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Abstract: Multidrug-resistant (MDR) strains such as Escherichia coli and Klebsiella pneumoniae,
resistant to broad-spectrum antibiotics, are a modern global issue. Plant extracts offer promising
antimicrobial activity for such pathogens. This study evaluated the efficacy of aqueous and hydro-
ethanolic extracts from leaves and bark of two cheaply and easily available plants, i.e., Ziziphus
mauritiana (ber) and Acacia nilotica (gum Arabic or Kikar), against MDR E. coli and K. pneumoniae.
Antibiotic susceptibility testing confirmed resistance in both strains to all tested antibiotics (ampicillin,
ciprofloxacin, streptomycin, and tetracycline), with inhibition zones < 10 mm. Antimicrobial assays
revealed that hydro-ethanolic extracts of Z. mauritiana leaves exhibited the highest activity, with
inhibition zones of 20 mm (£. coli) and 19 mm (K. pneumoniae) at 100 mg/mL, outperforming aqueous
extracts. The minimum inhibitory concentration (MIC) for all the tested extracts was notably low (6
mg/mL for E. coli and K. pneumoniae). Growth curve analysis demonstrated significant suppression
of bacterial proliferation by all extracts at MIC, with optical density (ODeso0) values remaining below
0.25 over 24 h compared to controls (ODeoo > 2.20). Additionally, biofilm formation was completely
inhibited at MIC as well as sub-inhibitory concentrations (sub-MIC) of /2 MIC, highlighting that the
antibiofilm activity of these extracts is not due to antimicrobial activity. Findings highlight the efficacy
of extracts from different parts and solvents against MDR pathogens, suggesting their potential as an
adjunct therapy. Findings suggest that hydro-ethanolic extracts perform significantly better than
aqueous extracts, while no significant difference in antimicrobial activity was found in extracts from
different parts of plants. Lastly, it was found that Z. mauritiana extracts have greater antimicrobial
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potential than A. nilotica extracts.
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1. Introduction

A plant extract is a concentrated bioactive compound derived from a plant material for specific
applications [1]. Plant-based extracts are natural, multi-component mixtures known for their broad-
spectrum biological effects, such as antifungal, antimicrobial, antioxidant, anti-inflammatory, and
medicinal properties [1].

Antimicrobial activity is defined as the capacity of a chemical compound to inhibit microbial
growth. Antimicrobial agents are essential for treating infections, preventing pathogen transmission,
and protecting high-risk populations. However, the rise of antimicrobial resistance (AMR), where
pathogens evolve to resist antibiotics and other antimicrobial agents, presents a severe global threat.
Two prevalent resistant pathogens are Escherichia coli and Klebsiella pneumoniae [2,3]. E. coli is a
Gram-negative bacterium that frequently colonizes the intestinal tracts of humans and animals, causing
severe diarrhea and being the primary cause of acute urinary tract infections (UTIs) and urosepsis [2,3].
Avian pathogenic E. coli (APEC) is particularly concerning, as it primarily infects poultry but shares
genetic similarities with human-pathogenic strains [4]. K. pneumoniae is a non-motile, non-spore-
forming bacterium that also typically colonizes the human gastrointestinal tract and nasopharynx [5].
However, it can become pathogenic, leading to respiratory and urinary tract infections, surgical wound
infections, and bloodstream infections [5]. Its ability to cause severe conditions, including pyogenic
liver abscesses, necrotizing pneumonia, endocarditis, septicemia, and endophthalmitis, is particularly
concerning [5].

Plants are a source of potent antimicrobial and bioactive compounds capable of effectively
eliminating bacteria, offering a promising alternative in combating antibiotic resistance. These
bioactive phytochemicals exert their effects by disrupting critical bacterial functions, such as cell wall
synthesis and metabolic pathways, and can also overcome existing resistance mechanisms [6,7].

Z. mauritiana, a member of the Rhamnaceae family, is commonly known as Chinee Apple, Indian
Jujube, or Ber. It is widely cultivated and naturalized in South Asia, including China, India, and
Pakistan. This species is valued horticulturally and ecologically but is also considered a weed in some
pastoral contexts [8]. Its spreading management often involves synthetic herbicides or mechanical
clearing [8]. This versatile species produces fruits containing high levels of vitamin C, protein,
phosphorus, and iron [9]; its leaves are traditionally used in treating urinary tract infections, and its
roots for dysentery [10]. Additionally, the root bark demonstrates valuable anti-inflammatory, anti-
allergic, and analgesic properties, further establishing Z. mauritiana as an important medicinal plant
in traditional healthcare systems [9]. Z. mauritiana contains several bioactive compounds, notably
flavonoids such as quercetin, which have demonstrated significant neuroprotective and therapeutic
potential. In silico studies have shown that quercetin from Z. mauritiana strongly binds to the GABA-
A receptor, comparable to diazepam, suggesting its potential use in treating neurological disorders like
postpartum depression by modulating neurotransmission and neuroinflammation [11,12]. Endophytic
fungi isolated from Z. mauritiana roots have demonstrated antibacterial activity against bacteria
causing skin infections, including Staphylococcus aureus and Pseudomonas aeruginosa. The bioactive
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compounds identified in these fungi include flavonoids, alkaloids, and anthraquinones, which
contribute to the antibacterial effects [11,12].

A. nilotica (also known as Vachellia nilotica) is a multipurpose tree native to Africa, the Middle
East, and the Indian subcontinent. It belongs to the Fabaceae tamily and is widely used in traditional
medicine and for various economic applications such as tannin extraction, timber, fuel, and fodder
[13—15]. A. nilotica is a medicinally important plant rich in bioactive secondary metabolites,
particularly condensed tannins, flavonoids, and gums, which contribute to its significant ecological,
economic, and therapeutic value [16,17]. The fruits and seeds of 4. nilotica are rich in diverse bioactive
molecules, including tannins, saponins, phytosterols, alkaloids, cyclitols, anticoagulant agents,
mucilage, fibers, gums, proteins, amino acids, carbohydrates, terpenes, oils, fatty acids, and essential
minerals like calcium, potassium, iron, zinc, selenium, and copper [13,14]. 4. nilotica exhibits a wide
range of medicinal properties. Traditionally, it has been used to treat numerous ailments such as various
cancers, heart and liver diseases, diabetes, malaria, asthma, arrhythmia, immune disorders, respiratory
infections, gastrointestinal issues, and skin diseases. Its fruits are considered safe and effective when
used in appropriate doses and durations [13,14].

Recent studies have highlighted the plant’s antioxidant, antimicrobial, anti-inflammatory, and
wound-healing activities, making it a promising candidate for topical formulations in skin therapeutics.
The bioactive compounds like tannins, flavonoids, alkaloids, and essential fatty acids contribute to
these effects [13,18]. Although A. nilotica is widely used traditionally without reported adverse effects,
toxicity can arise from overdose or prolonged use. The human body can detoxify many compounds,
but careful formulation and dosing are necessary to ensure safety [14].

There exists a research gap regarding whether extracts prepared from different solvents and
different parts of plants perform differently or similarly against multi-drug resistant (MDR) pathogens.
The primary objective of this study is to explore alternative antimicrobial agents derived from plant
sources, addressing the critical global challenge of antimicrobial resistance (AMR). The secondary
objective of this study is to compare the antimicrobial activities of extracts prepared from different
parts of plants, such as leaves and bark, as well as of extracts made using different solvents.

2. Materials and methods
2.1. Strains and culture conditions

Two MDR strains, i.e., E. coli and K. pneumoniae, were obtained from the Institute of
Microbiology, Government College University Faisalabad. These strains were well-characterized,
having been previously isolated and reported in earlier research [19,20]. Both strains were streaked on
LB agar medium prepared according to previous research [21] to obtain pure cultures. Inoculated agar
plates were incubated for 24 h at 37°C. After 24 h, both agar LB plates were assessed for pure growth
and then stored at 20°C.

2.2. Antibiotic susceptibility testing
Antibiotic susceptibility testing (AST) was conducted with minor modifications to the protocol

described in [22]. Fresh cultures of E. coli and K. pneumoniae were adjusted to a 0.5 McFarland
standard optical density (OD) in sterile saline [23], and the suspensions were uniformly swabbed onto

AIMS Molecular Science Volume 12, Issue 3, 234-254.



