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ABSTRACT

Growing concerns about food safety and the limitations of chemical preservatives have increased interest in natural
antimicrobial sources. This study evaluated the antibacterial activity of root and leaf extracts from Chelidonium majus L.
(greater celandine), collected from various regions in northern Iran, against three major foodborne pathogens: Escherichia
coli, Listeria monocytogenes, and Staphylococcus aureus. Methanol was used for extraction, and antibacterial activity was
assessed by the agar well diffusion method within a three-factor factorial design (geographical origin x plant organ x bacterial
species). Data were analyzed using three-way ANOVA and Tukey’s post hoc test. Results showed significant main effects of
plant organ, geographical source, and bacterial species on inhibition-zone diameters. Specifically, root extracts were more
effective than leaf extracts, exhibiting the strongest inhibition against Gram-positive bacteria (L. monocytogenes and S.
aureus). S. aureus consistently far more sensitive than L. monocytogenes, phytochemical analysis revealed a significant
influence of geographical origin (genotype) on total alkaloid and total phenol contents of the extracts. A strong positive
correlation was observed between total alkaloid content (notably in samples from the Kordkuy and Noor regions) and inhibitory
potency against Gram-positive bacteria, whereas the correlation with total phenols was weaker. These findings suggest that
alkaloids play a primary role in the antibacterial activity of celandine extracts, with phenolic compounds contributing through
potential synergistic effects. Furthermore, the relative resistance of E. coli underscores the role of outer membrane structure
in Gram-negative bacteria. Overall, the results highlight the impact of genetic and geographical diversity on the phytochemical
profile and, consequently, the antibacterial efficacy of plant extracts as potential natural agents in food safety applications.
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INTRODUCTION

The global rise in foodborne pathogens, coupled with increasing restrictions on synthetic preservatives and antibiotics, poses a significant
challenge for food safety and public health [1,2]. Regarding the emergence of microbial resistant strains to chemical drugs, it was important
to make efforts for finding new antimicrobial factors with fewer side effects for substituting chemical drugs [3]. Bacteria such as
Escherichia coli, Listeria monocytogenes, and Staphylococcus aureus are not only major causes of food poisoning but also rapidly adapt
to chemical stress, reducing the effectiveness of many conventional control agents. This trend has spurred interest in natural, sustainable,
and multi-mechanism approaches, which are at the forefront of contemporary research in food science and technology [2,4-6].

Plant secondary metabolites are widely recognized as rich reservoirs of bioactive molecules with diverse structures and cellular targets
that can limit microbial growth and survival. They can disrupt cell membranes, inhibit enzymatic pathways, and interfere with nucleic
acid synthesis [7,8]. Consequently, plant extracts have attracted attention as potential natural antimicrobial agents for integration into food
processing and preservation systems [9]. In a study, crude ethanolic extract of Cuminum cyminum L had antimicrobial properties [10].
The Papaveraceae family holds a prominent place in pharmacognosy and applied microbiology, particularly due to the production of
isoquinoline alkaloids with potent biological activity. C majus L. is well known as an indicator species for compounds such as
sanguinarine, chelidonine, and berberine, alkaloids that have demonstrated potent and selective antibacterial effects against a range of
Gram-positive and Gram-negative bacteria [11-13].

Nevertheless, existing evidence has largely focused on the overall biological activity of C. majus extracts rather than on a systematic
understanding of the factors that determine the intensity, selectivity, and duration of antibacterial effects. From a chemical-ecology
perspective, geographical origin and environmental conditions (soil type, moisture, light intensity, biotic stresses) can markedly influence
biosynthetic pathways and, consequently, the phytochemical profiles of different plant organs. This chemical heterogeneity can lead to
substantial variation in antibacterial efficacy against foodborne pathogens [14-16].

Moreover, structural differences between gram-positive and Gram-negative bacteria, particularly the lipopolysaccharide-rich outer
membrane and active efflux systems in Gram-negatives, act as important physicochemical barriers to the penetration of plant compounds
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and shape antibacterial selectivity patterns [17-19]. Therefore, a simultaneous analysis of plant characteristics (organ and genotype) and
microbial target characteristics is essential for designing effective natural pathogen-control strategies in food systems [11,20].

