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ABSTRACT

Background and Aim: The increasing prevalence of multidrug-resistant (MDR) foodborne bacteria has intensified the search
for natural antibacterial agents with potential applications in food safety. Medicinal plants are rich sources of bioactive
compounds, but the antibacterial potential of many plants traditionally used in Libya remains insufficiently characterized,
particularly against MDR foodborne isolates. This study aimed to evaluate the in vitro antibacterial activity of extracts from
22 medicinal plant species against MDR bacteria isolated from foods of animal origin and to determine how the extraction
solvent affects antibacterial efficacy.

Materials and Methods: Twenty-two medicinal plant species collected or purchased in Libya were extracted using methanol,
petroleum ether, and ethyl acetate. The extracts were screened against five previously characterized MDR bacterial isolates:
Escherichia coli EC 56 and EC 184, Staphylococcus aureus SA 121, Klebsiella pneumoniae KP 243, and Bacillus cereus BC 4.
Antibacterial activity was initially assessed using agar well diffusion at 100 mg/mL. Extracts producing inhibition zones >11
mm were further evaluated by broth microdilution to determine the minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC).

Results: Nineteen extracts derived from nine medicinal plant species exhibited antibacterial activity against at least one MDR
isolate. Petroleum ether and ethyl acetate extracts generally produced greater antibacterial activity than methanol extracts.
Cinnamomum verum demonstrated the strongest activity, with its ethyl acetate extract exhibiting an MIC of 0.78125 mg/mL
against all five isolates and inhibition zones of 17.5-26.5 mm. Its petroleum ether extract showed an MIC of 0.78125 mg/mL
against four isolates and 1.5625 mg/mL against E. coli EC 56. The petroleum ether extract of Syzygium aromaticum achieved
an MIC of 0.78125 mg/mL against S. aureus SA 121 and B. cereus BC 4, whereas Thymus capitatus showed MIC values of
1.5625-6.25 mg/mL. MBC values were generally equal to or two-fold higher than the corresponding MIC values (MBC/MIC
<2), indicating predominantly bactericidal activity. B. cereus BC 4 was the most susceptible isolate.

Conclusion: C. verum, S. aromaticum, and T. capitatus showed promising antibacterial activity against MDR foodborne
bacteria. The superior performance of petroleum ether and ethyl acetate extracts highlights the importance of solvent
selection and supports further phytochemical characterization of active compounds for potential development as natural
antibacterial agents and food preservatives.

Keywords: antibacterial activity, foodborne bacteria, Libyan medicinal plants, medicinal plant extracts, minimum inhibitory
concentration, multidrug resistance, natural antibacterial agents, solvent extraction.

INTRODUCTION

Antimicrobial resistance (AMR) is a major global health challenge and has intensified the need to identify
new, effective antimicrobial agents. Excessive and inappropriate antibiotic use has accelerated the emergence
and spread of multidrug-resistant (MDR) bacteria, reducing the effectiveness of established therapeutic options.
Of particular concern are methicillin-resistant Staphylococcus aureus (MRSA) [1] and extended-spectrum beta-
lactamase (ESBL)-producing Escherichia coli [2], which have limited treatment options and pose major challenges
for human and animal health. The continuing emergence of resistant bacteria underscores the importance of
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investigating alternative sources of antibacterial compounds.

Medicinal plants have long served as important sources of biologically active compounds for therapeutic
applications. Natural products continue to contribute substantially to modern drug discovery, particularly in the
development of antibacterial and antitumor agents [3]. Plants synthesize diverse secondary metabolites, including
terpenoids, flavonoids, alkaloids, and phenolic compounds, many of which possess biological activities with
potential antimicrobial applications. These compounds may exert antibacterial effects through several
mechanisms, including disruption of bacterial cell membranes, inhibition of DNA gyrase, and interference with
protein biosynthesis. Consequently, medicinal plants represent a potentially valuable reservoir of structurally and
functionally diverse compounds for the identification of antibacterial agents.

