compounds such as tannins,
polysaccharides, terpenoids, glycosides, alkaloids, phenolic compounds, and flavonoids.
Tannins were tested for by combining 2 mL of the extract with 5% ferric chloride solution
(FeCl3), and a blue-black to greenish coloration was observed. Carbohydrates were detected
using Molisch’s test, which involved combining the extract with Molisch’s reagent and then
concentrated sulfuric acid (H2SO4), forming a violet ring at the interface. Glycosides were
detected by combining the extract with glacial acetic acid and 2% ferric chloride solution,
and then adding concentrated (H2SO4) slowly, forming a brown ring at the interface.
Alkaloids were detected by combining the extract with 2N hydrochloric acid (HCl), and
then testing with Mayer’s reagent, forming a cream or white precipitate, which confirmed
their presence. Phenolic compounds were detected by adding 2% ferric chloride solution,
which gave a bluish-black coloration. Flavonoids were detected by heating the powdered
plant material in ethyl acetate, filtering the mixture, and then testing the filtrate with 10%
ammonia solution, which gave a yellow fluorescence in an alkaline solution. All assays
were performed in triplicate to ensure reliability [17,18]. It is important to note that these
qualitative phytochemical assays are non-specific and may yield false-positive reactions,
particularly for alkaloid detection, due to cross-reactivity with nitrogen-containing phenolic
or weakly basic compounds. Therefore, the results obtained from these tests are indicative
rather than confirmatory.

2.7. Antimicrobial Properties of Platanus orientalis Linn

The antibacterial properties of Platanus orientalis Linn were evaluated using the
agar well diffusion method with extract concentrations of 125, 250, and 500 mg/mL in
Mueller-Hinton agar inoculated with bacterial suspensions standardized to 0.5 McFarland
(1.5 × 108 CFU/mL) [19]. Sub-minimum inhibitory concentrations (½-MICs) were deter-
mined by broth microdilution in microtiter plates, using resazurin dye as an indicator;
following incubation at 37 ◦C for 18–20 h, a color change from blue to pink indicated bacte-
rial growth [20,21]. This assay provided a clear evaluation of antibacterial activity through
zone of inhibition measurement and determination of minimal inhibitory concentration
values, confirming the bioactive potential of Platanus orientalis leaf extracts [22]. All assays
were performed in triplicate to ensure reliability.

https://doi.org/10.3390/microbiolres17020036

https://doi.org/10.3390/microbiolres17020036


Microbiol. Res. 2026, 17, 36 5 of 13

2.8. Biofilm Formation and Inhibition Assay

Biofilm formation by Salmonella enterica and Shigella flexneri was induced by inoculating
bacterial cultures in brain heart infusion (BHI) broth supplemented with 2% sucrose and
incubating at 37 ◦C for 24 h. For quantification, 20 µL of bacterial suspension was added to
microtiter wells containing 180 µL of BHI. The plates were then rinsed with normal saline,
treated with 99% methanol, air-dried, and stained with 1% crystal violet. The dye was
solubilized using 96% ethanol, and optical density (OD) was measured at 630 nm. Biofilm
production was classified as non (OD ≤ ODc), weak (ODc < OD ≤ 2 × ODc), moderate
(2 × ODc < OD ≤ 4 × ODc), or strong (OD > 4 × ODc) based on OD values relative to a
cutoff (ODc).

2.9. Statistical Analysis

All experiments were performed in triplicate, and results are presented as mean
± standard deviation (SD). Data were compiled and analyzed using Microsoft Excel.
Descriptive statistical analysis was applied to summarize antibacterial and antibiofilm
activity outcomes.