237

Mueller—Hinton agar (MHA) plates made according to [24]. Antibiotic-impregnated discs (Thermo
Fisher Scientific), with tetracycline (30 png), ampicillin (10 pg), ciprofloxacin (5 pg), and streptomycin
(10 ng), were aseptically placed on the spot-inoculated plates. A gentamicin disc (10 ug) was also
placed there, which served as the positive control. The plates were incubated at 37°C for 24 h. After
incubation, the zones of inhibition around each disk were measured in millimeters and interpreted
according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [25] to determine the
susceptibility (S), intermediate (I), or resistance (R) of the bacterial strains to each antibiotic. The test
was performed in triplicate to ensure reproducibility. A negative control plate with just sterile saline
spotted in the center was prepared along with the testing plates.

2.3. Plant extract preparation

Plant extracts were prepared according to the protocol outlined in [26] with slight modifications.
Leaves and bark of A. nilotica and Z. mauritiana were collected from a cultivation site in Aminpur
Bangla, Faisalabad (GPS coordinates: 31°29'21.2"N 72°50'58.3"E). Plant parts were washed, cut into
small pieces, and shade-dried for 5 days before being ground into fine powder. For extraction, 25 g of
each powdered sample was separately soaked in 100 mL of solvent: distilled water (both plants) or
70% ethanol (Z. mauritiana leaves only) for 24 h with periodic agitation. The mixtures were filtered
through Whatman® grade 1 filter paper, and the filtrates were then concentrated using a rotary
evaporator (90°C for aqueous, 70°C for ethanolic extracts) to obtain semi-solid extracts, which were
stored in Eppendorf tubes at 20°C.

2.4. Antibacterial activity assay

The antibacterial activity of A. nmilotica and Z. mauritiana extracts against E. coli and K.
pneumoniae was assessed using a modified agar well diffusion assay [27]. First, semi-solid plant
extracts (100 mg each) were dissolved in 1 mL of dimethyl sulfoxide (DMSO). Tryptic soy broth (TSB)
was prepared according to [28]. Subsequently, 10 mL of TSB was dispensed into two 20 mL glass
tubes, which were then inoculated with 100 pL of each bacterial strain and incubated at 37 °C for 24
h. For the assay, bacterial lawns were prepared by streaking the TSB cultures onto MHA plates using
a sterile swab. Four wells were then punched per plate with a sterile cork borer. Each well was loaded
with 100 pL of the prepared plant extracts. As solvent controls, MHA plates supplemented with DMSO
(at a concentration below 1%) were prepared for each bacterial strain. Plates were allowed to pre-
diffuse for 1 h in a laminar airflow cabinet before being incubated at 37°C for 24 h. Following
incubation, zones of inhibition were measured in millimeters using calipers.

2.5. Minimum inhibitory concentration (MIC) assay

The MIC of the plant extracts was determined using a modified microdilution method based on [29].
For each plant extract, a 100 mg/mL stock solution was prepared by dissolving the extract in DMSO.
This stock was subsequently serially diluted in TSB to achieve final concentrations of 12, 10, 8, 6, and
4 mg/mL. DMSO concentration was ensured not to exceed 1% (v/v) in any well, thereby preventing
solvent toxicity. For the assay, 100 pL of each extract dilution was dispensed into a 96-well microplate,
followed by the addition of 100 pL of bacterial inoculum from TSB cultures. Essential controls were
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included on each plate: a growth control (TSB + bacteria), a solvent control (TSB + 1% DMSO +
bacteria), and a sterility control (TSB only). The microplate was incubated at 37 °C for 24 h. Following
incubation, the MIC was recorded as the lowest extract concentration that showed no visible bacterial
growth. This was determined by measuring the absorbance (ODs00) of each well using a microplate
reader. All tests were performed in triplicate to ensure reproducibility.

2.6. CV biofilm assay

This assay was adapted from the method described in a previous study [30], with some
modifications. The purpose of this assay was to determine whether the MIC of each plant extract
specifically inhibited biofilm formation and/or if antibiofilm activity was solely due to general
antibacterial activity. Before the test, the MIC and sub-inhibitory concentrations (sub-MICs) such as
72 MIC and Y4 MIC determined for each plant extract were supplemented with Luria-Bertani (LB)
broth in separate containers at 1% (v/v). Two sterile 96-well polyvinyl chloride (PVC) plates (BioPro)
were used, one for each bacterial strain. 200 pL of extract-containing LB broth [21] was added to the
wells of both plates, followed by inoculation with the respective bacterial strains. Afterward, plates
were incubated at 37 °C for 48 h in a static incubator. After incubation, the PVC plates were decanted
and rinsed three times with distilled water to remove planktonic bacteria. Subsequently, 200 uL of 0.01%
crystal violet (CV) dye was pipetted into the wells of all plates, followed by incubation for 15 min. Plates
were then decanted again and rinsed three times with distilled water until excess CV dye was drained.
Finally, 200 pL of 95% ethanol was pipetted into the wells of all plates, and the absorbance was
recorded at 570 nm (ODs70) using a microplate reader. The assay was performed in triplicate for
reproducibility.

2.7. Growth curve assessment method

To evaluate the impact of plant extracts on the growth kinetics of E. coli and K. pneumoniae,
growth curves were generated in LB broth supplemented with the respective plant extracts as described
in [31].

First, a stock solution was prepared for each plant extract (4. nilotica leaves and bark extracts, Z.
mauritiana leaves and bark extracts), equivalent to its previously determined MIC. Separate sterile
Erlenmeyer flasks, each containing 50 mL of sterile LB broth, were then prepared. Each flask was
supplemented with the respective plant extract at 1% (v/v). A separate flask containing 50 mL of sterile
LB broth, without any supplementation, served as the positive control. Each flask was then inoculated
with the respective bacterial strain (E. coli or K. pneumoniae), ensuring an initial optical density of
approximately 0.05 at 600 nm (ODeoo). The flasks were incubated at 37 °C under continuous shaking
at 150 rpm. Bacterial growth was monitored by measuring the ODecoo of the medium using a UV-Vis
spectrophotometer (Thermo Fisher Scientific) at hourly intervals for 24 h. For each treatment and
control, measurements were taken in triplicate. The mean ODeoo values were then plotted against time
to generate the growth curves. This experiment was conducted independently for both E. coli and K.
pneumoniae.
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2.8. Statistical analysis

Statistical analysis was performed using Welch's t-test, which accounts for unequal variances [32].
For endpoint analyses, the mean absorbance values of each plant extract were compared against the
growth or positive control (uninoculated LB). In all analyses, absorbance data from three independent
replicates (n = 3) were utilized for each extract and control condition. A p-value of less than 0.05 (p < 0.05)
was considered statistically significant. All statistical computations were conducted using GraphPad
Prism 9.

3. Results
3.1. Antibiotic susceptibility testing

Both E. coli and K. pneumoniae displayed complete resistance to all tested antibiotics (Figure 1),
with extremely small zones of inhibition ranging from 6 to 10 mm (Table 1). Specifically, E. coli
exhibited resistance to tetracycline (8 mm), ampicillin (6 mm), ciprofloxacin (7 mm), and streptomycin
(9 mm). Similarly, K. pneumoniae showed resistance to tetracycline (10 mm), ampicillin (7 mm),
ciprofloxacin (6 mm), and streptomycin (8 mm). In contrast, both bacterial strains were susceptible to
the positive control, gentamicin, demonstrating zones of inhibition greater than 16 mm. These findings
strongly indicate a multidrug-resistant (MDR) phenotype to broad-spectrum antibiotics in both
bacterial strains.

Figure 1. Antibiotic susceptibility testing results for Escherichia coli (a) and Klebsiella
pneumoniae (c) alongside a negative control using normal saline (b). The tested antibiotic
discs included tetracycline (30 pg), ampicillin (10 pg), ciprofloxacin (5 pg), and
streptomycin (10 pg), with gentamicin (30 pg) serving as the positive control.

Table 1. Antibiotic resistance profiles of bacterial strains showing the zone of inhibition
diameter (mm). R indicates resistant, whereas S indicates susceptible phenotypes.

