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			Abstract | Biological control using Bacillus species has gained increasing attention as an environmentally friendly strategy for managing plant viral diseases. Understanding the genetic diversity of the microbial isolates is essential for explaining variations in their biological activities and identifying effective biocontrol candidates. Therefore, this study aimed to assess the genetic diversity of five Bacillus isolates using Start Codon Targeted (SCoT) markers and evaluate their antiviral activity against Tobacco mosaic virus (TMV). Genomic DNA from the isolates was analyzed using nine SCoT primers to determine genetic polymorphism, similarity coefficients, and phylogenetic relationships. SCoT analysis revealed substantial genetic diversity, characterized by high levels of polymorphism, variable amplification profiles, and the presence of unique DNA fragments. The SCoT-based genetic similarity coefficients among the investigated isolates ranged from moderate to high, with the highest similarity observed between isolates B-02 and B-04 and the lowest between B-01 and B-02. Cluster analysis separated the isolates into two major groups: B-01, B-03, and B-05 formed one cluster, whereas B-02 and B-04 constituted a distinct cluster. The antiviral activity of the isolates against TMV was assessed by measuring reductions in necrotic local lesion numbers on inoculated plants. All isolates substantially inhibited TMV infection, although their effectiveness varied. Bacillus subtilis (B-02) and Bacillus cereus (B-04) exhibited the strongest antiviral activity, achieving inhibition percentages of 96.62% and 96.09%, respectively, after 48 h of incubation at 4°C. The maintenance of high antiviral efficacy under refrigerated conditions suggests that the bioactive metabolites produced by these isolates possessed considerable stability. Molecular identification based on 16S rRNA gene sequencing identified isolates B-01, B-03, and B-05 as Bacillus thuringiensis, B-02 as Bacillus subtilis, and B-04 as Bacillus cereus. Phylogenetic analysis supported these identifications and showed clustering patterns consistent with SCoT analysis. Collectively, the integration of SCoT profiling, 16S rRNA sequencing, and antiviral bioassays demonstrated remarkable genetic variability among the studied isolates and highlighted B. subtilis (B-02) and B. cereus (B-04) as promising candidates for the bio-control of TMV. These findings provide a foundation for future studies aiming at identifying antiviral metabolites and elucidating their mechanisms of action.
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			Introduction

			Tobacco mosaic virus (TMV) is one of the most important plant viruses affecting crops in the Solanaceae family, including tomatoes, due to its impact on productivity (Hančinský et al., 2020; García-Estrada et al., 2022). Because TMV is highly stable and mechanically transmitted easily, its control requires specific strategies, the most important of which are the preventative measures. The lack of direct treatments against plant viruses has prompted scientists to search for biological agents (Anikina et al., 2023; Trojak-Goluch, 2024).

			Several members of the genus Bacillus have gained increasing attention as potential biocontrol agents against plant viral infections (Villarreal-Delgado et al., 2018; Karačić et al., 2024; dos Santos Lobo et al., 2026). Although traditionally recognized for their antibacterial and insecticidal properties, certain Bacillus species have been reported to exert antiviral effects through indirect mechanisms, including the induction of systemic resistance, enhancement of antioxidant defense systems, and modulation of plant immune signaling pathways (Guo et al., 2019; Wang et al., 2023). Species such as Bacillus subtilis and B. amyloliquefaciens have been widely studied for their ability to reduce symptom severity and viral accumulation in infected plants. In particular, Bacillus-derived compounds have been shown to suppress the replication and systemic movement of several plant RNA viruses under experimental conditions (Lee and Ryu, 2016; Beris et al., 2018; Rajamanickam and Nakkeeran, 2020; Amin et al., 2023; Hemmati et al., 2025). The antiviral potential of Bacillus spp. remains less explored compared to their antibacterial and insecticidal applications, highlighting the need for further studies to elucidate their strain-specific activity and underlying molecular mechanisms (Vinodkumar et al., 2018; Hemmati et al., 2025). Recently, increasing attention has been given to microbial metabolites and bio-agents with potential antiviral properties. Among these, B. thuringiensis has been primarily recognized for its insecticidal activity; however, emerging evidence suggests that some bacterial metabolites may also exhibit indirect antiviral effects, either through induction of plant defense responses or interference with viral infection processes (Zhou et al., 2008; Andreeva et al., 2014, 2020).