Libya possesses diverse medicinal flora and a longstanding tradition of plant-based remedies. Several
medicinal plants used in Libya have previously shown antimicrobial activity, including Thymus capitatus and
Rosmarinus officinalis [4, 5]. Nevertheless, the antibacterial properties of medicinal plants can vary considerably
according to plant species and the physicochemical characteristics of the extraction solvent. Solvents of different
polarities may recover distinct groups of bioactive constituents and consequently produce extracts with different
antibacterial activities. Therefore, comparative evaluation using solvents with different polarities is important for
identifying plant-solvent combinations with the greatest antibacterial potential.

Despite the traditional use of medicinal plants in Libya and previous evidence of antimicrobial activity in
selected species [4, 5], important knowledge gaps remain. Many locally available medicinal plants have not been
systematically screened under comparable experimental conditions using multiple extraction solvents with
different polarities. In addition, evidence regarding their activity against MDR foodborne bacteria remains limited.
Comparative information on inhibition zone diameters, minimum inhibitory concentrations (MICs), and minimum
bactericidal concentrations (MBCs) is particularly important because screening based solely on inhibition zones
does not adequately characterize the potency or bactericidal potential of active extracts. A systematic evaluation
of multiple medicinal plant species, extraction solvents, and MDR foodborne bacterial isolates is therefore needed
to identify promising plant-derived antibacterial candidates and provide a basis for subsequent phytochemical
and food safety investigations.

Therefore, this study aimed to evaluate the in vitro antibacterial activity of extracts from 22 medicinal plant
species against MDR bacteria isolated from foods of animal origin. Specifically, methanol, petroleum ether, and
ethyl acetate extracts were evaluated to determine the influence of solvent polarity on antibacterial activity. The
study initially assessed antibacterial activity using inhibition zone diameters and subsequently determined the
MICs and MBCs of active extracts against the tested bacterial isolates. Through this comparative approach, the
study sought to identify medicinal plant species and extraction systems with promising antibacterial activity and
to generate baseline evidence for further characterization of their bioactive constituents and potential
applications as natural antibacterial agents and food preservatives.

MATERIALS AND METHODS
Ethical approval

Formal ethical approval was not required because the study did not involve experimental animals, human
participants, or the prospective collection of human- or animal-derived biological specimens. The study used
medicinal plant materials and previously characterized bacterial isolates obtained from the Foodborne Libyan-
Type Bacterial Collection (FLBC), maintained at the Department of Food Hygiene and Control, Faculty of Veterinary
Medicine. No new samples were collected from humans or animals for the present investigation.

Study period and location

The study was conducted from January to December 2025 at the Biotechnology Research Center, Tripoli,
Libya, and the Department of Food Hygiene and Control, Faculty of Veterinary Medicine, University of Tripoli,
Tripoli, Libya. Medicinal plants were collected from different regions of Libya or obtained from local herbal shops
when field collection was not possible. Plant identification was performed by EImundr Abughnia, Head of Plant
Tissue Culture Department, Libyan Center for Biotechnology Research, Tripoli, Libya.
Study design

This laboratory-based experimental study evaluated the in vitro antibacterial activity of extracts prepared
from 22 medicinal plant species against five previously characterized MDR foodborne bacterial isolates. Plant
materials were extracted separately using methanol, petroleum ether, and ethyl acetate. Antibacterial activity
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was initially screened by the agar well diffusion method at an extract concentration of 100 mg/mL. Extracts
producing inhibition zones >11 mm were subsequently evaluated by broth microdilution to determine their MIC
and MBC values.

Plant collection and identification

A total of 22 medicinal plant species were collected from different regions of Libya or purchased from local
herbal shops when they were unavailable for field collection (Table 1). All plant materials were identified by the
Department of Botany, Biotechnology Research Center, Tripoli, Libya, based on morphological characteristics and
standard botanical references. Voucher specimens were prepared and retained at the Center for future reference.

Table 1: List of medicinal plants screened.