In this context, the present study employs a factorial, multi-regional approach to evaluate the antibacterial activity of C. majus L. root and
leaf extracts collected from different ecotypes in northern Iran against three foodborne pathogens: E. coli, L. monocytogenes, and S. aureus.
The innovation of this study lies in integrating a three-factor statistical design with ecological-phytochemical interpretation, enabling
quantitative elucidation of the relative roles and interactions of each factor in determining the intensity and selectivity of microbial
inhibition.

MATERIALS AND METHODS

Collection and Preparation of Plant Samples

Seeds of C majus L. were collected from multiple geographical locations in northern Iran, including Nowshahr, Gorgan, Shastakola,
Kordkuy, Tonekabon, Langarud, Kabudwal, Noor, Aliabad, Babolsar, Azadshahr, and Behshahr. Botanical identification was verified by
a specialist. To minimize the effects of environmental variation, seeds from all locations were cultivated under uniform climatic and soil
conditions in Gorgan. Following maturation, root and leaf tissues were harvested separately, thoroughly washed, and shade-dried at room
temperature.

Extraction Procedure and Yield

For extraction, 1 g of dried plant powder was mixed with 5 mL of methanol and incubated for 48 h under controlled temperature with
constant agitation. The mixture was then filtered, and the solvent was evaporated using a rotary evaporator at 40 °C. The resulting dry
extract was weighed to determine the extraction yield, expressed as milligrams of dry extract per gram of dry plant material (mg/g DW).
Extracts were stored at 4 °C until antibacterial analysis. In preliminary solvent compatibility tests, both distilled water and dimethyl
sulfoxide (DMSO) were assessed as reconstitution solvents; distilled water was chosen for subsequent antibacterial assays [21].

Bacterial Strains and Culture Conditions
Three foodborne pathogenic bacteria E. coli, L. monocytogenes, and S. aureus were obtained from the microbial culture collection of the
Food Industry Group, Gorgan University of Agricultural Sciences and Natural Resources. Bacterial strains were activated in Nutrient
Broth and subsequently cultured on Mueller—Hinton agar for antibacterial assays. Bacterial suspensions were standardized to 0.5
McFarland to ensure uniform inoculum density.

Evaluation of Antibacterial Activity

Antibacterial activity was assessed using the agar well diffusion method. After evenly spreading the bacterial suspension on Mueller—
Hinton agar plates, wells of uniform diameter were created, and 70 uL of plant extract was added to each well. Plates were incubated at
37 °C for 24 h, after which inhibition zones were evaluated [22].

Measurement of Inhibition Zones using Image Processing

Quantitative measurement of inhibition zone diameters was performed using digital image analysis. Images of Petri dishes containing
bacterial cultures and inhibition zones were captured using a 48-megapixel smartphone camera under uniform lighting conditions at an
approximate distance of 15 cm from the Petri dish surface. A reference object with a known length was included in each image for scale
calibration.

Image processing and analysis were conducted using Python (version 3.11) and the OpenCV library. Images were converted to grayscale
and preprocessed using adaptive thresholding and noise-reduction filters. Edge detection was applied to accurately segment inhibition
zones from the culture medium, and inhibition zone diameters were calculated quantitatively and expressed in millimeters. This image-
based measurement approach reduces operator bias and improves reproducibility of inhibition zone assessment [23].

Phytochemical Analysis

Total alkaloid content of C. majus L. extracts was determined using a spectrophotometric method. Briefly, 0.1 g of dried plant material
was extracted with 10 mL of 80% methanol, and the absorbance of the resulting solution was measured at 470 nm using a UV—Vis
spectrophotometer. Atropine was used as the reference standard, and total alkaloid content was expressed as milligrams of atropine
equivalents per gram of dry weight (mg AE/g DW) [24].
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Fig. 1 Standard calibration curve of atropine



Total phenolic content was determined using the Folin—Ciocalteu colorimetric method with minor modifications. Absorbance was
measured at 760 nm using a spectrophotometer. Total phenolic content was calculated based on a gallic acid calibration curve and
expressed as milligrams of gallic acid equivalents per gram of dry weight (mg GAE/g DW) [25].
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Fig. 2 Standard calibration curve of gallic acid

Experimental Design and Statistical Analysis

The experiment was conducted as a three-factor factorial design (geographical origin X plant organ X bacterial species) in a completely
randomized design with three replications. Data were analyzed using three-way analysis of variance (ANOVA), and mean comparisons
were performed using Tukey’s HSD test. Statistical analyses were carried out using SAS software version 9.3.

