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Background: Moringa oleifera and Moringa peregrina have been extensively 
studied for their medicinal properties, particularly due to their rich content of 
bioactive phytocompounds. While their antibacterial effects on Gram-positive 
bacteria are well documented, there is a paucity of comparative studies on their 
efficacy against Gram-negative multidrug-resistant (MDR) strains found in arid 
regions.
Methods: Leaf extracts of M. oleifera and M. peregrina, collected from Wadi 
Ad-Dawasir in Saudi Arabia, were prepared using ethanol, hot aqueous, and 
cold aqueous extraction methods. Their antibacterial properties were tested 
against Escherichia coli, Pseudomonas aeruginosa, Shigella sonnei, and Shigella 
shiga using the agar well diffusion method, minimum inhibitory concentration 
(MIC) assays (50–200 μg/mL), and scanning electron microscopy (SEM). 
Phytochemical analysis was conducted using gas chromatography–mass 
spectrometry (GC–MS) and standard qualitative methods. Amoxicillin–clavulanic 
acid and tetracycline were used as reference antibiotics.
Results: All extracts showed antibacterial activity, with ethanol extracts 
producing the largest inhibition zones. M. peregrina was particularly effective, 
especially against Sh. sonnei, with an inhibition zone of 24.66 ± 0.17 mm, which 
surpassed that of amoxicillin–clavulanic acid (18.25 ± 1.69 mm). The MIC values 
were generally 50 μg/mL for both species, except for the cold extract of M. 
oleifera against P. aeruginosa, which had an MIC of 100 μg/mL. GC–MS analysis 
identified 31 compounds in M. peregrina, with stigmasterol and β-sitosterol 
being the most abundant. In contrast, M. oleifera was characterized by a profile 
rich in fatty acids. The SEM analysis revealed membrane damage in Sh. sonnei 
treated with the extracts, which included surface collapse, perforation, and 
cytoplasmic leakage.
Conclusion: Both Moringa species demonstrated significant antibacterial 
activity against clinically important Gram-negative strains, with M. peregrina 
occasionally outperforming standard antibiotics. The presence of sterols in 
the phytochemical profile likely enhances their bactericidal action by targeting 
bacterial membranes. These results suggest that Moringa could serve as a 
viable phytotherapeutic option for addressing the growing challenge of Gram-
negative bacterial resistance.
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1 Introduction

Bacterial infections are increasingly becoming life-
threatening, with projections indicating that they may pose a 
greater risk to human health than cancer and become more 
challenging to treat (Murray et al., 2022). The primary factor 
contributing to this threat is the development of resistance by 
bacterial pathogens to antibacterial agents. Antibiotic resistance 
is associated with elevated rates of morbidity and mortality, 
thereby representing a significant threat to public health. The 
ineffectiveness of traditional antibiotics against infections caused 
by both Gram-positive and Gram-negative bacteria has been 
exacerbated by multidrug resistance, complicating treatment 
efforts (Velez and Sloand, 2016; Sharifi-Rad et al., 2025). 
Addressing this issue necessitates the discovery of new 
antibacterial agents to replace those rendered ineffective by 
resistance (Medina et al., 2016; Ziebuhr et al., 1999; Andersson, 
2003). Furthermore, the use of antibiotics in agriculture and 
animal husbandry significantly contributes to the emergence and 
spread of antimicrobial resistance. This problem is further 
aggravated when antibiotics are used for non-therapeutic 
purposes, such as promoting growth in livestock—a practice 
prohibited in many regions, including the European Union since 
2006, due to their established role in accelerating resistance. 
Resistant bacteria that originate from animal production systems 
can be transmitted to humans through the food chain, thereby 
posing a substantial public health concern (Manyi-Loh et al., 
2018). However, the development of new antibacterial agents 
alone is insufficient, as the misuse and overuse of antibiotics in 
human medicine can also lead to drug resistance and recurrent 
infections (Rhen et al., 2003). Historically, traditional medicine 
has utilized plants and their extracts to treat bacterial and fungal 
infections. Consequently, the pharmaceutical industry is 
increasingly focused on developing new drugs derived from 
natural resources. Numerous studies have investigated the 
antibacterial efficacy of traditional plants against microorganisms 
(Sharifi Rad et al., 2014; Bugno et al., 2007). These plants contain 
various secondary metabolites such as phenolic compounds and 
alkaloids that exhibit antimicrobial properties (Sharifi-Rad et al., 
2022; Benmohamed et al., 2023). Alternative treatments are 
gaining popularity in developing countries, partly due to the 
World Health Organization guidelines. This trend has prompted 
experimental and clinical research that underscores the 
significance of plants in medicine (Vijaya and Ananthan, 1997; 
Dilhuydy, 2003).