3. Results
3.1. Bacterial Isolate Characteristics

A total of 250 clinical specimens were collected, including 124 (49.6%) from male
inpatients and 126 (50.4%) from female inpatients (Table 2). In the 15–30 years age group,
wound specimens were the most common (n = 24/65, 36.9%), followed by burn and urine
specimens (n = 12/35, 34.2% and n = 16/40, respectively). Stool specimens were most
common among patients older than 15 years (n = 15/45, 33.3%). In the 30–50 years age
group, body fluid specimens were the most frequent (n = 8/20, 40%), with blood specimens
also prominent (n = 17/45, 37.7%) (Figure 1). Salmonella enterica was isolated from 37.5%
of water samples and 25% of soil samples, while Shigella flexneri was isolated from 12.5%
of water samples and 12.5% of soil samples. These observations clearly demonstrate that
a significant burden of pathogenic bacteria is present in these sources, underscoring the
need for proper surveillance and control measures to prevent contamination and associated
health hazards. The analysis of 250 clinical samples indicated that pathogen isolation
was restricted to stool and blood specimens. Salmonella enterica was isolated from three
stool samples (6.7%) and one blood sample (2.2%), whereas Shigella flexneri was isolated
exclusively from five stool samples (11.1%). All remaining clinical specimens, including
burns, wounds, urine, and body fluids, showed no growth (0%).

Table 2. Distribution of clinical and environmental isolates of Salmonella enterica and Shigella flexneri
by source, gender, and age group.

Site
Number of

Samples
Male
(%)

Female
(%)

Age Grouping (%) Number of Bacterial Isolates
15> 15–30 30–50 50< S. enterica n (%) S. flexneri n (%)

Burns 35 18 (51.4%) 17 (48.6) 20% 34.2% 31.4% 14.4% 0 (0%) 0 (0%)
Stool 45 19 (42.2%) 26 (57.8%) 33.3% 24.4% 20% 22.3% 3 (37.5%) 5 (62.5%)

Wound 65 35 (53.8%) 30 (46.2) 16.9% 36.9% 27.6% 18.6% 0 (0%) 0 (0%)
Blood 45 23 (51.1%) 22 (48.8%) 11.1% 31.1% 37.7% 20.1% 1 (12.5%) 0 (0%)

Body fluids 20 10 (50%) 10 (50%) 0% 30% 40% 30% 0 (0%) 0 (0%)
Urine 40 19 (47.5%) 21 (52.5%) 7.5% 40% 22.5% 30% 0 (0%) 0 (0%)
Water 18 - - - - - - 3 (37.5%) 2 (25%)
Soil 32 - - - - - - 1 (12.5%) 1 (12.5%)

Total 300 124 126 - - - - 8 (100%) 8 (100%)
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Figure 1. Demographic Distribution and Clinical Source Profiles of Specimens Collected Across
Different Patient Age Groups. The stacked bar chart illustrates the number of samples ($n$) collected
from various clinical sources, including burns, stool, wounds, blood, body fluids, and urine. Data
is categorized into four age demographics: <15 years (light blue), 15–30 years (medium blue),
30–50 years (dark blue), and >50 years (navy).

3.2. Antibiotic Susceptibility Profiles

Salmonella enterica isolates showed a high level of susceptibility to most β-lactams, car-
bapenems, and azithromycin, with only limited resistance and strong responsiveness
to these agents (Table 3). In contrast, S. flexneri exhibited a more complex and pro-
nounced resistance profile, particularly against ampicillin, polymyxin B, chloramphenicol,
and fluoroquinolones, suggesting a stronger multidrug-resistant phenotype. However,
S. flexneri was relatively more susceptible to azithromycin, meropenem, and third-
generation cephalosporins. Taken together, these findings indicate that S. enterica has
a more favorable susceptibility profile, whereas S. flexneri presents greater treatment chal-
lenges due to its broader resistance pattern.

The susceptibility patterns revealed that all isolates were completely resistant to
vancomycin, while all were susceptible to meropenem. Salmonella enterica exhibited full
susceptibility (100%) to ceftriaxone, augmentin, levofloxacin, and imipenem, but dis-
played complete resistance to amikacin. In contrast, Shigella flexneri was fully susceptible
to azithromycin (AZM, 15 µg), yet demonstrated high resistance to colistin (CL, 10 µg;
100%), amoxicillin (75%), and polymyxin B (200 IU), highlighting significant interspecies
differences in antimicrobial resistance profiles.