			The use of 16S rRNA gene sequencing has become a fundamental approach for the accurate identification and taxonomic classification of members of the genus Bacillus. This molecular marker is widely employed due to the 16S rRNA  gene presence in all bacteria, along with the coexistence of conserved and hypervariable regions that allow both broad-range amplification and fine-scale phylogenetic discrimination (Mohkam et al., 2016; Xu and Kovács, 2024). In Bacillus taxonomy, 16S rRNA sequencing has been extensively applied to resolve species identity, clarify evolutionary relationships, and differentiate the closely related taxa within the complex groups such as the B. cereus group. It is particularly useful for confirming the identity of environmental and clinical isolates, where phenotypic characteristics alone may be insufficient for reliable classification (Goto et al., 2000; Bavykin et al., 2004). Additionally, comparison of 16S rRNA sequences with curated databases enables robust phylogenetic placement and facilitates the discovery of novel or divergent strains (Church et al., 2020; Nunes Ramos et al., 2025). However, due to the high genetic similarity among some Bacillus species, particularly at the strain level, 16S rRNA analysis is often complemented with additional molecular tools to achieve higher resolution in the bacterial discrimination (Miranda et al., 2008; Ki et al., 2009).

			Genetic fingerprinting techniques such as start codon targeted (SCoT) markers have emerged as powerful tools for assessing genetic diversity and differentiating closely related bacterial isolates. SCoT analysis is based on the amplification of genomic regions flanking the conserved ATG start codon, and generating reproducible and highly polymorphic DNA fragment’s patterns that reflect the functional gene-associated variability (El-Sayed et al., 2022; Tekin et al., 2024). SCoT technique has been increasingly applied to discriminate among the bacterial strains that exhibit limited variability when assessed using classical molecular markers (Kumari et al., 2026). Within the genus Bacillus, SCoT markers have proven particularly useful for revealing intraspecific polymorphism among closely related isolates, including members of the B. cereus group (El-Shaer, 2022). Moreover, SCoT analysis provides a cost-effective and reliable alternative for exploring genetic relationships without requiring prior genomic information, making it suitable for diverse microorganism’s populations (Jedrzejczyk, 2020; Rai, 2023). Consequently, SCoT markers represent a valuable complementary approach to sequence-based identification methods for comprehensive bacterial characterization (Tekin et al., 2024).

			Despite advances in molecular characterization and plant virus control strategies, few studies have integrated antiviral bioassays with both 16S rRNA-based identification and SCoT fingerprinting of the bacterial isolates. This integrated approach is essential for understanding the relationship between genetic variability and antiviral potential, particularly under virus–plant–microbe interaction systems. Therefore, this study aimed to evaluate the antiviral activity of selected Bacillus isolates against TMV, confirm their molecular identity using 16S rRNA  gene sequencing, and assess their genetic diversity using SCoT markers, to identify promising candidates with potential antiviral applications.

			Materials and Methods

			Bacterial isolates, culture conditions, and preparation of culture filtrate

			Five Bacillus isolates were isolated from soil samples and kindly provided by the Department of Agricultural Microbiology, Faculty of Agriculture, Ain Shams University. The bacterial isolates were cultured in Luria–Bertani (LB) broth and incubated at 30°C for 48 h under shaking conditions to ensure optimal growth (Rashki et al., 2021). Following incubation, the bacterial cultures were centrifuged at 3000 g for 10 min. The supernatant (culture filtrate) was carefully collected and used as a source of bioactive metabolites in the subsequent antiviral assays (Zhou et al., 2008).

			Morphological and Gram staining characterization of Bacillus isolates

			All Bacillus isolates were characterized by Gram staining (Coico, 2006) and microscopic examination, which were performed independently to confirm cellular morphology and ensure consistency of identification across the different experimental applications. 