Code Family Plant name Common English name Voucher Number
B Cistaceae Cistus salvifolius L. Sage-leaved rockrose BRC-CSL-001
E Lamiaceae Origanum majorana L. Sweet marjoram BRC-MH-001
F Cupressaceae Juniperus communis Common juniper BRC-JC-001
G Lamiaceae Rosmarinus officinalis L. Rosemary BRC-RO-001
H Rhamnaceae Ziziphus jujuba Mill. Christ's thorn jujube BRC-ZV-001

| Lamiaceae Thymus capitatus Cone head thyme BRC-TC-001
J Ranunculaceae Nigella sativa L. Black seed BRC-NS-001
K Urticaceae Urtica spp. Italian nettle BRC-U-001

L Lythraceae Punica granatum L. Pomegranate BRC-PG-001
M Myrtaceae Myrtus communis Common myrtle BRC-MC-001
N Apiaceae Pituranthos tortuosus Desert thyme BRC-PT-001
0} Zingiberaceae Curcuma L. Turmeric BRC-C-001

P Myrtaceae Syzygium aromaticum L. Clove BRC-SA-001
Q Zingiberaceae Zingiber officinale Ginger BRC-Z0-001
R Lauraceae Cinnamomum verum Ceylon cinnamon BRC-CV-001
S Malvaceae Malva parviflora Cheeseweed mallow BRC-MP-001
T Urticaceae Urtica dioica Stinging nettle BRC-UD-001
U Rutaceae Citrus aurantium Bitter orange BRC-CA-001
\ Fabaceae Ceratonia siliqua Carob BRC-CS-001
X Fabaceae Retama raetam White broom BRC-RR-001
Y Asteraceae Phagnalon rupestre L. Rock phagnalon BRC-PR-001
z Rutaceae Haplophyllum tuberculatum Rue-leaved haplophyllum BRC-HT-001

Preparation of plant extracts

Plant materials were air-dried in the shade at room temperature (25°C) until completely dry, then individually
ground into a fine powder using a laboratory grinder. Crude extracts were prepared by macerating 100 g of each
powdered plant material in 500 mL of methanol, petroleum ether, or ethyl acetate at 25°C for 3 days under
continuous agitation using an orbital shaker [6]. The resulting mixtures were filtered through muslin cloth
followed by Whatman No. 1 filter paper. The filtrates were concentrated under reduced pressure using a rotary
evaporator (Heidolph, Germany), transferred to sterile airtight containers, and stored at 4°C until further use.

Extract codes (e.g., 11, 12, and I3) were assigned according to plant identity and extraction solvent. Methanol,
petroleum ether, and ethyl acetate extracts were designated by the numbers 1, 2, and 3, respectively.

Bacterial isolates

The bacterial isolates used in this study were obtained from the FLBC maintained at the Department of Food
Hygiene and Control, Faculty of Veterinary Medicine, University of Tripoli. All isolates had previously been
characterized as MDR and comprised two E. coli isolates (EC 56 and EC 184) [7], S. aureus SA 121 [1], Klebsiella
pneumoniae KP 243 [8], and Bacillus cereus BC 4 [9]. Before antibacterial testing, the isolates were recultured on
nutrient agar.

Determination of antibacterial activity

The antibacterial activity of the plant extracts was evaluated using the agar well diffusion method. Each
extract was dissolved in dimethyl sulfoxide (DMSOQ) to obtain a final concentration of 100 mg/mL. Bacterial
suspensions were adjusted to a 0.5 McFarland standard, corresponding to approximately 1-2 x 108 colony-forming
unit/mL, using a MicroScan turbidity meter (Beckman Coulter, USA).
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The standardized bacterial inoculum was evenly spread over Mueller-Hinton agar (Liofilchem, Italy) using a
sterile cotton swab. Wells measuring 6 mm in diameter were aseptically prepared using a sterile cork borer, and
50 pL of each extract was dispensed into the respective wells. The plates were maintained at 25°C for 30 min to
allow the extracts to diffuse into the agar and were then incubated at 37°C for 24 h. Ertapenem (30 pg/disk) and
DMSO served as positive and negative controls, respectively. Antibacterial activity was determined by measuring
the diameter of the inhibition zone in millimeters. All assays were performed in duplicate, and extracts producing
inhibition zones >11 mm were considered active [10].

Determination of MIC and MBC

The MIC was determined for all extracts that produced inhibition zones >11 mm during the initial
antibacterial screening. MIC values were determined using the broth microdilution method in sterile 96-well
round-bottom microplates.