Table 3. Antibiotic susceptibility profiles of Salmonella enterica and Shigella flexneri isolates.

Antibiotic
Salmonella enterica Shigella flexneri

Susceptible N (%) Resistant N (%) Susceptible N (%) Resistant N (%)

Vancomycin (VA) 0 (0.0%) 8 (100.0%) 0 (0.0%) 8 (100.0%)

Ceftriaxone (CTR) 8 (100.0%) 0 (0.0%) 6 (75.0%) 2 (25.0%)

Ceftazidime (CAZ) 7 (87.5%) 0 (0.0%) 5 (62.5%) 3 (37.5%)

Ciprofloxacin (CIP) 5 (62.5%) 0 (0.0%) 3 (37.5%) 2 (25.0%)

Augmentin (AMC) 8 (100.0%) 0 (0.0%) 6 (75.0%) 0 (0.0%)

Amoxicillin (AX) 3 (37.5%) 4 (50.0%) 0 (0.0%) 6 (75.0%)
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Table 3. Cont.

Antibiotic
Salmonella enterica Shigella flexneri

Susceptible N (%) Resistant N (%) Susceptible N (%) Resistant N (%)

Cefotaxime (CTX) 7 (87.5%) 1 (12.5%) 6 (75.0%) 1 (12.5%)

Colistin (CL) 2 (25.0%) 0 (0.0%) 0 (0.0%) 8 (100.0%)

Meropenem (MRTP) 8 (100.0%) 0 (0.0%) 8 (100.0%) 0 (0.0%)

Levofloxacin (LEV) 8 (100.0%) 0 (0.0%) 2 (25.0%) 2 (25.0%)

Azithromycin (AZM) 6 (75.0%) 2 (25.0%) 8 (100.0%) 0 (0.0%)

Gentamicin (CN) 5 (62.5%) 2 (25.0%) 6 (75.0%) 1 (12.5%)

Polymyxin (PB) 5 (62.5%) 2 (25.0%) 1 (12.5%) 6 (75.0%)

Imipenem (IPM) 8 (100.0%) 0 (0.0%) 6 (75.0%) 1 (12.5%)

Amikacin (AK) 0 (0.0%) 8 (100.0%) 6 (75.0%) 0 (0.0%)

3.3. Preliminary Phytochemical Screening and Extract Yield of Platanus orientalis Linn

The methanolic extract of Platanus orientalis Linn yielded 10% (w/w) from the aerial
parts. Preliminary phytochemical screening revealed the presence of phenolic compounds,
tannins, glycosides, carbohydrates, and terpenes, along with weak non-confirmatory reac-
tions with general alkaloid-detecting reagents (Table 4). Phytochemical analyses indicated a
complex mixture of bioactive compounds, with a total phenolic content of 159.40 ± 4.34 mg
gallic acid equivalents (GAE)/g and a total flavonoid content of 36.25 ± 0.45 mg quercetin
equivalents (QE)/g. The phenolic compounds chlorogenic acid, rutin, and quercetin deriva-
tives are well known for their ability to interfere with bacterial cell wall biosynthesis,
quorum sensing, and metal ion chelation, which are essential for enzymatic function.
Representative images of the qualitative phytochemical screening tests are provided in
Supplementary Figure S1.

Table 4. Qualitative phytochemical constituents of Platanus orientalis Linn methanolic leaf extract.

Phytochemical Group Platanus orientalis Linn

Phenols ++

Alkaloids ±
Tannins ++

Glycosides ++

Carbohydrates +

Terpenes +
(±) weak present, non-confirmatory reaction,(+) moderate present, (++) strongly present. Positive reactions may
reflect non-specific interactions of general alkaloid reagents and do not confirm the presence of classical alkaloids.