			Virus source and inoculum preparation

			An identified TMV isolate was kindly provided by the Department of Agricultural Microbiology, Faculty of Agriculture, Ain Shams University, and used as a model virus in this study. The viral inoculum was prepared from infected plant leaves by homogenization in phosphate buffer (pH 7.0) to obtain a crude viral extract (Rabie et al., 2024).

			Evaluation of antiviral activity

			The bacterial culture filtrate was mixed with the viral inoculum at a ratio of 1:1 (v/v) and the mixture was incubated for 2 h at 4°C (Abdelkhalek et al., 2022). Subsequently, the treated inoculum was mechanically inoculated onto the leaves of suitable host plants, i.e., Datura metel. Control treatments included plants inoculated with the virus alone and plants inoculated with the bacterial culture filtrate alone. After an appropriate incubation period (6–7 d), the number of necrotic local lesions (NLL) per leaf was recorded. The percentage of inhibition was calculated using the following equation:

			Inhibition (%) = C-T/C ×100

			Where; C= number of lesions in the control. T= number of lesions in the treatment.

			Molecular characterization of the Bacillus isolates

			Molecular identification and genetic fingerprinting of the bacterial isolates

			Genomic DNA was extracted from pure bacterial cultures of the five Bacillus isolates following the protocol described by El-Sayed et al. (2022). The quality and concentration of the extracted DNA were assessed using agarose gel electrophoresis and spectrophotometric analysis prior to downstream molecular applications.

			Start codon targeted –polymerase chain reaction (SCoT-PCR) analysis and genetic diversity assessment

			SCoT primers (Table 1) were used to evaluate the genetic diversity among the Bacillus isolates. These primers are designed based on conserved regions flanking the ATG translation start codon within functional genes, enabling the amplification of reproducible and polymorphic DNA amplified fragments (DAFs). The primers (18 nucleotides in length) were used under optimized annealing temperatures ranging from 52–60°C depending on the primer sequence, to ensure clear and consistent banding patterns.

			Genetic polymorphism among the bacterial isolates was assessed using ten SCoT primers. PCR amplification was performed in a 25 μl reaction mixture containing 12.5 μl of 2× PCR Master Mix, 2.5 μl of template DNA (approximately 10 ng), 2.5 μl of primer (10 pmol), and 7.5 μl of double-distilled nuclease-free water. The amplification protocol was carried out following a modified version reported by Tekin et al. (2024), with minor adjustments in reaction conditions. PCR amplification reactions were carried out using a Perkin-Elmer/GeneAmp® PCR System 9700 (PE Applied Biosystems, Foster City, California, USA). The thermal cycling program started with an initial denaturation at 94°C for 5 min, followed by 40 amplification cycles. Each cycle included denaturation at 94°C for 45 s, primer annealing at 50°C for 55 s, and extension at 72°C for 1 min. A final extension step was then performed at 72°C for 7 min to ensure complete amplification of all PCR products.

			Scoring, visualization, and statistical analysis of SCoT markers

			PCR products were separated by electrophoresis on 1.5% agarose gels and stained with ethidium bromide (0.5 μg/ml) in 1× TBE buffer. Electrophoresis was performed at 95 V. The DAFs were visualized under ultraviolet (UV) light and documented using a gel documentation system (Bio-Rad 2000, Bio-Rad Laboratories, Hercules, CA, USA). Only clear and reproducible DAFs were manually scored across all Bacillus isolates as present (1) or absent (0) (El-Sayed et al., 2022). Both polymorphic and monomorphic bands were included in the analysis. Based on the scoring results, a binary data matrix was constructed from the banding patterns. Genetic similarity among the isolates was estimated using Dice’s similarity coefficient. Cluster analysis was performed using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA). A dendrogram illustrating the genetic relationships among the bacterial isolates was generated using PAST software (version 1.91), based on similarity indices (Qasim et al., 2018).