A stock solution of each active extract was prepared at 200 mg/mL in dimethyl sulfoxide (DMSO). The extract
stock solutions were diluted two-fold in Mueller-Hinton broth (MHB; Liofilchem, Italy) to prepare concentrations
at 2x the intended final concentrations. Briefly, 200 pL of each extract stock solution was added to the first row
of the microplate, and 100 uL of MHB was added to the remaining wells. Two-fold serial dilutions were then
performed. Subsequently, 100 uL of bacterial suspension adjusted to the 0.5 McFarland standard was added to
each well containing 100 pL of the corresponding extract dilution. Thus, the final extract concentrations in the
assay wells after addition of the bacterial inoculum ranged from 100 to 0.78125 mg/mL. The microplates were
incubated at 37°C for 24 h. The MIC was defined as the lowest final extract concentration that inhibited visible
bacterial growth, as indicated by the absence of turbidity.

Appropriate control wells were included in each assay. A growth control containing MHB and bacterial
inoculum without extract was used to confirm bacterial growth, while a sterility control containing MHB without
bacterial inoculum was used to confirm the absence of contamination. A solvent control containing the
corresponding concentration of DMSO and bacterial inoculum was included to verify that the solvent did not
inhibit bacterial growth. In addition, extract-color/turbidity controls containing the respective extract
concentrations without bacterial inoculum were included to distinguish the intrinsic color or turbidity of the plant
extracts from bacterial growth.

For MBC determination, 10 uL aliquots from wells showing no visible bacterial growth were subcultured onto
nutrient agar plates and incubated at 37°C for 24 h. The MBC was defined as the lowest final extract concentration
at which no bacterial growth was observed following subculture (Table 2). All MIC and MBC assays were
performed in duplicate as independent technical replicates for each extract—bacterial isolate combination.

Table 2: MBCs of plant extracts with the greatest antibacterial activity.

Plant Solvent EC184 EC56 BC4 KP243 SA121
Rosmarinus officinalis L. (G) P - - - - -
E 100 ND 100 - ND
Cistus salviifolius L. (B) M ND ND 25 ND ND
E ND ND 12.5 ND ND
Origanum majorana L. (E) M ND ND 50 ND ND
P ND ND 50 ND ND
Ziziphus jujuba Mill. (H) P ND ND 100 ND ND
Thymus capitatus (1) M 6.25 3.125 3.125 3125  6.25
P 125 3.125 3.125 6.25 12.5
Punica granatum L. (L) M 12.5 12.5 12.5 12.5 12.5
E 100 100 50 100 50
Myrtus communis (M) M 50 50 25 25 ND
P ND ND ND 25 ND
E ND ND 12.5 25 ND
Syzygium aromaticum L. (P) M 3.125 3.125 1.5625 6.25 6.25
P 3.125 3.125 1.5625 6.25 1.5625
E ND ND 6.25 6.25 ND
Cinnamomum verum (R) P 1.5625 3.125 1.5625 1.5625 1.5625
E 1.5625 1.5625 1.5625 1.5625 1.5625

BC4 = Bacillus cereus isolate 4; E = ethyl acetate; EC56 = Escherichia coli isolate 56; EC184 = Escherichia coli isolate 184; KP243 = Klebsiella pneumoniae
isolate 243; M = methanol; MBC = minimum bactericidal concentration; ND = not done; P = petroleum ether; SA121 = Staphylococcus aureus isolate 121; —
= no activity. MBC values are expressed as mg/mL.
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RESULTS
Screening of antibacterial activity by agar well diffusion

The antibacterial activity of extracts prepared from 22 medicinal plant species using three solvents of
different polarities was evaluated against five MDR bacterial isolates. Of the tested extracts, 19 extracts derived
from nine plant species, Cistus salvifolius (B), Rosmarinus officinalis (G), Origanum majorana L. (E), Ziziphus
vulgaris (H), Thymus capitatus (1), Punica granatum (L), Myrtus communis (M), Syzygium aromaticum (P), and
Cinnamomum verum (R), exhibited antibacterial activity against at least one tested isolate (Figure 1A and B). The
remaining extracts did not produce inhibition zones >11 mm and were therefore considered inactive according to
the predefined screening criterion. The negative control (DMSO) produced no inhibition, whereas the positive
control (ertapenem) exhibited variable antibacterial activity against the tested isolates.

Petroleum ether and ethyl acetate extracts generally exhibited greater antibacterial activity than methanol
extracts. In particular, the petroleum ether (R2) and ethyl acetate (R3) extracts of C. verum produced inhibition
zones ranging from 17.5 to 26.5 mm against all five bacterial isolates (Figure 1A).