Bacterial Tetracycline Ampicillin Ciprofloxacin Streptomycin Gentamicin
strains (30 png) (10 pg) (5 pg) (10 pg) (10 pg)
Escherichia R R R R S

coli B8.0£0.5mm) (6.0£0.7mm) (7.0+0.6mm) (9.0+0.4mm) (16.5+0.7 mm)
Klebsiella R R R R S

pneumoniae (10.0+0.6 mm) (7.0£0.5mm) (6.0=+0.8 mm) (8.0+£0.7mm) (17 =+0.8 mm)
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3.2. Antimicrobial activity of extracts against bacterial strains

All tested extracts from A. nilotica and Z. mauritiana exhibited significant antibacterial activity
against E. coli, as evidenced by clear zones of inhibition (Figure 2). Among these, the hydro-ethanolic
extract of Z. mauritiana leaves demonstrated the strongest effect, producing a 20 mm inhibition zone
at 100 mg/mL (Table 2). The aqueous extract of A. nilotica leaves showed the second highest activity
with a 17 mm zone, followed by its bark extract at 15 mm. The aqueous extract of Z. mauritiana bark
displayed the lowest activity, yielding a 14 mm zone. Against K. pneumoniae, plant extracts also revealed
significant antimicrobial variation. The hydro-ethanolic extract of Z. mauritiana leaves (100 mg/mL)
again showed the highest efficacy, forming a 19 mm inhibition zone, closely followed by its aqueous
bark extract with a 17 mm zone. 4. nilotica extracts generally exhibited slightly lower activity, with
the bark extract (16 mm) outperforming the leaf extract (15 mm).

& g

Figure 2. Antimicrobial activity of plant extracts (100 mg/mL) against Escherichia coli (a)
and Klebsiella pneumoniae (b). Gentamicin served as the positive control for both E. coli
(c) and K. pneumoniae (d). A solvent control (Muller—Hinton agar supplemented with
DMSO at less than 1% concentration) was also included for E. coli (c) and K. pneumoniae
(d), demonstrating no antimicrobial effects. The tested extracts are ZMB (Ziziphus
mauritiana bark), ZML (Ziziphus mauritiana leaves), ANB (Acacia nilotica bark), and
ANL (Acacia nilotica leaves). The zones of inhibition for each extract illustrate their
efficacy against the bacterial strains.
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Table 2. Antibacterial activity of Acacia nilotica and Ziziphus mauritiana leaves and bark
extracts (100 mg/mL) against Escherichia coli and Klebsiella pneumoniae represented by
inhibition zone diameters (mm).

Extracts Escherichia coli Klebsiella pneumoniae
inhibition zone (mm) inhibition zone (mm)

Acacia nilotica leaves extract 17+£0.5 15+£0.6

Ziziphus mauritiana leaves extract 20+ 0.4 19+0.5

Acacia nilotica bark extract 15+£0.6 1604

Ziziphus mauritiana bark extract 14+0.5 17+ 0.6

Positive control (Gentamicin) 16+ 0.6 17.5+0.6

Solvent/negative control (LB+DMSO) 0 0

3.3. MIC of extracts against E. coli and K. pneumoniae

The MIC of various plant extracts against E. coli and K. pneumoniae was thoroughly evaluated
across concentrations from 4 to 12 mg/mL (Table S1), consistently demonstrating the antibacterial
activity of all tested extracts (Figure 3). For E. coli (Table S2), complete growth inhibition was observed
at 6 mg/mL (MIC) for all extracts (ODeoo < 0.05), with significant bacterial growth resuming at 4 mg/mL
(ODgoo > 0.3). Similar results were obtained against K. pneumoniae (Table S3), with all extracts
showing an MIC of 6 mg/mL, except for Z. mauritiana bark extract, which exhibited slightly higher
residual growth (ODeoo = 0.01 + 0.0027) at this concentration before complete loss of inhibition at 4
mg/mL (ODeoo = 0.5 = 0.004). The majority of the recorded ODsoo values are statistically highly
significant (p < 0.001, p < 0.01) with t-values ranging from —113.23 to —1.86 (df = 2.08-3.98).
Control experiments validated these findings: growth controls (TSB + bacteria) showed robust growth
(OD600=0.52 £0.014 for E. coli; 0.62 £ 0.019 for K. pneumoniae), while solvent controls (TSB + 1%
DMSO + bacteria) demonstrated comparable growth (ODso = 0.56 £ 0.016 and 0.68 =+ 0.020,
respectively), confirming the absence of solvent toxicity. Sterility controls (TSB only) remained
negative (ODsoo =0.02 +0.0021 and 0.02 £+ 0.0013). Triplicate experiments produced consistent results,
establishing the reliability of the observed MIC values and confirming the concentration-dependent
antibacterial effects of all plant extracts.
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Figure 3. Minimum inhibitory concentrations of extracts of Acacia nilotica leaves (ANL),
Ziziphus mauritiana leaves (ZML), Acacia nilotica bark (ANB), and Ziziphus mauritiana
bark (ZMB) on Escherichia coli and Klebsiella pneumoniae. The absorbance at 600 nm
(ODs00) indicates bacterial growth, with lower absorbance values suggesting higher
inhibition with statistical significance (***p < 0.001; **p < 0.01). Each treatment was
tested at concentrations of 12, 10, 8, 6, and 4 mg/mL. Growth control represents bacterial
growth without inhibitors. Solvent control accounts for the effect of the solvent. Sterility
control confirms the sterility of the medium.

3.4. Biofilm inhibition by MIC and sub-MICs of extracts

The impact of the MIC and sub-MICs, such as /2 MIC and % MIC, of plant extracts on the biofilm
formation of E. coli and K. pneumoniae was evaluated after a 48-h incubation period by measuring
absorbance at 570 nm. The positive control, LB broth without any plant extract, exhibited substantial
biofilm formation, with mean absorbance values of 2.53 for E. coli (Table S4) and 3.20 for K. pneumoniae
(Table S5). At Y4 MIC, the plant extracts demonstrated an effect on biofilm formation that was
approximately equivalent to the positive control, since biofilm formation values ranged from 2.52 to
2.59 for E. coli and from 3.23 to 3.31 for K. pneumoniae. In contrast, all tested plant extracts at MIC
and 2 MIC demonstrated a complete inhibition of biofilm development for both bacterial strains
(Figure 4) with a high degree of statistical significance (p < 0.001) and t-values from —57.21 to —41.63
(df = 2.24-3.95). For both E. coli and K. pneumoniae, the biofilm inhibition in the presence of each
plant extract was above 99% compared to the positive control (Table 3). Furthermore, the biofilm
inhibition observed at sub-MICs revealed that the antibiofilm activity of plant extracts is distinct from
their antibacterial activity, as concentrations lower than MIC did not inhibit bacterial growth (in MIC
assay) but prevented biofilm formation. These findings strongly suggest that the minimum inhibitory
concentration of each plant extract effectively impeded the development of biofilms by both E. coli

AIMS Molecular Science Volume 12, Issue 3, 234-254.



243

and K. pneumoniae, showing a significant difference from the unimpeded biofilm formation observed
in the positive control.

Biofilm Formation W Escherichia coli W Klebsiella pneumoniae
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Figure 4. Biofilm formation at ODs70 (***p < 0.001) as demonstrated by Escherichia coli
and Klebsiella pneumoniae after treatment with extract of Acacia nilotica leaves (ANL),

Ziziphus mauritiana leaves (ZML), Acacia nilotica bark (ANB), and Ziziphus mauritiana
bark (ZMB) at MIC, 2 MIC, and 2 MIC.

Table 3. Biofilm inhibition percentages of MIC, 2 MIC, and ¥4 MIC of Acacia nilotica
and Ziziphus mauritiana leaves and bark extracts against Escherichia coli and Klebsiella

prneumoniae.
Extracts Escherichia coli Klebsiella pneumoniae
biofilm inhibition observed biofilm inhibition observed
Acacia nilotica leaves extract (MIC) 100% 99%
Ziziphus mauritiana leaves extract (MIC) 99% 100%
Acacia nilotica bark extract (MIC) 100% 99%
Ziziphus mauritiana bark extract (MIC) 99% 100%
Acacia nilotica leaves extract (2 MIC) 100% 100%
Ziziphus mauritiana leaves extract (Y2 MIC) 99% 99%
Acacia nilotica bark extract (v2 MIC) 99% 99%
Ziziphus mauritiana bark extract (Y2 MIC) 99% 99%
Acacia nilotica leaves extract (4 MIC) 0% —3%
Ziziphus mauritiana leaves extract (V4 MIC) —2% —1%
Acacia nilotica bark extract (¥4 MIC) —1% —3%
Ziziphus mauritiana bark extract (V4 MIC) —1% —1%
Growth/positive control (LB + bacteria) 0% 0%
Sterility/negative control (LB only) 100% 100%
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3.5. Growth curve validates the consistent antimicrobial activity of the extracts

The growth inhibitory effects of plant extracts on E. coli and K. pneumoniae were evaluated by
monitoring their growth kinetics over a 24 h period. The growth curves, represented by ODsoo values
recorded hourly, revealed a stark contrast between the untreated control and the extract-treated
cultures. In the positive control (LB broth), both bacterial species exhibited typical growth patterns,
reaching the stationary phase by approximately 11-14 h with peak ODsoo values of 2.20 for E. coli
(Table S6) and 2.30 for K. pneumoniae (Table S7), followed by a gradual decline in the subsequent
hours.