RESULTS AND DISCUSSION

Three-way factorial ANOVA revealed significant main effects of treatment (geographical origin), plant organ, and bacterial species on
the diameter of the inhibition zone (p < 0.05). Significant two-way and three-way interactions were also observed, indicating that
antibacterial activity depended on the combined effects of plant source, organ, and bacterial species (Table 1).

Table 1 Three-way factorial ANOVA indicated significant main and interaction effects of geographical origin, plant organ, and bacterial species on
inhibition zone diameter (p < 0.05).

S.0.V Df SS MS F-value p- value
Geographical origin 11 24.49 2.22 18.33 <0/0001
Plant organ 1 561 561 4625 <0/0001
Bacteria 2 128 64 530 <0/0001
Geographical origin x Plant organ 11 28.23 2.56 21.13 <0/0001
Geographical origin x Bacteria 22 23 1.06 8.75 <0/0001
Plant organ x Bacteria 2 134 67.03 554 <0/0001
Geographical origin x Plant organ xBacteria 22 20 0.94 7.75 <0/0001
Error 144 17 0.12 - -

The extremely large effect size of the plant organ reflects the near-zero inhibition observed in leaf extracts compared with consistently
high inhibition by root extracts. Significant two-way and three-way interactions further indicate that antibacterial activity depends on the
combined influence of geographical origin, organ type, and bacterial target (Table 2).

Table 2 partial eta squared (n?) values represent the proportion of variance explained by each effect after controlling for other factors. Interpretation follows
Cohen (1988): small (>0.01), moderate (>0.06), and large (>0.14

Effect Partial n>  Effect size
Geographical origin 0/583 Large
Plant organ 0/970 Large
Bacteria 0/880 Large
Geographical origin * Plant organ 0/617 Large
Geographical origin * Bacteria 0/572 Large
Plant organ * Bacteria 0/885 Large
Geographical origin * Plant 0/542 Large
organ*Bacteria

Tukey's HSD test (o= 0.05) demonstrated that the antibacterial activity of C. majus extracts was significantly influenced by the interaction
between geographical origin, plant organ, and bacterial species (Table 3). Overall, leaf extracts exhibited negligible antibacterial activity
across almost all geographical origins. Detectable inhibition was observed only against E. coli in extracts from Nowshahr (0.21 mm),
Shastkola (0.31 mm), and Kaboodwal (0.26 mm), whereas no inhibitory effect was detected against L. monocytogenes or S. aureus in any
leaf extract.



In contrast, root extracts exhibited antibacterial activity against all three bacterial species across all geographical origins, although the
magnitude of inhibition varied significantly among origins. Against S. aureus, the largest inhibition zones were recorded for Babolsar
(6.81 mm), Behshahr (6.55 mm), and Tonekabon (6.41 mm), whereas the smallest was observed for Nowshahr (2.99 mm). For L.
monocytogenes, the strongest activity was obtained from Noor (3.17 mm), Behshahr (3.06 mm), and Babolsar (3.05 mm). No detectable
inhibition was observed for the Shastkola root extract, while Kaboodwal showed the lowest measurable activity (0.84 mm). Against E.
coli, the Noor root extract produced the largest inhibition zone (3.53 mm), whereas Aliabad (0.75 mm) and Kordkuy (0.78 mm) exhibited
the weakest antibacterial activity.