Comparative antibacterial activity according to extraction solvent

Figure 1A compares the antibacterial activity of extracts prepared using different solvents for the four most
active plant species. Petroleum ether and ethyl acetate extracts generally produced larger inhibition zones than
methanol extracts, particularly for C. verum and S. aromaticum. These differences showed that antibacterial
activity varied by extraction solvent and plant species.
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Figure 1: Inhibition zones produced by different plant extracts against the tested bacterial isolates. (A) Plant extracts
exhibiting stronger antibacterial activity. (B) Plant extracts exhibiting weaker antibacterial activity.
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MIC and MBC of active extracts

MIC and MBC values were determined for extracts that exhibited antibacterial activity during the initial
screening, and the results are presented in Tables 2 and 3. MIC values varied considerably among the tested
extracts, with petroleum ether and ethyl acetate extracts generally showing lower MIC values than methanol
extracts.

Table 3: MICs of plant extracts with the greatest antibacterial activity.

Plant Solvent EC184 EC56 BC4 KP243 SA121
Rosmarinus officinalis L. (G) P - - - - -

E 50 ND 50 - ND
Cistus salvifolius L. (B) M ND ND 125 ND ND

E ND ND 6.25 ND ND
Origanum majorana L. (E) M ND ND 25 ND ND

P ND ND 25 ND ND
Ziziphus jujuba Mill. (H) P ND ND 50 ND ND
Thymus capitatus (1) M 3.125 1.5625 1.5625 1.5625 3.125

P 6.25 1.5625 1.5625 3.125 6.25
Punica granatum L. (L) M 6.25 6.25 6.25 6.25 6.25

E 50 50 25 50 25
Myrtus communis (M) M 25 25 12.5 12.5 ND

P ND ND ND 125 ND

E ND ND 6.25 125 ND
Syzygium aromaticum L. (P) M 1.5625 1.5625 0.78125 3.125 3.125

P 1.5625 1.5625 0.78125 3.125 0.78125

E ND ND 3.125 3.125 ND
Cinnamomum verum (R) P 0.78125 1.5625 0.78125 0.78125 0.78125

E 0.78125 0.78125 0.78125 0.78125 0.78125

BC4 = Bacillus cereus isolate 4; E = ethyl acetate; EC56 = Escherichia coli isolate 56; EC184 = Escherichia coli isolate 184; KP243 = Klebsiella pneumoniae
isolate 243; M = methanol; MIC = minimum inhibitory concentration; ND = not done; P = petroleum ether; SA121 = Staphylococcus aureus isolate 121; — =
no activity. MIC values are expressed as mg/mL.

The lowest MIC recorded was 0.78125 mg/mL. The ethyl acetate extract of C. verum (R3) exhibited an MIC
of 0.78125 mg/mL against all five bacterial isolates. The petroleum ether extract of C. verum (R2) exhibited an
MIC of 0.78125 mg/mL against E. coli EC184, B. cereus BC4, K. pneumoniae KP243, and S. aureus SA121, whereas
the MIC against E. coli EC56 was 1.5625 mg/mL.

Similarly, the petroleum ether extract of S. aromaticum (P2) exhibited an MIC of 0.78125 mg/mL against S.
aureus SA121 and B. cereus BC4. T. capitatus extracts showed MIC values ranging from 1.5625 to 6.25 mg/mL
across the tested isolates. Among the five bacterial isolates, B. cereus BC4 showed the greatest overall
susceptibility to the active plant extracts.

For the extracts evaluated by MIC and MBC assays, MBC values were generally equal to or two-fold higher
than their corresponding MIC values, resulting in MBC/MIC ratios £2. The C. verum extracts exhibited MBC values
ranging from 1.5625 to 3.125 mg/mL. Overall, the low MBC/MIC ratios observed among the evaluated active
extracts were consistent with predominantly bactericidal activity against the MDR bacterial isolates.