Conversely, the presence of all tested plant extracts significantly suppressed the growth of both
bacterial pathogens throughout the 24-h incubation (Figure 5). For E. coli, the maximum ODsoo values
recorded after 11 h in the presence of the extracts remained below 0.25 (Table S8), while the final ODeoo
values after 24 h were below 0.12 (Table S9). Similarly, for K. pneumoniae, the corresponding maximum
absorbance values were below 0.25 (Table S10), while the final ODeoo values were below 0.15 (Table
S11). For all treatments involving both bacterial strains, the maximum and final absorbance values
exhibited a high degree of statistical significance (p < 0.001), demonstrating t-values from—90.91 to
—79.11 (df = 2.19 — 3.91) for both maximum (11" and final absorbance (24™) values. The sustained
suppression of growth over the entire 24-h period suggests that the tested plant extracts possess
compounds with significant antibacterial activity against both E. coli and K. pneumoniae.

Growth curve (controls)
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Figure 5. Growth kinetics of Escherichia coli and Klebsiella pneumoniae reduced
dramatically by treatment with extracts of Acacia nilotica leaves (ANL), Ziziphus
mauritiana leaves (ZML), A. nilotica bark (ANB), and Z. mauritiana bark (ZMB), at the
respective minimum inhibitory concentration (MIC), compared to LB broth controls, over
24 h. Values represent absorbance at 600 nm (ODeoo) at each time point, with statistical
significance (***p < 0.001), demonstrating the inhibitory effects of the extracts on
bacterial growth.
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4. Discussion

This study evaluated the antimicrobial activity of A. nilotica and Z. mauritiana aqueous and
hydro-ethanolic extracts against E. coli and K. pneumoniae. The efficacy varied significantly
depending on the extract type, plant part, and concentration. Hydro-ethanolic extract showed greater
antimicrobial and antibiofilm activity than aqueous extracts, due to its ability to dissolve a wider range
of bioactive compounds [33,34], such as essential oils and phenolic compounds, known for their
antimicrobial properties [33-36]. Several studies have reported that hydro-ethanolic extracts
consistently outperform aqueous extracts in antimicrobial assays [37]. This indicates that different
plant parts and extraction methods can significantly influence antimicrobial activity.

Both Z. mauritiana and A. nilotica have been investigated for their antimicrobial potential against
significant pathogens like E. coli and K. pneumoniae. A. nilotica consistently demonstrates robust and
broad-spectrum antimicrobial activity, effectively inhibiting extended-spectrum beta-lactamase
(ESBL)-producing strains and significantly reducing biofilm activity in MDR pathogens like E. coli
and K. pneumoniae [38—43]. Its extracts show impressive inhibition zones (20-39 mm) and low MIC
values (<12.5 mg/mL) against these resistant bacteria, with some pod lysates even exhibiting heat-
resistant bactericidal properties [43,39]. In contrast, research on Z. mauritiana yields more varied
results; while some methanolic and ethanolic leaf extracts show notable inhibition zones (up to 101.47
mm?) and activity against MDR strains [44—48], and while related species like Ziziphus lotus also
demonstrate efficacy [49], other studies report no activity against clinical isolates [43,50]. The
presence of endophytic actinobacteria in Z. mauritiana that exhibit antibacterial activity against MDR
strains [47] further complicates a direct comparison but points to an indirect antimicrobial role. The
antimicrobial efficacy of Z. mauritiana and A. nilotica extracts against E. coli and K. pneumoniae varies
significantly by extract type, plant part, and bacterial strain. For Z. jujuba, methylene chloride and n-
butanol fractions showed the strongest activity against E. coli (0.01-0.025 mg/mL), while its ethanolic
fruit extract was notably effective (0.65 = 0.22 mg/mL), having been cited as the most susceptible among
the tested microorganisms [51,52]. Z. mauritiana var. spontanea’s ethyl-acetate extract achieved the
lowest MIC against K. pneumoniae (2 pg/mL), with its ethanolic extract at 6 £ 0.55 pg/mL [53]. 4.
nilotica’s leaf extracts inhibited E. coli at 1.56-3.12 mg/mL, but strain-specific differences were
observed: pod extracts required 3.12 mg/mL for E. coli E1/E3 and 6.25 mg/mL for E2, while bark
extracts consistently showed 6.25 mg/mL across all strains [54]. In stark contrast, A. nilotica exhibited
no detectable inhibition of K. pneumoniae in ethanolic or chloroform leaf extracts [55], and its gum
aqueous solution required an impractically high MIC (200 mg/mL) [56]. These disparities underscore
the importance of strain selection, plant part, and solvent in evaluating antimicrobial potential.

Both Z. mauritiana and A. nilotica exert their antimicrobial effects through a diverse array of
phytochemicals, including common classes such as flavonoids, saponins, terpenoids, and tannins [57-59].
A predominant mechanism among phytochemicals is the disruption of bacterial cell membrane
integrity, leading to the leakage of essential intracellular components and ultimately cell death [60].
This has been clearly documented for A. nilotica through the release of electrolytes, proteins, and
nucleic acids and observed morphological damage [61,62], with specific compounds like oleic acid
contributing to this effect [63]. Similarly, saponins in Z. mauritiana are hypothesized to increase
membrane permeability [64,65], and flavonoids also cause direct membrane damage [66]. Beyond
membrane effects, Z. mauritiana flavonoids have demonstrated unique activity by inhibiting DNA
gyrase in E. coli, halting nucleic acid synthesis [67]. In contrast, 4. nilotica stands out for its robust
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antibiofilm activity, significantly reducing biofilm formation in E. coli and K. pneumoniae by
disrupting biofilm structure and interfering with quorum sensing [62—68]. A very similar mechanism
has been reported in a study where bioactive compounds halted the synthesis of polysaccharide
components of biofilm by disrupting gene expression in P. aeruginosa [69]. Similarly, another study
reported that bioactive compounds in species like Zingiber officinale demonstrate antimicrobial
activity by disrupting peptidoglycan synthesis, which is an essential component of the bacterial cell
wall [70].

While some compounds found in A. nilotica may contribute to efflux pump inhibition [71], direct
evidence specific to A. nilotica in the provided literature is limited, with related studies referring to
Acacia macrostachya [72,73]. Both plants' phytochemicals may also contribute to the inhibition of
protein synthesis and DNA damage [71], as well as enzyme inhibition, affecting critical cellular
processes [61,71]. The complex, multi-component nature of their extracts suggests potential
synergistic effects, which could make it more challenging for bacteria to develop resistance [47]. The
identification of specific bioactive compounds in 4. nilotica, such as 3-Cyclohexane-1-
Carboxaldehyde and oleic acid [62], represents a significant step toward targeted pharmaceutical
development. Similarly, a study found that baicalein, a bioflavonoid, synergistically enhances
tetracycline's effectiveness against S. aureus by inhibiting efflux pumps and key bacterial processes,
i.e., bacterial growth, DNA synthesis, biofilm formation, and cellular invasiveness, suggesting it as a
promising adjunctive therapy for multidrug-resistant S. aureus [74].