3.4. Antibacterial Activity of P. orientalis Linn Extracts

The antibacterial potential of the methanolic extract of P. orientalis Linn. was inves-
tigated using the well diffusion assay, demonstrating concentration-dependent activity
against multidrug-resistant Salmonella enterica and Shigella flexneri. The zone of inhibition
was directly proportional to the extract concentration, ranging from 12 mm at 125 mg/mL
to 20 mm at 500 mg/mL. The minimum inhibitory concentration (MIC) was determined
to be 64 µg/mL for S. enterica and 32 µg/mL for S. flexneri, indicating notable antibacte-
rial efficacy. The MIC values established in this study served as the basis for evaluating
antibiofilm activity, highlighting the potential use of the extract in infection prevention.
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3.5. Biofilm Formation and Inhibition

Biofilm-forming species analysis revealed species-specific variability in the degree
of biofilm-forming ability. Among Shigella flexneri strains, moderate (62.5%) to strong
(37.5%) biofilm-forming capacity predominated, whereas Salmonella enterica strains exhib-
ited moderate (50%) and weak (50%) biofilm-forming abilities (Figure 2). Sub-minimum
inhibitory concentration (½-MIC) levels of the methanolic extract of Platanus orientalis
significantly inhibited biofilm formation in both species (Table 5). In S. flexneri strains,
strong biofilm-forming ability was completely abolished, with strains shifting to weak or
non-biofilm-forming phenotypes. In S. enterica strains, 75% of isolates lost their biofilm-
forming ability and became non-biofilm formers, while the remaining strains lost their
moderate or strong biofilm-forming capacities. Overall, biofilm biomass was reduced by
60–80%, as indicated by optical density measurements at 630 nm (OD630) (Table 4).

Figure 2. Classification of Shigella flexneri and Salmonella enterica isolates based on their specific
biofilm-forming capacity at OD630. The bar charts represent the distribution of $n = 8$ isolates for
each species across four phenotypic categories: non-biofilm, weak, moderate, and strong.

Table 5. Effect of Platanus orientalis Linn methanolic extract on biofilm formation of Salmonella enterica
and Shigella flexneri.

Biofilm Formation Level Shigella flexneri n (%) Salmonella enterica n (%)

Non-biofilm formation 2 (25%) 6 (75.00%)
Weak biofilm formation 3 (37.5%) 2 (25.00%)