Discussion
Antibacterial activity of the most active medicinal plants

The present study demonstrated variable antibacterial activity among extracts prepared from 22 medicinal
plant species, with C. verum, S. aromaticum, T. capitatus, and P. granatum showing notable activity against the
tested MDR bacterial isolates. The observed differences among plant species, extraction solvents, and bacterial
isolates indicate that antibacterial activity was influenced by both the botanical source and extraction conditions.
Among the evaluated plants, C. verum exhibited particularly strong activity, with the lowest MIC of 0.78125
mg/mL.

The antibacterial activity of C. verum observed in the present study is consistent with previous evidence.
Iftikhar et al. [11] reported that methanolic and acetonic extracts of C. verum produced a 22.3 mm inhibition zone
against S. aureus. In the present study, petroleum ether and ethyl acetate extracts produced inhibition zones
ranging from 17.5 to 26.5 mm against the tested isolates. The strong antibacterial activity of cinnamon has been
associated with cinnamaldehyde, a major bioactive constituent with documented antimicrobial properties.
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However, because the present study did not determine the phytochemical composition of the extracts, the
observed antibacterial activity cannot be attributed specifically to cinnamaldehyde.

The petroleum ether extract of S. aromaticum also demonstrated substantial antibacterial activity, including
an MIC of 0.78125 mg/mL against S. aureus SA121 and B. cereus BC4. Previous studies have similarly demonstrated
antibacterial activity of clove preparations, with reported MIC values of 1.25-5 pL/mL. Direct quantitative
comparison should nevertheless be interpreted cautiously because the previously reported values were expressed
on a volume basis, whereas the present study expressed MIC values in mg/mL. The antimicrobial properties of
clove are commonly associated with eugenol, a major constituent of clove essential oil. As with cinnamon,
phytochemical characterization was not performed in the present study; therefore, the contribution of individual
constituents to the observed activity remains to be established.

Influence of extraction solvent on antibacterial activity

Extraction solvent was an important factor associated with the antibacterial activity of the evaluated plant
materials. Justice-Alucho and Braide [12] demonstrated that solvent characteristics can influence extraction
efficiency and the resulting antimicrobial activity. In the present study, petroleum ether and ethyl acetate extracts
generally exhibited greater antibacterial activity than methanol extracts. This finding suggests that compounds
preferentially recovered by these solvents may have contributed to the observed antibacterial effects.

The comparatively strong activity of petroleum ether and ethyl acetate extracts may indicate the
contribution of relatively low- to intermediate polarity phytochemicals. However, this interpretation remains
provisional because the chemical composition and concentrations of individual constituents in the extracts were
not determined. Therefore, the present findings primarily demonstrate a solvent-dependent difference in
antibacterial activity rather than establishing a direct relationship between phytochemical polarity and
antibacterial efficacy. Future fractionation and chemical characterization are required to identify the compounds
responsible for these differences.

Antibacterial activity of T. capitatus and P. granatum

T. capitatus exhibited substantial antibacterial activity, with MIC values ranging from 1.5625 to 6.25 mg/mL
across the tested bacterial isolates. These findings are consistent with previous studies of Libyan T. capitatus,
which reported MIC values as low as 1.25 mg/mL [4]. Aouadhi et al. [13] reported inhibition zones of 20—45 mm
for T. capitatus essential oil against different Staphylococcus species and described bactericidal activity associated
with effects on bacterial cell envelopes. The antimicrobial properties of T. capitatus have been associated with
bioactive monoterpenes, particularly thymol and carvacrol. Nevertheless, differences in plant origin, extraction
procedure, extract composition, bacterial isolates, and antimicrobial testing methods should be considered when
comparing results among studies.

The P. granatum extracts showed MIC values ranging from 12.5 to 100 mg/mL, depending on the extraction
solvent and bacterial isolate. Bagchi et al. [14] similarly demonstrated that the extraction solvent influenced the
antimicrobial efficacy of pomegranate peel extracts, with methanolic preparations showing comparatively greater
activity. The antibacterial properties of P. granatum have been associated with phenolic constituents, including
tannins and ellagic acid, which may affect bacterial membranes and cellular enzymes. However, the active
constituents of the extracts evaluated in the present study were not chemically identified; therefore, specific
mechanisms cannot be assigned to the observed antibacterial activity.