The conflicting results regarding the direct antimicrobial activity of Z. mauritiana extracts,
particularly against E. coli and K. pneumoniae [41,50], underscore a critical limitation in the current
research. This variability is likely due to several factors: differences in the specific plant part used,
which contain varying phytochemical concentrations [44]; variations in extraction methods and
solvents, significantly influencing the profile of bioactive compounds [57]; the concentration and
dosage of the extract [57]; the heterogeneity of bacterial strains, as different clinical isolates possess
distinct resistance mechanisms [47]; and variations in assay methodologies, such as disc diffusion
versus broth microdilution, or differences in incubation conditions [47,57]. These factors collectively
emphasize the urgent need for standardization in research methodologies for plant material collection,
extraction, phytochemical characterization, and antimicrobial testing in future studies to ensure
reproducibility and comparability of findings.

The toxicity profiles of both Z. mauritiana and A. nilotica extracts are highly dependent on the
specific plant part and extraction solvent. Acute toxicity studies revealed high safety margins for
certain extracts: an aqueous leaf extract of Z. mauritiana was deemed practically non-toxic with an
LDso > 5000 mg/kg BW (body weight) [71], and an aqueous root extract of A. nilotica showed a high
safety margin with an oral LDso (the dose at which a substance is lethal for 50% of animals tested) of
5000 mg/kg BW [72]. However, sub-acute (28-day) studies reveal more nuanced safety concerns,
particularly regarding hepatotoxicity. Repeated administration of A. nilotica aqueous root extract at
500 mg/kg BW resulted in significant elevations of liver enzymes (ALT, AST, ALP, LDH) and altered
lipid metabolism, suggesting potential hepatotoxicity, with a No Observable Adverse Effect Level
(NOAEL) below 250 mg/kg BW [72]. Similarly, Z. mauritiana aqueous leaf extract at 400 mg/kg BW
showed increased white blood cell (WBC) concentration, serum gamma-glutamyl transferase (GGT)
activity (indicating hepatocyte damage), and alterations in liver-to-body weight ratio and mild liver
inflammation. Kidney function was also affected, with changes in creatinine and electrolytes [71].
Furthermore, a methanolic root extract of Z. mauritiana had a considerably lower LDso (375 mg/kg)
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and caused mortality at higher sub-acute doses, along with slight vacuolation and hepatic/tubular
necrosis in the liver and kidney, even when biochemical markers remained stable [73]. This stark
difference underscores the critical influence of extract type on safety. Importantly, information on
chronic toxicity studies (beyond 28 days) for Z. mauritiana extracts is currently lacking [71].

Beyond their primary antimicrobial focus, both Z. mauritiana and A. nilotica demonstrate a wide
spectrum of other pharmacological activities. Both exhibit anti-inflammatory, antioxidant, and
antidiabetic/antihyperglycemic properties [65—67]. Z. mauritiana additionally shows anticancer,
hepatoprotective, wound healing, antiulcer, neuroprotective, sedative, anxiolytic, analgesic, and
immunomodulatory functions [65,66,68,73,74]. A. nilotica, in turn, offers glucose and lipid-lowering,
neuroprotective, analgesic, antipyretic, antihypertensive, antispasmodic, antiplatelet, anti-protozoan,
antiviral, antidiarrheal, anthelmintic, and antiulcer/healing effects [75,76]. A significant advantage for
A. nilotica is the existence of promising translational findings from human clinical trials, where its
extracts have been effective in treating gingivitis and bacterial vaginosis, reducing salivary Mutans
streptococci, and promoting healing in oral ulcers and UTI pathogens [77—79]. This human data
positions A. nilotica with a more advanced potential for direct clinical application than Z. mauritiana.
Both Z. mauritiana and A. nilotica represent compelling candidates for the development of novel
antimicrobial agents, particularly in the face of escalating antibiotic resistance. A. nilotica stands out
for its consistently robust efficacy against multidrug-resistant and biofilm-forming E. coli and K.
pneumoniae, with identified specific bioactive compounds paving the way for more targeted drug
development. Z. mauritiana, while showing promise with its multifaceted mechanisms, necessitates
further investigation to resolve conflicting antimicrobial activity reports. Furthermore, the varying
toxicity profiles dependent on plant part and extraction solvent emphasize the need for comprehensive
toxicological assessments, especially chronic studies, to fully ascertain safety for potential therapeutic
applications. Future research should also focus on elucidating synergistic effects of compounds within
crude extracts and conducting more human clinical trials to validate the observed in vitro and in vivo
efficacies of both plants. Ultimately, a deeper understanding of their precise mechanisms and safety
will unlock their full therapeutic potential in addressing the global challenge of antimicrobial resistance.

While these findings are promising, variations in extraction methods, plant sources, and bacterial
strains limit direct comparisons. Further research should standardize extraction protocols, assess in
vivo efficacy, and isolate specific bioactive compounds for drug development. Additionally, toxicity
studies are needed to ensure safety for clinical use.

5. Conclusions

The emergence of multidrug-resistant pathogens such as E. coli and K. pneumoniae highlights an
urgent need for alternative antimicrobial strategies. This study found that extracts from various plant
parts, prepared with different solvents, offer a promising solution to this problem. Hydroethanolic
extracts consistently demonstrated superior antimicrobial activity compared to aqueous extracts,
suggesting that solvent polarity plays a crucial role in extracting effective compounds from plant
tissues. However, the specific plant part used had a minimal impact on the range of antimicrobial
activity. The extracts not only inhibited bacterial growth but also prevented biofilm formation. This
research reinforces the potential of natural products in combating antimicrobial resistance and supports
their integration into healthcare as adjunct therapies, lessening our dependence on synthetic antibiotics.

AIMS Molecular Science Volume 12, Issue 3, 234-254.



248

Author contributions

Conceptualization: ARR, AA; Data curation: ARR, AA; Formal Analysis: ARR, AA; Funding
acquisition: ARR, AA; Investigation: ARR, AA; Methodology: ARR, AA; Project administration:
ARR, AA; Resources: ARR, AA; Supervision: ARR, AA; Validation: ARR, AA; Visualization: ARR,
AA; Writing — original draft: ARR, AA; Writing — review & editing: ARR, AA.

Use of Generative-Al tools declaration

The authors declare they have not used Artificial Intelligence (AI) tools in the creation of this
article.

Acknowledgments

The authors received no funding for this research. However, equipment was provided by the
laboratories of the given affiliations.

Conflict of interest
The authors declare they have no conflict interest in this paper.
References

1. Azwanida NN (2015) A Review on the Extraction Methods Use in Medicinal Plants, Principle,
Strength and Limitation. Med Aromat Plants 4.

2.  Manning SD, Motiwala AS, Springman AC, et al. (2008) Variation in virulence among clades of
Escherichia coli O157:H7 associated with disease outbreaks. Proc Natl Acad Sci USA 105: 4868—
4873. https://doi.org/10.1073/pnas.0710834105

3. Malabadi RB, Sadiya MR, Kolkar KP, et al. (2024) Pathogenic Escherichia coli (E. coli) food
borne outbreak: Detection methods and controlling measures. Magna Sci Adv Res Rev 10: 052—
085. https://doi.org/10.30574/msarr.2024.10.1.0003

4. Kathayat D, Lokesh D, Ranjit S, et al. (2021) Avian pathogenic Escherichia coli (APEC): An
overview of virulence and pathogenesis factors, zoonotic potential, and control strategies.
Pathogens 10: 467. https://doi.org/10.3390/pathogens10040467

5. LiY, LiJ, HuT, et al. (2020) Five-year change of prevalence and risk factors for infection and
mortality of carbapenem-resistant Klebsiella pneumoniae bloodstream infection in a tertiary
hospital in North China. Antimicrob Resist Infect Control 9. https://doi.org/10.1186/s13756-020-
00728-3

6. Di Domenico EG, Cavallo I, Sivori F, et al. (2020) Biofilm production by carbapenem-resistant
Klebsiella pneumoniae significantly increases the risk of death in oncological patients. Front Cell
Infect Microbiol 10: 561741. https://doi.org/10.3389/fcimb.2020.561741

7. Chassagne F, Samarakoon T, Porras G, et al. (2021) A systematic review of plants with
antibacterial activities: A taxonomic and phylogenetic perspective. Front Pharmacol 11: 586548.
https://doi.org/10.3389/fphar.2020.586548

AIMS Molecular Science Volume 12, Issue 3, 234-254.


https://doi.org/10.1073/pnas.0710834105
https://doi.org/10.30574/msarr.2024.10.1.0003
https://doi.org/10.3390/pathogens10040467
https://doi.org/10.1186/s13756-020-00728-3
https://doi.org/10.1186/s13756-020-00728-3
https://doi.org/10.3389/fcimb.2020.561741
https://doi.org/10.3389/fphar.2020.586548