Plants are recognized as safe, cost-effective, accessible, and 
potent antimicrobial agents for treating a wide range of diseases 
(Sharif and Banik, 2006; Doughari et al., 2007). Although 28,187 
plant species have been documented for medicinal use, only 4,478 
are cited in regulatory literature (Willis, 2017). Among these, 
Moringa, a genus in the Moringaceae family, is notable for its 
significant contributions to traditional medicine, pharmaceuticals, 
and the identification of bioactive components. This genus 
comprises 13 species, including M. oleifera and M. peregrina 
(Quattrocchi, 2012; Fahey et al., 2018). M. oleifera, in particular, 
is of considerable economic and medicinal value. It is often 
referred to as the “miracle tree,” “drumstick tree,” or “the tree of 
life” (Peter, 1979; Banerji et al., 2003; Morton, 1991; Sengupta and 

Gupta, 1970)and is native to India and the sub-Himalayan regions 
of Northern India (Sharma et al., 2011; Pandey et al., 2012). In 
addition, M. oleifera is cultivated and distributed across tropical 
regions of Africa, Arabia, Central America, North America, South 
America, the Philippines, Cambodia, Bangladesh, Pakistan, and 
Sri Lanka (Fahey, 2005). This plant has various medicinal 
properties, including cholesterol-lowering, anticancer, anti-
inflammatory, antioxidant, and antidiabetic effects (Qixia et al., 
2020; Xu et al., 2024).

The various components of M. oleifera are highly nutritious, 
with the leaves being particularly rich in proteins, vitamins, and 
minerals (Avilés-Gaxiola et al., 2021; Cao et al., 2023). Extensive 
research on both fresh and dried leaves of M. oleifera has revealed 
that the dried leaves contain higher concentrations of vitamin B, 
fiber, nutrients, carbohydrates, protein, copper, potassium, 
magnesium, calcium, phosphorus, and iron than fresh leaves. 
Conversely, fresh leaves exhibit elevated levels of vitamins C and 
E (Brilhante et al., 2017; Abe and Ohtani, 2013; Trigo et al., 2020). 
It has been established that fresh leaves possess higher amounts of 
vitamins A and C than carrots and oranges (Fahey, 2005). 
M. peregrina, the second most significant species within the 
Moringaceae family, is primarily found in the Arabian Peninsula 
and the region surrounding the Red Sea (Boulos, 2000). It holds 
potential as a functional food component (Hernandez-Aguilar et 
al., 2021). The seeds of M. peregrina are rich in oil, minerals, 
protein, and essential amino acids (Al-Dabbas et al., 2010; El-Hak 
et al., 2018). Previous studies on the Moringa genus have 
predominantly focused on M. oleifera, particularly its antioxidant 
activities, while the antibacterial properties of M. peregrina have 
received limited attention. A notable research gap exists in the 
comparative analysis of species from arid regions such as Wadi 
Ad-Dawasir, particularly regarding their efficacy against Gram-
negative bacteria in light of the rising issue of antibiotic resistance. 
This study presents a comparative evaluation of the antibacterial 
efficacy of M. oleifera and M. peregrina leaf extracts against four 
clinically significant Gram-negative strains—Sh. sonnei, Sh. Shiga, 
E. coli, and P. aeruginosa—sourced from retrospective certified 
origins. Phytochemical profiling was conducted using gas 
chromatography–mass spectrometry (GC–MS) analysis and 
qualitative tests to correlate chemical signatures with observed 
inhibitory patterns. The objectives of this research are to assess 
the antibacterial activity of ethanol, hot aqueous, and cold 
aqueous extracts of M. oleifera and M. peregrina against the four 
Gram-negative bacterial species, to determine and compare the 
inhibition zones and MIC parameters with those of standard 
antibiotics, to characterize the phytochemical constituents that 
contribute to the observed antibacterial effects, and to visualize 
extract-induced bacterial ultrastructural changes using scanning 
electron microscopy (SEM).