			Molecular identification of high antiviral Bacillus isolates based on 16S rRNA gene analysis

			Molecular identification of the selected Bacillus isolates was performed using 16S rRNA gene sequencing. The most potent isolates, which exhibited the highest antiviral activity were selected for species-level molecular confirmation.

			Table 1: SCoT primers with nucleotide composition and annealing conditions (Collard and Mackill, ٢٠٠٩).

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							Primer

						
							
							Sequence (5'→3')

						
							
							Length (nt)

						
							
							A+T

						
							
							G+C

						
							
							GC %

						
							
							AT %

						
							
							Annealing (°C)

						
					

					
							
							SCoT-03

						
							
							ACGACATGGCGACCCACA

						
							
							18

						
							
							٠7

						
							
							11

						
							
							61.1

						
							
							38.9

						
							
							58

						
					

					
							
							SCoT-04

						
							
							ACCATGGCTACCACCGCA

						
							
							18

						
							
							٠7

						
							
							11

						
							
							61.1

						
							
							38.9

						
							
							58

						
					

					
							
							SCoT-05

						
							
							CAATGGCTACCACTAGCG

						
							
							18

						
							
							٠8

						
							
							10

						
							
							55.6

						
							
							44.4

						
							
							56

						
					

					
							
							SCoT-06

						
							
							CAATGGCTACCACTACAG

						
							
							18

						
							
							10

						
							
							٠8

						
							
							44.4

						
							
							55.6

						
							
							52

						
					

					
							
							SCoT-07

						
							
							ACAATGGCTACCACTGAC

						
							
							18

						
							
							٠9

						
							
							٠9

						
							
							50.0

						
							
							50.0

						
							
							54

						
					

					
							
							SCoT-09

						
							
							ACAATGGCTACCACTGCC

						
							
							18

						
							
							٠8

						
							
							10

						
							
							55.6

						
							
							44.4

						
							
							56

						
					

					
							
							SCoT-10

						
							
							ACAATGGCTACCACCAGC

						
							
							18

						
							
							٠8

						
							
							10

						
							
							55.6

						
							
							44.4

						
							
							56

						
					

					
							
							SCoT-12

						
							
							CAACAATGGCTACCACCG

						
							
							18

						
							
							٠8

						
							
							10

						
							
							55.6

						
							
							44.4

						
							
							56

						
					

					
							
							SCoT-13

						
							
							ACCATGGCTACCACGGCA

						
							
							18

						
							
							٠7

						
							
							11

						
							
							61.1

						
							
							38.9

						
							
							58

						
					

					
							
							SCoT-14

						
							
							ACCATGGCTACCAGCGCG'

						
							
							18

						
							
							٠6

						
							
							12

						
							
							66.7

						
							
							33.3

						
							
							60

						
					

				
			

			DNA extraction and PCR amplification of 16S rRNA  gene

			Genomic DNA was used as a template for PCR amplification of the 16S rRNA  gene using universal bacterial primers: 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′) (Janda and Abbott, 2007). PCR amplification was carried out in a 25 μl reaction mixture containing 12.5 μl of 2× PCR Master Mix, 1 μl of each primer (10 pmol), 2 μl of genomic DNA (approximately 10–20 ng), and 8.5 μl of nuclease-free water. The amplification was performed under optimized cycling conditions consisting of an initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 45 s, annealing at 55°C for 45 s, and extension at 72°C for 1.5 min, with a final extension step at 72°C for 7 min to ensure complete amplification. The PCR products were analyzed by agarose gel electrophoresis to confirm the expected amplicon size prior to sequencing (Sergeant et al., 2012).

			Sanger sequencing and sequence analysis

			The purified PCR products were subjected to Sanger sequencing to determine the exact nucleotide sequence of the amplified 16S rRNA  gene fragments (Sanger et al., 1977). The obtained sequences were analyzed using the BLAST (Basic Local Alignment Search Tool) (Altschul et al., 1990). The percentage identity and query coverage were used as key parameters for species-level confirmation.