249

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

O’Brien CJ, Campbell S, Young A, et al. (2023) Chinee apple (Ziziphus mauritiana): A
comprehensive review of its weediness, ecological impacts and management approaches. Plants
12: 3213. https://doi.org/10.3390/plants12183213

Nigussie D, Davey G, Legesse BA, et al. (2021) Antibacterial activity of methanol extracts of the
leaves of three medicinal plants against selected bacteria isolated from wounds of lymphoedema
patients. BMC Complement Med Ther 21: 2. https://doi.org/10.1186/s12906-020-03183-0
Hussain SZ, Naseer B, Qadri T, et al. (2021) Ber/Jujube (Ziziphus mauritiana): Morphology,
taxonomy, vomposition and health benefits. In: Fruits grown in highland regions of the Himalayas.
Springer, Cham. 157-168. https://doi.org/10.1007/978-3-030-75502-7 12

Astari RY, Winarsih S, Handayani D, et al. (2025) In silico analysis of Ziziphus mauritiana Lam.
bioactive compounds targeting GABA receptor and ADMET profiles for potential postpartum
depression treatment. J Pharm Pharmacogn Res 13: S118-S128.
https://doi.org/10.56499/jppres24.2239 13.s1.118

San AMM, Thongpraditchote S, Sithisarn P, et al. (2013) Total phenolics and total flavonoids
contents and hypnotic effect in mice of Ziziphus mauritiana Lam. seed extract. Evid-Based Compl
Altern Med 2013: 1-4. https://doi.org/10.1155/2013/835854

Hafez LO, Brito-Casillas Y, Abdelmageed N, et al. (2024) The Acacia (Vachellia nilotica (L.)
P.J.H. Hurter & Mabb.): Traditional uses and recent advances on its pharmacological attributes
and potential activities. Nutrients 16: 4278—-4278. https://doi.org/10.3390/nu16244278

Omer Abdalla K (2021) Biochemistry, medicinal properties & toxicity of Acacia nilotica fruits.
Biomed Res Clin Rev 3: 1-6. https://doi.org/10.31579/2692-9406/040

Abbasian K, Asgarpanah J, Ziarati P (2015) Chemical composition profile of Acacia Nilotica seed
growing wild in south of Iran. Orient J Chem 31: 2. http://doi.org/10.13005/0jc/310251

Aliero AA, Musa I, Manga SS (2023) Antimicrobial activities of bioactive compounds isolated
from Acacia nilotica against multi-drug resistant bacteria. Microbes and Infectious Diseases. In
press.

Kumari S, Swer TL (2025) Acacia nilotica Linn: A comprehensive review of its nutritional profile,
pharmacological activities, and food applications. Phytochem Rev.
https://doi.org/10.1007/s11101-025-10128-3

Nawaz Z, Zahoor MK, et al. (2019) Molecular identification of blaCTX-M and blaTEM genes
among multi-drug resistant Enteropathogenic Escherichia coli isolated from children. Pak J
Pharm Sci 32(3 (Supplementary)): 1215-1218.

Siddique MH, Aslam B, Imran M, et al. (2020) Effect of silver nanoparticles on biofilm formation
and EPS production of multidrug-resistant K/ebsiella pneumoniae. BioMed Res Int 2020: 6398165.
https://doi.org/10.1155/2020/6398165

Macwilliams MP, Liao M (2006) Luria Broth (LB) and Luria Agar (LA) media and their uses
protocol. American Society for Microbiology 1-4. Available from:
https://asm.org/getattachment/5d82aa34-b514-4d85-8af3-aeabe6402874/LB-Luria-Agar-
protocol-.

Alarjani KM, Skalicky M (2021) Antimicrobial resistance profile of Staphylococcus aureus and
its in-vitro potential inhibition efficiency. J Infect Public Heal 14: 1796-1801.
https://doi.org/10.1016/j.jiph.2021.10.018

AIMS Molecular Science Volume 12, Issue 3, 234-254.


https://doi.org/10.3390/plants12183213
https://doi.org/10.1186/s12906-020-03183-0
https://doi.org/10.1007/978-3-030-75502-7_12
https://doi.org/10.56499/jppres24.2239_13.s1.118
https://doi.org/10.1155/2013/835854
https://doi.org/10.3390/nu16244278
https://doi.org/10.31579/2692-9406/040
http://doi.org/10.13005/ojc/310251
https://doi.org/10.1007/s11101-025-10128-3
https://doi.org/10.1155/2020/6398165
https://asm.org/getattachment/5d82aa34-b514-4d85-8af3-aeabe6402874/LB-Luria-Agar-protocol-
https://asm.org/getattachment/5d82aa34-b514-4d85-8af3-aeabe6402874/LB-Luria-Agar-protocol-
https://doi.org/10.1016/j.jiph.2021.10.018

250

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lonsway DR (2023) Preparation of routine media and reagents used in antimicrobial
susceptibility testing. ClinMicroNow. https://doi.org/10.1002/9781683670438.cmph0082

Ahman J, Matuschek E, Kahlmeter G (2022) Evaluation of ten brands of pre-poured Mueller-
Hinton agar plates for EUCAST disc diffusion testing. Clin Microbiol Infec 28: 1499.e1-1499.¢5.
https://doi.org/10.1016/j.cmi.2022.05.030

Tamma PD, Harris PNA, Mathers AJ, et al. (2022) Breaking down the breakpoints: Rationale for
the 2022 clinical and laboratory standards institute revised piperacillin-tazobactam breakpoints
against Enterobacterales. Clin Infect Dis 77: 1585—1590. https://doi.org/10.1093/cid/ciac688
Sampath Kumar NS, Sarbon NM, Rana SS, et al. (2021) Extraction of bioactive compounds from
Psidium guajava leaves and its utilization in preparation of jellies. AMB Expr 11: 36.
https://doi.org/10.1186/s13568-021-01194-9

Farjana A, Zerin N, Kabir MS (2014) Antimicrobial activity of medicinal plant leaf extracts
against pathogenic bacteria. Asian Pac J Trop Dis 4: S920-S923. https://doi.org/10.1016/s2222-
1808(14)60758-1

Huang Y, Flint SH, Palmer JS (2021) The heat resistance of spores from biofilms of Bacillus
cereus grown in tryptic soy broth and milk. [Int Dairy J 123: 105169.
https://doi.org/10.1016/j.idairy;.2021.105169

Klan¢nik A, Piskernik S, JerSek B, et al. (2010) Evaluation of diffusion and dilution methods to
determine the antibacterial activity of plant extracts. J Microbiol Meth 81: 121-126.
https://doi.org/10.1016/j.mimet.2010.02.004

Liu L, Yu B, Sun W, et al. (2020) Calcineurin signaling pathway influences Aspergillus niger
biofilm formation by affecting hydrophobicity and cell wall integrity. Biotechnol Biofuels 13: 54.
https://doi.org/10.1186/s13068-020-01692-1

Wang L, Fan D, Chen W, et al. (2015) Bacterial growth, detachment and cell size control on
polyethylene terephthalate surfaces. Sci Rep 5: 15159. https://doi.org/10.1038/srep15159

Haque MA, Imamura R, Brown GA, et al. (2017) An experiment-based model quantifying
antimicrobial activity of silver nanoparticles on Escherichia coli. RSC Adv 7: 56173-56182.
https://doi.org/10.1039/C7RA10495B

Welch BL (1947) The generalization of ‘student’s’ problem when several different population
varlances are involved. Biometrika 34: 28-35. https://doi.org/10.1093/biomet/34.1-2.28

Rai A, Tripathi AM, Saha S, et al. (2020) Comparison of antimicrobial efficacy of four different
plant extracts against cariogenic bacteria: An in vitro study. Int J Clin Pediatr Dent 13: 361-367.
https://doi.org/10.5005/jp-journals-10005-1796

Mehmood A, Javid S, Khan MF, et al. (2022) In vitro total phenolics, total flavonoids, antioxidant
and antibacterial activities of selected medicinal plants using different solvent systems. BMC
Chem 16: 64. https://doi.org/10.1186/s13065-022-00858-2

Okla MK, Alatar AA, Al-amri SS, et al. (2021) Antibacterial and antifungal activity of the extracts
of different parts of Avicennia marina (Forssk.) Vierh. Plants 10: 252.
https://doi.org/10.3390/plants 10020252

Molehin OR, Adefegha SA (2014) Comparative study of the aqueous and ethanolic extract of
Momordica foetida on the phenolic content and antioxidant properties. Int Food Res J 21: 401—
405.