2 Materials and methods

2.1 Plant sample collection and 
authentication

In April 2024, fresh leaves of M. oleifera and M. peregrina were 
collected from Wadi Ad-Dawasir, Saudi Arabia. A botanist at 
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Prince Sattam Bin Abdulaziz University confirmed their 
identification. The collection process complied with the plant-
handling guidelines set forth by the World Health Organization, 
which included shade drying the leaves at 25–30 °C for 2 weeks 
until a stable dry weight was achieved. The leaf samples were then 
stored at 4 °C until they were ready for extraction. Figures 1A,B 
illustrate the representative leaves of M. oleifera and M. peregrina 
used in this study.

2.2 Bacterial strains and biosafety 
compliance

The study utilized four archived Gram-negative bacterial 
isolates—E. coli MTCC 739, P. aeruginosa MTCC 2453, Sh. sonnei 
BMLRU1015, and Sh. Shiga BMLRU1013—obtained with certified 
documentation from the Animal Reproduction Research Institute in 
Egypt. These isolates were transported following the WHO’s triple-
layer containment protocol at 4–8 °C, ensuring the integrity of the 
samples. As the study did not involve direct human or animal 
sampling, ethical approval was not necessary. The research exclusively 
employed archived bacterial isolates, with no direct patient sampling, 
thus exempting it from Institutional Review Board (IRB) review 
according to institutional and national guidelines.

2.3 Preparation of the extracts

2.3.1 Preparation of the hot water extract
To prepare the hot aqueous extract, 50 g of leaves was boiled at 

100 °C in 500 mL of distilled water (1:10 w/v) for 30 min, followed by 
a 24-h steeping period. The resulting filtrates were lyophilized and 
subsequently stored at 4 °C.

2.3.2 Preparation of the cold water extract
For the cold aqueous extract, 50 g of leaves was immersed in 

cold sterile deionized water (4 °C) for 24 h. The mixture was then 
filtered, freeze-dried, and stored at 4 °C (Bhattacharya and 
Chandra, 2014).

2.3.3 Preparation of the ethanol extract
The ethanol extract was obtained by performing Soxhlet 

extraction using 100 g of dried leaves and 95% ethanol (1,000 mL) for 
72 h. The solvent was removed using rotary evaporation at 40 °C, 
resulting in a semi-solid extract, which was then stored at 4 °C (Singha 
Ray et al., 2015).

2.4 Antibacterial testing

2.4.1 Agar well diffusion
Bacterial suspensions standardized to a 0.5 McFarland 

turbidity were evenly applied to Mueller–Hinton agar plates. 
Wells, each measuring 6 mm in diameter, were filled with 100 μL 
of plant extracts at a concentration of 200 μg/mL. The 
experimental setup included a negative control of 1% DMSO and 
positive controls consisting of the antibiotics amoxicillin–
clavulanic acid (30 μg) and tetracycline (30 μg). The plates were 
incubated at 37 °C for 24 h, after which the diameters of the 
inhibition zones were recorded in millimeters, with each 
measurement performed in triplicate (Bhattacharya and 
Chandra, 2014).

2.4.2 Minimum inhibitory concentration (MIC)
Plant extract dilutions were prepared at concentrations of 50, 

100, and 200 μg/mL. The MICs were determined through agar 
well inoculation against standardized bacterial strains (Klančnik 
et al., 2010; Cowan, 1999).

2.4.3 SEM sample preparation of bacterial cells
The effect of the M. peregrina ethanol extract on the 

morphology of Sh. sonnei was investigated using SEM. Bacterial 
suspensions, at a concentration of 108 CFU/mL, were treated with 
the M. peregrina extract to achieve a final concentration of 
0.5 mg/L and were incubated overnight at 37 °C. A negative 
control consisting of untreated Sh. sonnei was processed in 
parallel. Post-incubation, the samples were washed with saline, 
centrifuged, and fixed with 2.5% glutaraldehyde at 4 °C for 2 h. 
The samples were then washed with phosphate buffer, post-fixed 
in 1% osmium tetroxide, dehydrated through a graded ethanol 
series, and subjected to critical point drying. Finally, The 
specimens were coated with an Au–Pd alloy and examined using 
a Quanta 250 scanning electron microscope (FEI, Hillsboro, OR, 
USA) at an accelerating voltage of 25 kV.