Moderate biofilm formation 3 (37.50%) 0
Strong biofilm formation 0 0

4. Discussion
This study investigated the antimicrobial resistance profiles of Salmonella enterica

and Shigella flexneri isolates and evaluated the antibacterial and antibiofilm potential of
Platanus orientalis methanolic leaf extract. The findings demonstrated that the extract
exhibited significant inhibitory effects against both planktonic cells and biofilm forma-
tion in multidrug-resistant isolates, highlighting its potential as a natural antimicrobial
agent. Although weak positive reactions were observed with general alkaloid-detecting
reagents, Platanus orientalis is not widely reported as a classical alkaloid-producing species
in phytochemical databases such as Reaxys. Therefore, these reactions are interpreted
as indicative of alkaloid-like or nitrogen-containing metabolites rather than confirmed
alkaloids. Consequently, the observed antibacterial and antibiofilm activities are primar-
ily attributed to phenolic and flavonoid compounds, which are well documented for
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their antimicrobial and quorum-sensing-inhibitory properties. The findings for Shigella
flexneri revealed concerning trends in antibiotic resistance, including resistance to antibi-
otics such as ampicillin, amoxicillin–clavulanate, and fluoroquinolones. These observations
are consistent with previous reports documenting the increasing trend of antimicrobial
resistance in Shigella spp. [23]. The methanolic leaf extract of Platanus orientalis Linn. con-
tained 159.40 ± 4.34 mg GAE/g of total phenolic compounds, reflecting a high phenolic
content equivalent to that amount of gallic acid per gram of extract. These observations
are consistent with previous reports [24]. These compounds are known to inhibit bac-
terial cell wall synthesis, interfere with quorum-sensing mechanisms, and chelate metal
ions crucial for enzymatic functions. Such properties are likely responsible for the strong
antimicrobial activities observed against MDR bacterial strains, consistent with recent
metabolomic studies reporting high abundances of these compounds in Platanus orientalis
extracts [25]. In addition, the total flavonoid content (TFC) of the methanolic leaf ex-
tract was 36.25 ± 0.45 mg QE/g, representing the flavonoid content expressed as quercetin
equivalents per gram of sample. These results highlight the abundant presence of bioactive
secondary metabolites, such as phenolic and flavonoid compounds, which are commonly
associated with strong antioxidant properties and other beneficial biological activities in
the material under investigation [26]. Given the rising antimicrobial resistance observed
in clinical isolates of Salmonella enterica and Shigella flexneri, as corroborated by our sus-
ceptibility profiles, the need to identify novel bioactive molecules from natural sources
becomes imperative. Plant-derived phytochemicals, such as those from Platanus orientalis
Linn. characterized in this study, offer promising alternatives because of their multitarget
antimicrobial and antibiofilm activities. Developing such bioactive agents could play a
crucial role in mitigating the spread and impact of these pathogens by targeting both
planktonic bacteria and their biofilms, thus addressing a critical gap in current therapeutic
strategies [27].

The methanolic extract of Platanus orientalis Linn. demonstrated significant antibac-
terial and antibiofilm activities against multidrug-resistant (MDR) Salmonella enterica and
Shigella flexneri, corroborating the hypothesis that polyphenol-rich plant extracts possess
multitarget inhibitory effects on resistant bacteria. A direct correlation was observed be-
tween the methanolic extract of Platanus orientalis and its antibacterial and antibiofilm
activities against MDR Salmonella enterica and Shigella flexneri. This relationship was evi-
denced by the concentration-dependent increase in inhibition zones and the corresponding
reduction in biofilm formation following extract treatment. Higher extract concentrations
resulted in greater antibacterial efficacy, accompanied by a marked decrease in biofilm
biomass, indicating that suppression of planktonic bacterial growth directly contributed
to impaired biofilm development. Furthermore, the antibiofilm activity was particularly
pronounced among strong and moderate biofilm-forming isolates, suggesting that the
extract not only inhibits bacterial proliferation but also interferes with biofilm establish-
ment and stability. This dual effect supports a functional link between the antibacterial
potency of the extract and its capacity to disrupt biofilm-associated resistance mechanisms
in MDR enteric pathogens. Collectively, these findings demonstrate that the methanolic
extract of Platanus orientalis exerts a coordinated antibacterial and antibiofilm effect, re-
inforcing its potential as a natural therapeutic agent against biofilm-mediated multidrug
resistance. The observed minimum inhibitory concentrations (MICs) of 64 µg/mL for
S. enterica and 32 µg/mL for S. flexneri indicate strong bacteriostatic efficacy that aligns
with reports of plant-derived antimicrobial compounds targeting MDR pathogens. The
concentration-dependent increase in inhibition zone diameters (12–20 mm) highlights the
potent antimicrobial effects attributable to the extract’s rich flavonoid and phenolic contents,
which likely act by compromising bacterial membrane integrity and increasing perme-
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ability, consistent with enhanced damage to lipopolysaccharide layers as documented in
resistant Gram-negative bacteria [25,28,29]. Importantly, sub-inhibitory concentrations
of the P. orientalis extract markedly reduced biofilm formation in both pathogens. This
antibiofilm effect primarily arises from interference with early adhesion events and sup-
pression of extracellular polymeric substance (EPS) synthesis, which are critical for biofilm
maturation. The observed shift from strong biofilm producers to weak or non-producers
suggests disruption of quorum-sensing pathways that regulate gene expression during
biofilm formation. This conclusion is supported by significant reductions in optical density
readings at 630 nm following treatment. Key bioactive compounds, such as quercetin
and kaempferol derivatives present in the extract, are known quorum-sensing inhibitors
targeting AI-2 and LuxR receptors, which may explain the inhibition of biofilm regula-
tory genes and signaling cascades [30,31]. These findings are consistent with existing
studies demonstrating that plant polyphenols can suppress the expression of fimbrial
adhesins (fimA, fimH), curli regulators (csgD), and biofilm stability factors (bssS), thereby
reducing biofilm biomass in Enterobacteriaceae and other pathogens [11]. The multitar-
geted mechanism of P. orientalis methanolic extract positions it as a promising candidate
for phytotherapeutic development to combat biofilm-associated antimicrobial resistance,
which remains a significant clinical hurdle. However, the current study has limitations,
including the use of relatively low-resolution techniques, such as HPLC, for phytochem-
ical profiling without complementary transcriptomic or molecular docking analyses to
confirm and elucidate gene suppression mechanisms. Future investigations incorporating
multi-omics approaches, such as metabolomics, proteomics, and genomics, will be essential
to fully characterize active components, their precise molecular targets, and safety pro-
files. Cytocompatibility studies will also be required to assess clinical applicability and
potential toxicity.