AIMS Molecular Science Volume 12, Issue 3, 234-254.


https://doi.org/10.1002/9781683670438.cmph0082
https://doi.org/10.1016/j.cmi.2022.05.030
https://doi.org/10.1093/cid/ciac688
https://doi.org/10.1186/s13568-021-01194-9
https://doi.org/10.1016/s2222-1808(14)60758-1
https://doi.org/10.1016/s2222-1808(14)60758-1
https://doi.org/10.1016/j.idairyj.2021.105169
https://doi.org/10.1016/j.mimet.2010.02.004
https://doi.org/10.1186/s13068-020-01692-1
https://doi.org/10.1038/srep15159
https://doi.org/10.1039/C7RA10495B
https://doi.org/10.1093/biomet/34.1-2.28
https://doi.org/10.5005/jp-journals-10005-1796
https://doi.org/10.1186/s13065-022-00858-2
https://doi.org/10.3390/plants10020252

251

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Rather LJ, Shahid-ul-Islam, Mohammad F (2015) Acacia nilotica (L.): A review of its traditional
uses, phytochemistry, and pharmacology. Sustain =~ Chem  Pharm 2: 12-30.
https://doi.org/10.1016/.scp.2015.08.002

Riaz S, Faisal M, Hasnain S, et al. (2011) Antibacterial and cytotoxic activities of Acacia nilotica
Lam (Mimosaceae) methanol extracts against extended spectrum beta-lactamase producing
Escherichia coli and Klebsiella species. Trop J Pharm Res 10: 785-791.
https://doi.org/10.4314/tjpr.v10i16.12

Yahia Y, Benabderrahim MA, Tlili N, et al. (2020) Bioactive compounds, antioxidant and
antimicrobial activities of extracts from different plant parts of two Ziziphus Mill. species. PLOS
ONE 15: €0232599. https://doi.org/10.1371/journal.pone.0232599

Abdelgader LMA, Zain THKM, Mahjaf GM (2024) Detection of antimicrobial activity of Acacia
nilotica extract on gram-negative bacteria isolated from clinical specimens in Shendi Town, Sudan.
Saudi J Pathol Microbiol 9: 254-259. https://doi.org/10.36348/sjpm.2024.v09112.001

Sadiq MB, Tarning J, Cho TZA, et al. (2017) Antibacterial activities and possible modes of action
of Acacia nilotica (L.) Del. against multidrug-resistant Escherichia coli and Salmonella.
Molecules 22: 47. https://doi.org/10.3390/molecules22010047

Sharma AK, Kumar A, Yadav SK, et al. (2014) Studies on antimicrobial and immunomodulatory
effects of hot aqueous extract of Acacia nilotica L. leaves against common veterinary pathogens.
Vet Med Int 2014: 747042. https://doi.org/10.1155/2014/747042

Azhari N, Arbab MH, Khidir A, et al. (2024) Antibacterial activity of some medicinal plants
against extended spectrum beta lactamase (ESBL) producing Escherichia coli and Klebsiella
pneumonia in Khartoum State—Sudan. SVOA Microbiol 5: 136-142.
https://doi.org/10.58624/svoamb.2024.05.051

Said Gulam Khan HB, Mohd Sarmin NI, Arzmi MH, et al. (2020) Antifungal activities of Ziziphus
mauritiana against Candida albicans: In vitro study. Compend Oral Sci 7: 1-12.
https://doi.org/10.24191/cos.v710.17489

Abalaka ME, Daniyan SY, Mann A (2010) Evaluation of the antimicrobial activities of two
Ziziphus species (Ziziphus mauritiana L. and Ziziphus spinachristi L.) on some microbial
pathogens. Afri J Pharm Pharmaco 4: 135—-1309.

Priyanka C, Kumar P, Bankar SP, et al. (2015) In vitro antibacterial activity and gas
chromatography—mass spectroscopy analysis of Acacia karoo and Ziziphus mauritiana extracts.
J Taibah Univ Sci 9: 13—19. https://doi.org/10.1016/j.jtusci.2014.06.007

Khairani H, Priyanto JA, Prastya ME, et al. (2025) Antibacterial activity of endophytic
actinobacteria isolated from Ziziphus mauritiana against multidrug-resistant strains. Makara
Journal of Science Makara Journal of Science 29: 10. https://doi.org/10.7454/mss.v2911.2574
Ibrahim NL, Habibu UA, Idris AM (2024) Antibacterial efficacy of frozen and unfrozen Ziziphus
mauritiana leaf extracts on selected clinical bacteria. Bayero J Pure Appl Sci 17: 94-102.
http://doi.org/10.4314/bajopas.v17i1.13

Hammi KM, Essid R, Khadraoui N, et al. (2022) Antimicrobial, antioxidant and antileishmanial
activities of Ziziphus lotus leaves. Arch Microbiol 204: 119. https://doi.org/10.1007/s00203-021-
02733-5

AIMS Molecular Science Volume 12, Issue 3, 234-254.


https://doi.org/10.1016/j.scp.2015.08.002
https://doi.org/10.4314/tjpr.v10i6.12
https://doi.org/10.1371/journal.pone.0232599
https://doi.org/10.36348/sjpm.2024.v09i12.001
https://doi.org/10.3390/molecules22010047
https://doi.org/10.1155/2014/747042
https://doi.org/10.58624/svoamb.2024.05.051
https://doi.org/10.24191/cos.v7i0.17489
https://doi.org/10.1016/j.jtusci.2014.06.007
https://doi.org/10.7454/mss.v29i1.2574
http://doi.org/10.4314/bajopas.v17i1.13
https://doi.org/10.1007/s00203-021-02733-5
https://doi.org/10.1007/s00203-021-02733-5

252

50.

51.

52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

63.

Eslami G, Hashemi A, Yazdi MMK, et al. (2016) Antibacterial effects of Zataria multifiora,
Ziziphus, Chamomile and Myrtus communis methanolic extracts on IMP-type metallo-beta-
lactamase-producing Pseudomonas aeruginosa. Arch Clin Infect Dis 11: e32413.
https://doi.org/10.5812/archcid.32413

Perovi¢ T, Lazovi¢ B, Adakali¢ M, et al. (2024) Insights into bioactivity guided chemical profiling
of Ziziphus jujuba Mill. fruits wild-growing in Montenegro. Heliyon 11: e41361.
https://doi.org/10.1016/j.heliyon.2024.e41361

Daneshmand F, H Zare-Zardini, B Tolueinia, et al. (2013) Crude extract from Ziziphus jujuba
fruits, a weapon against pediatric infectious disease. Iran J Ped Hematol Oncol 3: 216-221.
Ambrin, Dastagir G, Bakht J, et al. (2020) Antimicrobial and phytochemical evaluation of
Ziziphus mauritiana var. spontanea Edgew. and Oenothera biennis L. Pak J Zool 52.
https://doi.org/10.17582/journal.pjz/20190428160433

Usman A, Ahmad M, Hamza MM, et al. (2023) Antimicrobial activity of Acacia nilotica and
Ziziphus mauritiana against clinical isolates of Escherichia coli and Klebsiella a erogenes. UMYU
J Microbiol Res 8: 1-7. https://doi.org/10.47430/ujmr.2382.001

Zou W, Hassan I, Akram B, et al. (2023) Validating interactions of pathogenic proteins of
Staphylococcus aureus and E. coli with phytochemicals of Ziziphus jujube and Acacia nilotica.
Microorganisms 11: 2450. https://doi.org/10.3390/microorganisms11102450

Abubakar AL, Dandare A, Abubakar IH, et al. (2018) Antimicrobial activities of Acacia nilotica,
Ziziphus Jujube Linn and Lawsonia Inermis. Nigerian J Basic Appl Sci 26: 1-8.
https://doi.org/10.5455/njbas.299969

Saidu Y, Muhammad SA, Abbas AY, et al. (2016) In vitro screening for protein tyrosine
phosphatase 1B and dipeptidyl peptidase IV inhibitors from Nigerian medicinal plants. J Intercult
Ethnopharmacol 6: 154—157. https://doi.org/10.5455/jice.20161219011346