2.4.4 Antibiotic interpretation
The inhibition zones were evaluated following the guidelines 

of the Clinical and Laboratory Standards Institute (CLSI, 2022) 
and the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST, 2022). Bacteria were classified as susceptible 
(S), intermediate (I), or resistant (R) based on established 
reference breakpoints. Quality control strains were incorporated 
to ensure the validity, reproducibility, and accuracy of the assay. 
This standardization enabled meaningful comparisons between 
the antibacterial efficacy of the plant extracts and that of 
conventional antibiotics.

FIGURE 1

(A) Moringa oleifera leaves, characterized by bright green, pinnate 
leaflets. (B) Moringa peregrina leaves, noted for their slender, pale, 
thread-like appearance.
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2.5 Phytochemical analysis

2.5.1 Gas chromatography–mass spectrometry 
(GC–MS) analysis of phytochemical constituents

The ethanol extracts of M. oleifera and M. peregrina were subjected 
to GC–MS analysis to determine their chemical composition. This 
analysis utilized an Agilent 7890A GC system connected to a 5975C 
mass selective detector, equipped with a DB-5MS capillary column. 
Before injection, the extracts were filtered through a 22 μm membrane, 
and 1 μL of each sample was analyzed under standard conditions. 
Helium was used as the carrier gas, maintaining a constant flow rate 
of 1 mL/min. The injector temperature was set at 280 °C, while the 
column oven was programmed to reach a maximum of 300 °C. Mass 
spectra were recorded in electron impact (EI) mode with an ionization 
energy of 70 eV (Aljuhani et al., 2024).

2.5.2 Qualitative phytochemical screening
To test for steroids, 1 gram of the plant extract was dissolved in a 

small volume of acetic acid, followed by the addition of a drop of 
concentrated H₂SO₄. The presence of steroids was confirmed by the 
appearance of a green tint (Talukdar and Chaudhary, 2010). For 
saponins, 2 g of the powdered sample was heated in 20 mL of distilled 
water. After filtration, 10 mL of the filtrate was combined with 5 mL 
of distilled water and shaken vigorously. The formation of froth 
indicated the presence of saponins (Alamzeb et al., 2013). The alkaloid 
test involved mixing 1 mL of Meyer’s reagent with 2 mL of the extract, 
and the appearance of a pale-yellow precipitate confirmed their 
presence (Talukdar and Chaudhary, 2010). For terpenoids, 0.2 g of 
each test sample was mixed with 2 mL of chloroform and 3 mL of 
concentrated H₂SO₄. The appearance of a red-brown color confirmed 
the presence of terpenoids (Alamzeb et al., 2013).

Flavonoid Detection: The Shinoda test was conducted by mixing 
4 mL of the extract with 1.5 mL of a 50% methanol solution, followed 
by the addition of a small piece of magnesium. The mixture was then 
heated, and 5–6 drops of concentrated hydrochloric acid (HCl) were 
subsequently added. The appearance of a reddish hue indicated the 
presence of flavonoids (Talukdar and Chaudhary, 2010). Glycoside 
Detection: In the Molisch’s reagent test, 5 mL of Molisch’s reagent and 
concentrated H₂SO₄ were added to the extract. The development of a 
violet color confirmed the presence of glycosides (Alamzeb et al., 

2013). The qualitative phytochemical analysis aimed to identify key 
bioactive compounds that may contribute to antibacterial activity, 
allowing for preliminary correlations with the observed inhibition 
zones. Although quantitative analyses, such as HPLC, can provide a 
more detailed assessment, this study prioritized qualitative screening 
as an initial approach. Future investigations should focus on 
quantifying these compounds to establish stronger correlations.

2.6 Statistical analysis

Data are presented as mean ± standard deviation (SD) from three 
replicates. Differences in means were deemed significant at a p-value 
of < 0.05, as determined by one-way ANOVA. GraphPad Prism 7.0 
(GraphPad Software, Inc.) was utilized for data analysis and figure 
preparation.

3 Results

The study evaluated the antibacterial efficacy of leaf extracts from 
M. oleifera and M. peregrina, collected from the Wadi Ad-Dawasir 
region, against four Gram-negative bacterial strains. This investigation 
aimed to assess the inhibitory effects of ethanol, hot aqueous, and cold 
aqueous extracts, with a focus on identifying differences in 
antimicrobial activity specific to each species and solvent. Both 
Moringa species demonstrated significant antibacterial properties, 
with variation evident across the different extraction methods and 
bacterial strains tested.