5. Conclusions
In conclusion, the methanolic leaf extract of Platanus orientalis demonstrated eco-

friendly potential for managing multidrug-resistant (MDR) bacterial infections by exhibit-
ing notable antibacterial and antibiofilm activities against MDR isolates of Salmonella
enterica and Shigella flexneri. This activity is likely due to its polyphenol- and flavonoid-rich
phytochemical composition, as indicated by preliminary screening of the plant, particularly
its phenolic and flavonoid components. These findings support the therapeutic potential of
Platanus orientalis as a natural antimicrobial agent and contribute to addressing the urgent
global challenge of antibiotic resistance through the exploration of novel plant-derived
products with multifaceted antimicrobial properties. However, further research is required
to validate its clinical applicability.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/microbiolres17020036/s1, Figure S1: The inhibition zones of
plant extract against multi-drug resistant bacterial (Shigella flexneri Isolate 5 and isolate 8); Figure S2:
The inhibition zones of plant extract against multi-drug resistant bacterial (Salmonella enterica Isolates
and isolate 5); Figure S3. Gel electrophoresis of PCR product of 16s rRNA gene among Salmonella
enterica isolates; Figure S4. Gel electrophoresis of PCR product of 16s rRNA gene among Shigella
flexneri isolates; Figure S5: Bio film and Antibiofilm activity; Figure S6. Representative images of
preliminary qualitative phytochemical screening tests performed on Platanus orientalis methanolic leaf
extract, including alkaloid-detecting reagent, terpene, glycoside, flavonoid, carbohydrate, tannin, and
phenol tests. These assays are indicative and do not provide definitive identification of individual
compounds. Table S1: The Inhibition zone of different concentration of crude Plant methanolic extract
against the Salmonella entrica isolates; Table S2: The Inhibition zone of different concentration of crude
Plant methanolic extract against the Shigella flexneri isolates.
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Abbreviations

AK Amikacin
AMC Amoxicillin-Clavulanic Acid
AX Amoxicillin
AZM Azithromycin
BHI Brain heart infusion
CAZ Ceftazidime
CIP Ciprofloxacin
CL Colistin
CN Gentamicin
CTX Cefotaxime
DMSO Dimethyl Sulfoxide
EPS Extracellular Polymeric Substances
GAE Gallic Acid Equivalent
MDR Multidrug-Resistant
MeOH Methanol
MIC Minimum Inhibitory Concentration
n Number
OD Optical Density
QE Quercetin Equivalent
QS Quorum Sensing
S. enterica Salmonella enterica
S. flexneri Shigella flexneri
SD Standard deviation
TFC Total Flavonoid Content
TPC Total Phenolic Content
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