Joshi T, Deepa PR, Joshi M, et al. (2023) Matters of the desert: A perspective on achieving food
and nutrition security through plants of the (semi) arid regions. J Agric Food Res 14: 100725.
https://doi.org/10.1016/j.jafr.2023.100725

Elamary RB, Albarakaty FM, Salem WM (2020) Efficacy of Acacia nilotica aqueous extract in
treating biofilm-forming and multidrug resistant uropathogens isolated from patients with UTI
syndrome. Sci Rep 10: 1125. https://doi.org/10.1038/s41598-020-67732-w

Moktan N, Gajbhiye RL, Sahithi TVVS, et al. (2024) Antibacterial and antibiofilm activities of
extract and bioactive compounds from Bergenia ciliata (Haw.) Sternb. flowers against
Streptococcus mutans through cell membrane damage. J Ethnopharmacol 339: 119144,
https://doi.org/10.1016/j.jep.2024.119144

Yadav G, Meena M (2021) Bioprospecting of endophytes in medicinal plants of Thar Desert: An
attractive  resource  for  biopharmaceuticals.  Biotechnol = Rep  30: €00629.
https://doi.org/10.1016/j.btre.2021.e00629

Febriza A, Faradiana S, Abdullah MF (2023) Antibacterial effects of Ziziphus mauritiana (Lam)
leaf extract against Vibrio cholerae. Herb-Med J Terbitan Berkala Ilmiah Herbal Kedokteran dan
Kesehatan 5: 3. https://doi.org/10.30595/hm;j.v5i3.14307

Syafriza D, Hasanah U, Hidayatullah T, et al. (2024) Antibacterial assessment of Ziziphus
mauritiana Lam on inhibition of the growth and biofilm of Streptococcus mutans. Dent J 57: 189—
194. https://doi.org/10.20473/j.djmkg.v57.13.p189-194

AIMS Molecular Science Volume 12, Issue 3, 234-254.


https://doi.org/10.5812/archcid.32413
https://doi.org/10.1016/j.heliyon.2024.e41361
https://doi.org/10.17582/journal.pjz/20190428160433
https://doi.org/10.47430/ujmr.2382.001
https://doi.org/10.3390/microorganisms11102450
https://doi.org/10.5455/njbas.299969
https://doi.org/10.5455/jice.20161219011346
https://doi.org/10.1016/j.jafr.2023.100725
https://doi.org/10.1038/s41598-020-67732-w
https://doi.org/10.1016/j.jep.2024.119144
https://doi.org/10.1016/j.btre.2021.e00629
https://doi.org/10.30595/hmj.v5i3.14307
https://doi.org/10.20473/j.djmkg.v57.i3.p189-194

253

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

LiJ, ShiY, Song X, et al. (2025) Mechanisms of antimicrobial resistance in Klebsiella: Advances
in detection methods and clinical implications. [Infect Drug Resist 1339—-1354.
https://doi.org/10.2147/1dr.s509016

Rodriguez B, Pacheco L, Bernal I, et al. (2023) Mechanisms of action of flavonoids: Antioxidant,
antibacterial and antifungal properties. Ciencia Ambiente y Clima 6: 33-66.
https://doi.org/10.22206/cac.2023.v6i2.3021

Mulat M, Banicod RJS, Tabassum N, et al. (2025) Multiple strategies for the application of
medicinal plant-derived bioactive compounds in controlling microbial biofilm and virulence
properties. Antibiotics 14: 555. https://doi.org/10.3390/antibiotics 14060555

Arip M, Selvaraja M, Mogana R, et al. (2022) Review on plant-based management in combating
antimicrobial resistance—Mechanistic  perspective. Front pharmacol 13:  879495.
https://doi.org/10.3389/fphar.2022.879495

Barfour AF, Mensah AY, Asante-Kwatia E, et al. (2021) Antibacterial, antibiofilm, and efflux
pump inhibitory properties of the crude extract and fractions from Acacia macrostachya stem bark.
Sci World J 2021: 5381993. https://doi.org/10.1155/2021/5381993

Datta S, Singh V, Nag S, et al. (2024) Marine-derived cytosine arabinoside (Ara-C) inhibits
biofilm formation by inhibiting PEL operon proteins (Pel A and Pel B) of Pseudomonas
aeruginosa: An in-silico approach. Mol Biotechnol 67: 1924-1938.
https://doi.org/10.1007/s12033-024-01169-8

Moulick S, Bera R, Roy DN (2025) Bactericidal action of ginger (Zingiber officinale Roscoe)
extract against Escherichia coli through synergistic modulation of the AcrAB-TolC efflux pump
and inhibition of peptidoglycan synthesis: In vitro and in silico approaches. Microb Pathogenesis
204: 107624. https://doi.org/10.1016/j.micpath.2025.107624

Samreen, Ahmad I (2025) Anti-infective synergy of Acacia nilotica bioactive fraction and methyl
gallate with meropenem against pathogenicity of Pseudomonas aeruginosa. 3 Biotech 15: 2009.
https://doi.org/10.1007/s13205-025-04372-9

Owolarafe T, Lhegboro G, Salawu K, et al. (2022) Toxicological investigation of aqueous extract
Zizphus mauritiana leaf on Wistar rat. Int J Tradit Complement Med Res 3: 91-100.
https://doi.org/10.53811/ijtcmr.1056770

Alli LA, Adesokan AA, Salawu OA, et al. (2015) Toxicological studies of aqueous extract of
Acacia nilotica root. Interdisciplinary Toxicol 8: 48-54. https://doi.org/10.1515/intox-2015-0005
Moulick S, Roy DN (2024) Bioflavonoid baicalein modulates tetracycline resistance by inhibiting
efflux pump in  Staphylococcus  aureus. Micro Drug Resist 30: 363-371.
https://doi.org/10.1089/mdr.2024.0099

Kumar P, Sharma DK, Farooqui NA (2024) Ziziphus mauritiana: A comprehensive review on
ethnopharmacological, phytochemical and pharmacological properties. Int J Pharm Sci Rev Res
84: 62-70. https://doi.org/10.47583/ijpsrr.2024.v84101.010

Ur Rehman N, Ansari MN, Ahmad W, et al. (2022) GC-MS analysis and in vivo and ex vivo
antidiarrheal and antispasmodic effects of the methanolic extract of Acacia nilotica. Molecules
27:2107. https://doi.org/10.3390/molecules27072107

Eiki N, Manyelo TG, Hassan ZM, et al. (2022) Phenolic composition of ten plants species used
as ethnoveterinary medicines in Omusati and Kunene regions of Namibia. Sci Rep 12: 21135.
https://doi.org/10.1038/s41598-022-25948-y

AIMS Molecular Science Volume 12, Issue 3, 234-254.


https://doi.org/10.2147/idr.s509016
https://doi.org/10.22206/cac.2023.v6i2.3021
https://doi.org/10.3390/antibiotics14060555
https://doi.org/10.3389/fphar.2022.879495
https://doi.org/10.1155/2021/5381993
https://doi.org/10.1007/s12033-024-01169-8
https://doi.org/10.1016/j.micpath.2025.107624
https://doi.org/10.1007/s13205-025-04372-9
https://doi.org/10.53811/ijtcmr.1056770
https://doi.org/10.1515/intox-2015-0005
https://doi.org/10.1089/mdr.2024.0099
https://doi.org/10.47583/ijpsrr.2024.v84i01.010
https://doi.org/10.3390/molecules27072107
https://doi.org/10.1038/s41598-022-25948-y

254

78.

79.

Gupta RC, Doss RB, Lall R, et al. (2019) Babool (Acacia nilotica). In: Nutraceuticals in
veterinary medicine 103—111. https://doi.org/10.1007/978-3-030-04624-8 8

El-Saber Batiha G, Akhtar N, Alsayegh AA, et al. (2022) Bioactive compounds, pharmacological
actions, and  pharmacokinetics of genus  Acacia.  Molecules  27:  7340.
https://doi.org/10.3390/molecules27217340

© 2025 the Author(s), licensee AIMS Press. This is an open access

Ainvs AIMS Press article distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Molecular Science Volume 12, Issue 3, 234-254.


https://doi.org/10.1007/978-3-030-04624-8_8
https://doi.org/10.3390/molecules27217340