3.1 Phytochemical analysis

GC–MS analysis revealed the presence of 23 compounds in 
M. oleifera and 31 compounds in M. peregrina, highlighting their 
distinct phytochemical compositions. M. oleifera was characterized by 
a predominance of fatty acids, including cis-vaccenic acid (15.09%), 
stearic acid (13.85%), linoleic acid (9.16%), palmitic acid (8.55%), and 
oleic acid (5.38%), as well as terpenoids such as phytol (4.35%) and 
neophytadiene (3.06%). In contrast, M. peregrina was primarily 

FIGURE 2

(A) GC–MS total ion chromatogram (TIC) of the M. oleifera leaf extract, showing the major phytochemical peaks across the retention time range. 
(B) GC–MS total ion chromatogram (TIC) of the M. peregrina leaf extract, illustrating the characteristic chemical profile and corresponding retention 
time peaks.
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composed of sterols, notably stigmasterol (18.52%) and β-sitosterol 
(16.05%), along with hydrocarbons and derivatives of long-chain 
alcohols (Figure 2; Table 1). The qualitative phytochemical assays 
supported these findings, identifying flavonoids, saponins, alkaloids, 
glycosides, and steroids in both plant extracts. Notably, saponins were 
more abundant in M. peregrina, whereas alkaloids and steroids were 
more prevalent in M. oleifera. It is important to note that terpenoids 
were not detected in either species, as illustrated in Table 2.

3.2 Antibacterial activity

3.2.1 Inhibition zone assay
The study revealed that all extracts exhibited inhibitory effects 

against the tested Gram-negative bacteria, which included Shigella 
shiga, Pseudomonas aeruginosa, Escherichia coli, and Shigella sonnei. 
Among the extracts, ethanol extracts were the most effective, with the 
M. peregrina ethanol extract achieving an inhibition zone of 
24.66 ± 0.17 mm against Sh. sonnei, surpassing the inhibition zone of 
18.25 ± 1.69 mm observed with amoxicillin–clavulanic acid. The hot 
aqueous extracts demonstrated moderate antibacterial activity, with 
inhibition zones ranging from 21.77 ± 0.43 to 22.74 ± 0.39 mm for 
M. oleifera and from 22.69 ± 0.08 to 22.82 ± 1.07 mm for M. peregrina. 
Conversely, the cold aqueous extracts generally produced smaller 

inhibition zones, except in the case of Shigella shiga, where a more 
significant inhibitory effect was noted. Notably, none of the Gram-
negative bacteria showed resistance to any of the extracts tested 
(Figure 3).

3.2.2 Minimum inhibitory concentration (MIC)
The analysis of the MIC further corroborated the inhibitory effects 

of both species across various extraction solvents (Table 3). All extracts 
demonstrated significant antimicrobial activity, with MIC values 
consistently recorded at 50 μg/mL for E. coli, Shigella shiga, and Sh. sonnei 
in both M. oleifera and M. peregrina. A single deviation was observed: 
the cold aqueous extract of M. oleifera required 100 μg/mL to inhibit the 
growth of P. aeruginosa, whereas all other extracts—including those of 
M. peregrina—achieved inhibition at 50 μg/mL. This observation 
suggests that cold aqueous extraction may be less effective in solubilizing 
the active antibacterial constituents of M. oleifera, particularly against 
P. aeruginosa, a strain known for its high intrinsic resistance.