			Phylogenetic analysis

			For phylogenetic analysis, the confirmed sequences were aligned with reference sequences retrieved from databases using multiple sequence alignment tools (Felsenstein, 1985). Evolutionary relationships among the selected bacterial isolates and closely related bacterial strains were inferred, and a phylogenetic tree was constructed to illustrate genetic relatedness and divergence (Weisburg et al., 1991). This analysis provided a clearer understanding of the evolutionary position of the bacterial isolates within the Bacillus group.

			Statistical analysis

			All experiments were conducted with three replicate, and the results are expressed as mean ± standard deviation (SD). Data were analyzed using one-way analysis of variance (ANOVA) in SAS software (Lohr, 2021). Mean comparisons were performed using the Least Significant Difference (LSD) test at p < 0.05.

			Results

			Microscopic and gram staining characteristics of the Bacillus isolates 

			Figure 1 illustrates the microscopic morphology of the Gram-stained bacterial isolates. Based on microscopical examination, all isolates were initially characterized as belonging to the genus Bacillus. All isolates displayed typical Gram-positive bacillary cells, with noticeable differences in cell organization and chain formation patterns. Photomicrographs were obtained using a light microscope at ×1000 magnification under oil immersion.

			Antiviral activity of the Bacillus isolates against TMV under low-temperature incubation conditions

			The data presented in Table ٢ and Figures 2–7 demonstrated remarkable differences in the antiviral activity of the five Bacillus isolates against TMV under low-temperature incubation conditions (4°C), as evidenced by reductions in the number of necrotic local lesions (NLLs), compared to the untreated control. All tested isolates considerably inhibited TMV infection; however, their antiviral efficiencies varied markedly. Among the evaluated isolates, B-02 and B-04 expressed the strongest antiviral activity, recording the lowest numbers of necrotic local lesions (NLLs) and the highest inhibition percentages after both incubation periods. Following 2 h of incubation at 4°C, B-02 reduced the NLLs to 15 lesions, corresponding to 93.33% inhibition, whereas B-04 resulted in 21 lesions with 90.67% inhibition. After 48 h of incubation, the antiviral efficacy of both isolates increased, with B-02 reducing the NLLs to 8 and achieving 96.62% inhibition, while B-04 recorded 9 NLLs with 96.09% inhibition. Isolate B-01 also displayed a considerable antiviral activity, reducing the NLLs to 44 lesions after 2 h and 33 lesions after 48 h, corresponding to inhibition percentages of 80.44% and 85.65%, respectively. In contrast, B-03 exhibited the weakest antiviral activity, recording 98 lesions after 2 h and 66 lesions after 48 h, with inhibition percentages of 56.44% and 71.30%, respectively. Isolate B-05 showed intermediate inhibitory effects, recording 72 NLLs after 2 h and 68 NLLs after 48 h, corresponding to 68% and 70.43% inhibition, respectively. As expected, the untreated control recorded the highest NLLs (225 and 230 lesions after 2 and 48 h, respectively) and displayed no inhibitory effect.

			[image: ]

			Figure 1: Morphological characteristics of Gram-stained Bacillus isolates observed under a light microscope. Isolates B-01, B-03, and B-05 were identified as Bacillus thuringiensis, isolate B-02 as Bacillus subtilis, and isolate B-04 as Bacillus cereus. The isolates showed typical Gram-positive rod-shaped cells with variations in cellular arrangement and chain formation. Images were captured at ×1000 magnification under oil immersion.

			Table 2: Evaluation of the antiviral activity of the Bacillus isolates against TMV under greenhouse conditions (30± 2oC).