Mean comparisons further revealed significant differences among the bacterial species. S. aureus exhibited significantly larger inhibition
zones than both L. monocytogenes and E. coli, while L. monocytogenes was significantly more susceptible than E. coli (P < 0.05). These
findings indicate a clear susceptibility gradient, with S. aureus being the most sensitive species, followed by L. monocytogenes, whereas
E. coli was consistently the most resistant. Although E. coli displayed greater variability in inhibition zone diameter among geographical
origins, its inhibition zones remained consistently smaller than those of the two Gram-positive bacteria. Overall, root extracts consistently
demonstrated substantially greater antibacterial activity than leaf extracts, confirming that the antibacterial efficacy of C. majus depends
strongly on plant organ as well as geographical origin. The pronounced variation among geographical origins further suggests that genetic
and environmental factors associated with plant provenance contribute significantly to the antibacterial potential of C. majus root extracts.
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Fig. 3 Comparison of antibacterial effects of roots and leaves on three bacterial strains: E. coli, L. monocytogenes, and S. aureus. (K.k (Kordkuy), N sh
(Nowshahr), N (Noor), A.a (Aliabad), L.r (Langarud), T (Tonekabon), B.s (Babolsar), B.sh (Behshahr), Sh k (Shast kola), A.sh (Azadshahr), K.w
(Kaboodwal), G(Gorgan).)

Table 3 effect of geographical origin on antibacterial activity of plant extract

Geographical origin ~ E. coli (Leaf)  E. coli (Root) L. monocytogenes (Leaf) L. monocytogenes (Root)  S. aureus (Leaf) S. aureus (Root)

Nowshahr 0.210 ¢ 1.173 dc 0.0a 1.993 ab 0.0a 2993 ¢
Gorgan 0.0d 2.320 ab 00a 29a 00a 4.817b
Shastkola 0.307 a 2.353 ab 0.0a 0.0c 0.0a 6.067 ab
Kordkuy 0.0d 0.783 ¢ 00a 2.813a 00a 4.703 b
Tonekabon 0.0d 1.647 bc 0.0a 2.070 ab 0.0a 6.413 a
Langarud 0.0d 1.723 be 00a 2910 a 00a 5.820 ab
Kaboodwal 0.257b 1.460 bc 0.0a 0.837 bc 0.0a 4.663 b
Noor 0.0d 3.527a 0.0a 3.173 a 0.0a 5.420 ab
Aliabad 0.0d 0.747 ¢ 0.0a 2.103 ab 0.0a 4907 b
Babolsar 0.0d 2.267 ab 0.0a 3.053 a 0.0a 6.813 a
Azadshahr 0.0d 2.890 a 0.0a 2.997 a 0.0a 6.180 ab
Behshahr 0.0d 2723 a 0.0a 3.057 a 0.0a 6.553 a

Means followed by different superscript letters within each column are significantly different according to tukeys HSD test at p<(0.05.

Geographical variation in antibacterial efficacy was significant, as demonstrated by the interaction between geographical origin and
bacterial species. Mean inhibition zone diameters ranged from approximately 0.3 in the least effective treatments (e.g., Kabudwal and
Aliabad) to values greater than 1.7 in the most effective treatments (e.g., Noor).
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Fig. 4 (a): Root growth inhibition zone of C. majus L. Behshahr region on S. aureus. (b): Leaf growth inhibition zone of C. majus L. Behshahr region on
S. aureus (c): IC50 test of five concentrations of C. majus L. root extract on S. aureus bacteria

Regions such as Kordkuy, Tonekabon, Langarud, and Azadshahr showed significantly larger inhibition zones against L. monocytogenes
and S. aureus compared to E. coli. The difference between E. coli and Gram-positive bacteria was particularly pronounced in these regions,

with inhibition zone diameters exceeding 1 mc in many cases.
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Fig. 5 Comparison of the control rate of foodborne pathogens in leaf and root extracts.

ANOVA revealed significant effects of plant geographical origin on both total alkaloid and total phenolic content at the 1% probability
level. This indicates substantial intraspecific genetic variation in the concentration of bioactive compounds among the populations studied
(Table 4).

The highest total alkaloid contents were observed in samples from the Kordkuy, Nowshahr, Noor, and Aliabad regions, while the lowest
values were measured in Gorgan, Kabudwal, and Azadshahr samples. For total phenolic content, Noor exhibited the highest levels,
followed by Shastakola, Kordkuy, and Aliabad, while Kabudwal and Azadshahr showed the lowest concentrations.

Table 4 One- way Analysis of variance was performed separately for phytochemical traits.