3.2.3 Comparative analysis
Table 3 presents the bactericidal activity of ethanol extracts from 

M. oleifera and M. peregrina, using amoxicillin–clavulanic acid as a 
control. M. peregrina exhibited the largest zones of inhibition, 
measuring 23.27 ± 0.52 mm against P. aeruginosa and 24.66 ± 0.17 mm 
against Sh. sonnei, indicating strong antibacterial activity against both 
Gram-negative bacteria. In comparison, M. oleifera exhibited slightly 
smaller inhibition zones of 22.32 ± 0.56 mm and 23.67 ± 0.25 mm, 
while amoxicillin–clavulanic acid demonstrated the smallest inhibition 
zones of 21.57 ± 1.25 mm and 18.25 ± 1.69 mm against the same 
bacteria. Notably, for E. coli, amoxicillin–clavulanic acid achieved the 
largest inhibition zone of 24.92 ± 1.26 mm, whereas M. oleifera showed 
the largest inhibition zone of 23.14 ± 0.16 mm against Sh. shiga. The 
ethanol extracts of Moringa species exhibited larger inhibition zones 
compared to the antibiotic (Figure 4). A comparison between the hot 
and cold extracts of M. oleifera and M. peregrina, with amoxicillin–
clavulanic acid as a control, revealed that the antibiotic exerted a 
strong effect on E. coli and Sh. shiga, with inhibition zones of 
24.92 ± 1.26 mm and 22.82 ± 1.41 mm, respectively. This was followed 
by the M. peregrina extracts, with an inhibition zone of 
22.69 ± 0.22 mm for E. coli, and the M. oleifera extracts, with an 
inhibition zone of 22.58 ± 0.27 mm for Sh. shiga. However, the 
M. peregrina extracts exhibited the highest inhibition zones of 
22.69 ± 0.08 mm and 22.82 ± 1.07 mm against P. aeruginosa and Sh. 
sonnei, respectively, followed by the M. oleifera extracts, with inhibition 
zones of 21.77 ± 0.43 mm and 22.74 ± 0.39 mm, respectively. 
Amoxicillin–clavulanic acid showed the lowest inhibition zones for 
these two bacteria, measuring 21.57 ± 1.25 mm and 18.25 ± 1.69 mm. 
It is noteworthy that amoxicillin–clavulanic acid, used as a positive 
control, exhibited the least effect on Sh. sonnei, with an inhibition zone 
of 18.25 ± 1.69 mm. The antimicrobial effects of the cold extracts of 
M. oleifera and M. peregrina were compared with those of amoxicillin–
clavulanic acid. Amoxicillin–clavulanic acid demonstrated the highest 
inhibition zones of 24.92 ± 1.26 mm, 22.82 ± 1.41 mm, and 
21.57 ± 1.25 mm against E. coli, Sh. shiga, and P. aeruginosa, 
respectively—the Gram-negative bacteria evaluated in this study. 
However, it exhibited a smaller inhibition zone of 18.25 ± 1.69 mm 
against Sh. sonnei. The inhibition zones of M. oleifera cold aqueous 
extracts were higher for E. coli and Pseudomonas aeruginosa compared 
to those of M. peregrina extracts. Conversely, the M. peregrina extracts 

TABLE 1  Comparative GC–MS profile of the top 10 phytochemical 
constituents identified in M. oleifera and M. peregrina ethanol extracts.

Top 10 compounds in M. 
oleifera

Top 10 compounds in M. 
peregrina

Compound Area % Compound Area %

Cis-vaccenic acid 15.09% Stigmasterol 18.52%

Stearic acid 13.85% β-Sitosterol 16.05%

Linoleic acid 9.16% Stearic acid 9.08%

Palmitic acid 8.55% Hexacosane 6.17%

Oleic acid 5.38% Heptacosanol 5.90%

Hentriacontane 5.10% Linoleic acid 

derivatives
~6%

2(4H)-Benzofuranone 

derivative

6.99%
Hexatriacontane 5.46%

Neophytadiene 3.06% Triacontane 2.33%

Phytol 4.35% Dotriacontane 4.94%

Triacontane 4.84% Hentriacontane 3.51%

TABLE 2  Phytochemical compounds in the leaf extracts of M. oleifera and 
M. peregrina.

Phytochemical 
compound

M. oleifera M. peregrina

Glycosides + +

Steroids ++ +

Saponins + ++

Alkaloids ++ +

Terpenoids − −

Flavonoids + +
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outperformed in terms of inhibition zones against Sh. shiga and Sh. 
sonnei, measuring 21.69 ± 0.08 mm and 20.61 ± 0.39 mm, respectively. 
It was observed that amoxicillin–clavulanic acid, with an inhibition 
zone of 18.25 ± 1.69 mm, was less effective than the cold extracts of 
the Moringa species against Sh. sonnei.

3.3 Morphological changes in Sh. sonnei 
treated with the Moringa peregrina extract

The untreated Sh. sonnei cells retained their typical smooth, 
elongated rod-shaped morphology, characteristic of healthy Gram-
negative bacilli. These cells exhibited intact and well-defined 
surfaces and a consistent cylindrical structure, with no signs of 
membrane disruption or cytoplasmic leakage, indicating that their 
structural integrity was preserved (Figure 5A). In stark contrast, 
cells treated with the M. peregrina extract displayed significant 
morphological changes, indicative of the extract’s potent 
antibacterial effects. The treated cells experienced severe cell wall 
disruption, including surface collapse, wrinkling, and 
disintegration of the outer membrane. This was further evidenced 

by the presence of deep pits, perforations, and irregular cavities, 
suggesting a loss of membrane integrity. Many cells exhibited 
cytoplasmic leakage and lytic features, appearing shrunken, 
distorted, or fragmented, with some collapsing into amorphous 
forms. Collectively, these observations underscore the extract’s 
ability to compromise bacterial membrane integrity and induce cell 
death (Figure 5B).