Differences in susceptibility among bacterial isolates

Susceptibility to the plant extracts varied among the tested bacterial isolates, with B. cereus BC4 showing
the greatest overall susceptibility. Differences in susceptibility between Gram-positive and Gram-negative
bacteria may partly reflect differences in their cell-envelope architecture. In particular, the outer membrane of
Gram-negative bacteria can restrict the penetration of several antimicrobial compounds. Nevertheless, the
activity of selected C. verum and S. aromaticum extracts against the tested E. coli isolates indicates that their
antibacterial effects were not restricted to Gram-positive bacteria. This activity warrants further investigation to
determine the compounds involved and their cellular targets.

Potential applications and future perspectives

The antibacterial activity shown by selected medicinal plant extracts supports further investigation of these
plants as sources of natural antibacterial compounds. In particular, C. verum, S. aromaticum, and T. capitatus
demonstrated promising activity against MDR foodborne bacterial isolates, while the low MBC/MIC ratios
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observed for several active extracts were consistent with predominantly bactericidal effects. These findings are
relevant to the search for plant-derived antibacterial agents with potential applications in food safety and
preservation.

Further studies should focus on bioassay-guided fractionation and phytochemical characterization of the
most active extracts to identify and quantify the compounds responsible for antibacterial activity. The activity of
purified compounds and defined combinations should subsequently be evaluated against a broader collection of
foodborne bacterial isolates. Assessment of cytotoxicity, stability, interactions with food matrixes, sensory effects,
and effective concentrations under practical storage conditions will also be required before food-preservation
applications can be considered. Ultimately, controlled in vivo safety studies may be necessary for applications
involving biological exposure.

Conclusion

This study demonstrated that selected medicinal plant extracts possess promising in vitro antibacterial
activity against MDR foodborne bacterial isolates. Among extracts prepared from 22 medicinal plant species using
methanol, petroleum ether, and ethyl acetate, 19 extracts derived from nine species exhibited antibacterial
activity against at least one tested isolate. C. verum showed the greatest overall activity, with its ethyl acetate
extract exhibiting an MIC of 0.78125 mg/mL against all five bacterial isolates, while its petroleum ether extract
exhibited an MIC of 0.78125 mg/mL against four isolates and 1.5625 mg/mL against E. coli EC56. The petroleum
ether extract of S. aromaticum also exhibited an MIC of 0.78125 mg/mL against S. aureus SA121 and B. cereus
BC4, whereas T. capitatus showed MIC values of 1.5625-6.25 mg/mL. MBC values were generally equal to or two-
fold higher than the corresponding MIC values, consistent with predominantly bactericidal activity. Petroleum
ether and ethyl acetate extracts generally exhibited greater antibacterial activity than methanol extracts, and B.
cereus BC4 showed the greatest overall susceptibility among the tested isolates.

From a practical perspective, these findings identify C. verum, S. aromaticum, and T. capitatus as priority
candidates for further investigation as potential sources of natural antibacterial compounds. Their activity against
MDR foodborne bacteria indicates potential relevance to food safety and the development of plant-derived
antibacterial preparations or natural food-preservation strategies. An important strength of the study was the
comparative evaluation of a relatively broad panel of 22 medicinal plant species using three extraction solvents
of different polarities, followed by quantitative MIC and MBC assessment of active extracts against multiple MDR
bacterial isolates. This approach enabled identification of both promising plant species and solvent-dependent
differences in antibacterial activity.

Nevertheless, the findings should be interpreted in light of the study's limitations. The antibacterial
evaluation was performed in vitro against only five bacterial isolates, and the assays used crude extracts without
phytochemical characterization of their active constituents. Consequently, the compounds responsible for the
observed antibacterial effects and their mechanisms of action could not be established. Furthermore, cytotoxicity,
safety, stability, interactions with food matrixes, sensory effects, and efficacy under practical food-storage
conditions were not evaluated. These limitations preclude direct translation of the present findings into
therapeutic or food-preservation applications.

Overall, this study provides comparative evidence that selected medicinal plants available in Libya contain
extractable constituents with substantial antibacterial activity against MDR foodborne bacteria. The particularly
strong activity of C. verum and S. aromaticum, together with the solvent-dependent differences observed across
the extract panel, provides a rational basis for targeted phytochemical investigation. These findings establish a
useful foundation for developing and validating plant-derived antibacterial strategies, while further chemical,
toxicological, and application-based studies are required before practical use can be recommended.
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