Ne) DF MS

Alkaloids Phenols
Treatment 11 0.002060 ** 13.9
Experimental error 24 0.000014 0.2230
(6)% 7.9 9.61

Significance levels: p <0.05 (*), p<0.01 (**)
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The results of this study demonstrate that Gram-positive bacteria (L. monocytogenes and S. aureus) were more sensitive to the extracts
than the Gram-negative bacterium (E. coli). This selective antibacterial effect is consistent with established knowledge on the structural
differences between Gram-positive and Gram-negative bacteria. Gram-negative bacteria have an outer lipopolysaccharide membrane and
efflux systems that act as barriers to the penetration of many plant-derived antimicrobial compounds, thereby reducing their susceptibility
[17,26]. Similar patterns have been reported in other studies, where Gram-positive bacteria were found to be more susceptible to plant
extracts and essential oils [4, 27], validating the current findings.

Root extracts consistently exhibited superior antibacterial effects over leaf extracts. This observation is likely due to the higher
concentration of bioactive compounds such as alkaloids in the roots, which are specifically produced to combat soil-borne pathogens.
Roots are in continuous contact with the rhizosphere and, as a result, accumulate more defensive secondary metabolites [11,28]. This
finding is consistent with the findings of Fazeli Nasab (2023), who reported significant differences in the antibacterial activity of methanol
extracts of different medicinal plants and highlighted the role of phytochemical composition in determining their antimicrobial potential.
The near-zero inhibition zones observed for leaf extracts, despite occasional statistical significance, were biologically negligible [29]. This
reinforces the notion that leaf extracts, while containing antimicrobial compounds, may not be as potent as root extracts.

The significant geographical variation in antibacterial activity observed in this study can primarily be attributed to genetic differences
between populations. These differences could be shaped by local environmental factors, such as soil composition and climate, which
influence the biosynthetic pathways of secondary metabolites [30,31]. The Noor and Kordkuy regions, in particular, displayed stronger
antibacterial efficacy, likely due to the higher concentrations of bioactive alkaloids in these populations. In contrast, regions such as
Kabudwal and Aliabad, which showed lower antibacterial activity, may harbor less productive genotypes or plants that produce fewer
antimicrobial compounds.

A clear correlation was observed between total alkaloid content and antibacterial activity, especially against Gram-positive bacteria.
Samples from the Noor and Kordkuy regions, which had higher levels of total alkaloids, also demonstrated wider inhibition zones,
particularly against S. aureus and L. monocytogenes. Known isoquinoline alkaloids such as sanguinarine have been shown to possess
potent antibacterial activity by disrupting cell membrane integrity and interfering with bacterial protein function [32,34]. In contrast, total
phenolic content did not show a direct and consistent relationship with antibacterial potency. This suggests that phenolic compounds might
act synergistically with alkaloids but are not the primary determinants of antibacterial activity [4,15].

The findings of this study suggest that root extracts, especially those from alkaloid-rich genotypes such as those from Noor and Kordkuy,
hold considerable promise as natural antibacterial agents, particularly against Gram-positive foodborne pathogens. While leaf extracts
also possess some antibacterial properties, they are more suitable for complementary or combined uses rather than as primary antimicrobial
agents [33].



CONCLUSION

This study demonstrates that the antibacterial activity of C. majus L. extracts is strongly influenced by plant organ, geographical origin,
and bacterial species. Root extracts showed significantly greater efficacy than leaf extracts. Among the tested pathogens, S. aureus was
markedly more susceptible to the extracts than L. monocytogenes and E. coli, and L. monocytogenes was in turn more susceptible than E.
coli, a Gram-negative species. A strong positive correlation was observed between total alkaloid content, particularly in extracts from the
Kordkuy and Noor regions, and antibacterial potency, underscoring the primary role of alkaloids in mediating the observed effects. In
contrast, total phenolic content exhibited a less direct relationship with antibacterial activity.

Samples originating from the Kabudwal and Azadshahr regions displayed the lowest metabolite levels and the weakest antibacterial
effects. The significant three-way interaction among plant genotype (geographical origin), plant organ, and bacterial species highlights
that selecting an optimal extract for antimicrobial applications requires the concurrent consideration of these variables. In conclusion, the
root of C. majus L., especially alkaloid-rich genotypes from specific regions such as Kordkuy and Noor, shows considerable promise as
a natural antibacterial agent against Gram-positive foodborne pathogens.
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