4 Discussion

The therapeutic potential of M. oleifera is widely acknowledged, 
largely due to its rich array of phytochemicals, including phenolic 
acids, flavonoids, and alkaloids, which are known to compromise 
bacterial membranes, inhibit cell wall synthesis, and disrupt 
microbial metabolism. This study revealed that leaf extracts from 
both M. oleifera and M. peregrina exhibited antibacterial properties 
against Gram-negative bacteria, despite the inherent resistance 
conferred by their double-membrane cell envelope. The extracts 
prepared using hot water, cold water, and ethanol effectively 
inhibited the growth of E. coli, Sh. shiga, P. aeruginosa, and Sh. 

FIGURE 3

Antibacterial activity of M. oleifera and M. peregrina leaf extracts, showing the zone of inhibition against the tested organisms using cold aqueous, hot 
aqueous, and ethanol extracts (200 μg/mL). Values are presented as means ± standard deviations of triplicate determinations (n = 3). Statistically 
significant differences were considered at a p-value of < 0.05.

TABLE 3  Minimum inhibitory concentration (MIC) of plant extracts against the tested bacteria.

Bacteria species M. oleifera (MIC W/V) M. peregrine (MIC W/V)

Cold aqueous 
extract

Hot aqueous 
extract

Ethanol 
extract

Cold aqueous 
extract

Hot aqueous 
extract

Ethanol 
extract

E. coli 50 50 50 50 50 50

Shigella shiga 50 50 50 50 50 50

Pseudomonas aeruginosa 100 50 50 50 50 50

Shigella sonnei 50 50 50 50 50 50
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sonnei, supporting previous findings that Moringa extracts are 
potent natural antimicrobial agents (Klančnik et al., 2010; Cowan, 
1999). Consistent with earlier research (Cowan, 1999; Kowalska-
Krochmal and Dudek-Wicher, 2021), the ethanol extracts produced 
the most significant inhibition zones, indicative of the superior 
solubility and extraction efficiency of bioactive compounds in 
organic solvents. Our MIC results further confirmed the strong 
antibacterial activity of both Moringa species, with the majority of 
extracts inhibiting bacterial growth at a concentration of 50 μg/
mL. The only exception was the cold aqueous extract of M. oleifera 

against P. aeruginosa, which required a higher MIC of 100 μg/
mL. This finding is consistent with the well-documented resilience 
of P. aeruginosa due to its restrictive outer membrane and efflux 
systems (Hancock and Speert, 2000).

The superior performance of hot water extracts over cold water 
extracts aligns with previous research indicating that extraction 
temperature plays a crucial role in determining phytochemical 
concentration and efficacy (Cowan, 1999). These findings collectively 
affirm the therapeutic potential of the Moringa species, consistent with 
earlier studies demonstrating their antibacterial properties (Rahman et 

FIGURE 4

A comparison of the antibacterial activity of M. oleifera and M. peregrina leaf extracts using cold and hot extraction methods, alongside a standard 
antibiotic (amoxicillin–clavulanic acid). Bar charts represent the zones of inhibition (mm) against four bacterial strains (E. coli, Sh. shiga, P. aeruginosa, 
and Sh. sonnei). Blue bars indicate the cold extracts, red bars indicate the hot extracts, and green bars represent the antibiotic control. Error bars show 
the mean ± standard error for each treatment.