			
				
					
					
					
					
					
				
				
					
							
							Bacillus isolate

						
							
							No. of NLL 2 h post incubation at 4oC

						
							
							%inhibition 2 h post incubation at 4oC

						
							
							No. of NLL 48 h post incubation at 4oC

						
							
							%inhibition 48 h post incubation at 4oC

						
					

					
							
							B-01

						
							
							044.00d±2.73

						
							
							80.44c±0.55

						
							
							033.00c±3.03

						
							
							85.65b±0.51

						
					

					
							
							B-02

						
							
							015.00f±6.67

						
							
							93.33a±0.48

						
							
							07.00d±14.29

						
							
							96.62a±1.01

						
					

					
							
							B-03

						
							
							098.00b±1.02

						
							
							56.44e±0.79

						
							
							066.00b±1.52

						
							
							71.30c±0.61

						
					

					
							
							B-04

						
							
							021.00e±4.76

						
							
							90.67b±0.49

						
							
							09.00d±11.11

						
							
							96.09a±0.45

						
					

					
							
							B-05

						
							
							072.00c±1.39

						
							
							68.00d±0.65

						
							
							068.00b±1.70

						
							
							70.43c±0.62

						
					

					
							
							Control

						
							
							225.00a±0.44

						
							
							00.00f±0.00

						
							
							230.00a±0.75

						
							
							00.00d±0.00

						
					

				
			

			Where; *Means ± standard deviation (±SD) within a column followed by the same letter are not significantly different by Duncan’s multiple range test at p < 0.0001. NLL: Necrotic local lesions.

			Molecular identification and genetic fingerprinting of the Bacillus isolates

			Using 16S rRNA  gene sequencing, the species-level identification of the five isolates was as follows: Bacillus thuringiensis B-01 (Acc. no. LC933331.1), B-03 (Acc. no. LC933332.1), B-05 (Acc. no. LC933334.1), Bacillus subtilis B-02 (Acc. no. LC933372.1), and Bacillus cereus B-04 (Acc. no. LC933333.1), respectively. 
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			Figure 2: Necrotic local lesions induced on Datura metel leaves following TMV inoculation. (A) TMV sap diluted 1:1 (v/v), (B) crude TMV sap, and (C) healthy uninoculated control plants.
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			Figure 3: Number of necrotic local lesions developed on Datura metel leaves after inoculation with TMV sap mixed with culture filtrate of isolate B-01 following incubation at 4°C for 2 h and 48 h. (A) After 2 h incubation, and (B) after 48 h incubation.

			`
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			Figure 4: Number of necrotic local lesions developed on Datura metel leaves after inoculation with TMV sap mixed with culture filtrate of isolate B-02 following incubation at 4°C for 2 h and 48 h. (A) After 2 h incubation, and (B) after 48 h incubation.
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			Figure 5: Number of necrotic local lesions developed on Datura metel leaves after inoculation with TMV sap mixed with culture filtrate of isolate B-03 following incubation at 4°C for 2 h and 48 h. (A) After 2 h incubation, and (B) after 48 h incubation.

			[image: ]

			Figure 6: Number of necrotic local lesions developed on Datura metel leaves after inoculation with TMV sap mixed with culture filtrate of isolate B-04 following incubation at 4°C for 2 h and 48 h. (A) After 2 h incubation, and (B) after 48 h incubation.
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			Figure 7: Number of necrotic local lesions developed on Datura metel leaves after inoculation with TMV sap mixed with culture filtrate of isolate B-05 following incubation at 4°C for 2 h and 48 h. (A) After 2 h incubation, and (B) after 48 h incubation.

			Genetic diversity assessment of the Bacillus isolates using SCoT markers

			SCoT-PCR amplification profiles and polymorphism analysis

			Data presented in Supplementary Table S١ and illustrated in Figures 8-10 revealed that the SCoT analysis showed considerable genetic polymorphism among the investigated Bacillus isolates. A total of multiple amplified DNA fragments with different molecular weights were generated using the selected SCoT primers, indicating a high level of genetic diversity among the isolates. Several monomorphic DNA amplified fragments (DAFs) with a frequency of 1.0 were detected, reflecting conserved genomic regions shared among all isolates, whereas polymorphic DAFs with lower frequencies demonstrated a clear genetic variation. Primers SCoT-04, SCoT-12, and SCoT-13 produced a relatively high number of polymorphic and informative DAFs, suggesting their efficiency in discriminating among the studied isolates. The variation in banding patterns confirmed the usefulness of SCoT markers as a reliable molecular tool for assessing genetic diversity and phylogenetic relationships among the Bacillus isolates.