FIGURE 5

Scanning electron microscopy (SEM) of S. sonnei before and after treatment with the ethanol extract of M. peregrina. (A) Untreated Sh. sonnei cells are 
characterized by their smooth, elongated rod-shaped morphology, with intact outer membrane surfaces that exhibit uniform contours. There was no 
indication of membrane disruption, perforation, or cytoplasmic leakage, suggesting that their structural integrity was preserved. (B) In contrast, Sh. 
sonnei cells treated with the M. peregrina ethanol extract (0.5 mg/mL) showed marked ultrastructural damage. This included surface collapse, deep 
membrane perforation, irregular cavities, wall rupture, and leakage of cytoplasmic contents. Numerous cells appeared distorted, shrunken, and 
structurally fragmented, providing evidence of the extract’s bactericidal effect on membrane structure.
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al., 2009). The GC–MS analysis provided further insights into the 
phytochemical variation underlying these antibacterial effects. M. oleifera 
was found to be rich in unsaturated fatty acids—such as cis-vaccenic, 
linoleic, and oleic acids—recognized for their potent anti-inflammatory 
and antioxidant activities (Anwar and Rashid, 2007; Leone et al., 2015). 
Additionally, terpenoids such as phytol and neophytadiene, known for 
their antimicrobial and cytotoxic properties, likely contributed to the 
extract’s activity. Conversely, M. peregrina exhibited a sterol-dominated 
profile, with stigmasterol and β-sitosterol constituting more than 
one-third of the extract. These phytosterols are associated with 
cholesterol-lowering, anticancer, and immunomodulatory effects 
(Kumar et al., 2019). The phytochemical distinction—fatty-acid 
dominance in M. oleifera and sterol enrichment in M. peregrina—aligns 
with previous reports on species-specific chemical variation within the 
genus Moringa (Al-Owaisi et al., 2014). Notably, similar sterol-driven 
antimicrobial actions were documented in a previous study (Xu et al., 
2025), where sterol-like compounds induced membrane disruption in 
Gram-negative pathogens, supporting our observed potency of sterol-
rich M. peregrina. SEM imaging further substantiated the antibacterial 
mechanisms inferred from GC–MS data. Untreated Sh. sonnei cells 
maintained smooth, intact rod-shaped morphology, whereas cells 
exposed to the M. peregrina extract exhibited severe structural damage, 
including membrane collapse, perforation, and leakage of intracellular 
contents—which are the characteristics of bactericidal action. These 
morphological changes strongly suggest that phytosterols (stigmasterol 
and β-sitosterol) and fatty acids (linoleic derivatives), as identified by 
GC–MS, compromise membrane integrity and induce cell death. 
Comparable membrane-disruptive effects of plant-derived sterols have 
also been reported in Journal of Medicinal Chemistry, 2025 (Xu et al., 
2025), providing external validation for our observations. Overall, the 
combined antimicrobial assays, GC–MS profiling, and SEM imaging 
indicated that both M. oleifera and M. peregrina possess significant 
antibacterial potential, with M. peregrina demonstrating comparatively 
stronger activity—likely due to its sterol-rich chemical composition. 
These results underscore the pharmacological value of the Moringa 
species native to the Wadi Ad-Dawasir region and highlight the 
importance of preserving local biodiversity. Future research should focus 
on isolating individual bioactive compounds, evaluating synergistic 
interactions, and validating the efficacy through in vivo studies. These 
investigations may ultimately support the development of Moringa-
derived therapeutic agents capable of combating Gram-negative bacterial 
infections, particularly in the context of rising antibiotic resistance.

5 Conclusion

This research establishes that leaf extracts from M. oleifera and 
M. peregrina, collected from the Wadi Ad-Dawasir region, possess 
notable antibacterial activity against clinically significant Gram-negative 
bacteria. The ethanol extracts were particularly effective, with 
M. peregrina demonstrating greater efficacy than amoxicillin–clavulanic 
acid against Sh. sonnei (24.66 ± 0.17 mm vs. 18.25 ± 1.69 mm) and 
showing superior overall antibacterial activity. GC–MS analysis revealed 
that M. peregrina is rich in sterols, while M. oleifera contains a higher 
concentration of fatty acids, suggesting that these phytochemicals 
contribute to their antibacterial effectiveness. The chemical profiles 
corresponded with the cellular effects observed, as SEM imaging showed 

direct membrane-targeting actions, including significant surface 
collapse, perforation, cytoplasmic leakage, and severe structural 
deformation, in Sh. sonnei cells treated with the extracts. These 
ultrastructural changes confirm the bactericidal action of the extracts, 
supporting a mechanism of membrane destabilization rather than simple 
growth inhibition. The minimum inhibitory concentration (MIC) values, 
predominantly 50 μg/mL, further confirm the strong antimicrobial 
activity of both species at low concentrations, highlighting their 
therapeutic potential. Overall, these results emphasize the potential of 
Moringa species, especially M. peregrina, as promising phytotherapeutic 
agents against drug-resistant Gram-negative infections. Future 
investigations should focus on isolating bioactive compounds, assessing 
synergistic effects with existing antibiotics, and conducting in vivo 
studies to advance their clinical applications.
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