			The data presented in Table 3 demonstrate a substantial genetic variability among the investigated Bacillus isolates as revealed by SCoT markers. A total of ١٢7 amplified DNA fragments varied among the primers, ranging from 9 DAFs for SCoT-10 to 23 DAFs for SCoT-04, indicating differences in primer efficiency and genome coverage. The highest level of polymorphism was recorded with primer SCoT-09 (100%), followed by SCoT-03 (93%), and SCoT-05 (88%), suggesting their high discriminatory power among the isolates. In contrast, SCoT-14 exhibited the lowest polymorphism percentage (10%), reflecting a high degree of band conservation.

			The number of unique DAFs also differed markedly among the primers, where SCoT-05 generated the highest number of unique fragments (9 DAFs), followed by SCoT-09 (8 DAFs), indicating the presence of isolate-specific genetic markers. Monomorphic DAFs were most abundant in SCoT-14, SCoT-12, and SCoT-13, suggesting conserved genomic regions among the tested isolates. Furthermore, the mean band frequency ranged from 0.33 to 0.94, confirming the variability in allele distribution among the bacterial isolates. Overall, the obtained results highlighted the effectiveness of SCoT markers in detecting genetic polymorphism and assessing genetic relationships among the Bacillus isolates.

			Polymorphism, unique markers, and discriminatory power of SCoT primers

			The obtained results of SCoT-PCR presented in Table 4 demonstrated a clear genetic variation among the investigated Bacillus isolates through differences in total amplified fragments, polymorphic markers, and unique DNA bands. The total amplified DNA fragments (TADFs) ranged from 9 fragments in SCoT-10 to 23 fragments in SCoT-04, indicating variable amplification efficiency among the primers. Primer SCoT-04 produced the highest number of polymorphic markers (19), followed by SCoT-05 (15), and SCoT-03/SCoT-09 (14 each), reflecting their strong capability for detecting the genetic diversity. Unique DNA amplified fragments (UDAFs) varied

			Table ٣: Summary* of SCoT primer amplification characteristics across the five Bacillus isolates (B-01–B-05).

			
				
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							Items

						
							
							Type of DNA fragments amplified by SCoT PCR primers using data obtained from all the five Bacillus isolates

						
					

					
							
							SCoT-03

						
							
							SCoT-04

						
							
							SCoT-05

						
							
							SCoT-06

						
							
							SCoT-09

						
							
							SCoT-10

						
							
							SCoT-12

						
							
							SCoT-13

						
							
							SCoT-14

						
					

					
							
							Total DNA amplified fragments 

						
							
							15

						
							
							23

						
							
							17

						
							
							14

						
							
							14

						
							
							9

						
							
							14

						
							
							11

						
							
							10

						
					

					
							
							Monomorphic DNA fragments

						
							
							1

						
							
							4

						
							
							2

						
							
							2

						
							
							0

						
							
							2

						
							
							7

						
							
							7

						
							
							9

						
					

					
							
							Polymorphic DNA fragments (with Unique)

						
							
							14

						
							
							19

						
							
							15

						
							
							12

						
							
							14

						
							
							7

						
							
							7

						
							
							4

						
							
							1

						
					

					
							
							Polymorphic DNA fragments (without Unique)

						
							
							11

						
							
							12

						
							
							6

						
							
							5

						
							
							6

						
							
							3

						
							
							7

						
							
							2

						
							
							1

						
					

					
							
							Unique DNA fragments

						
							
							3

						
							
							7

						
							
							9

						
							
							7

						
							
							8

						
							
							4

						
							
							0

						
							
							2

						
							
							0

						
					

					
							
							Polymorphism percent 

						
							
							93

						
							
							83

						
							
							88

						
							
							86

						
							
							100

						
							
							78

						
							
							50

						
							
							36

						
							
							10

						
					

					
							
							Mean of band frequency

						
							
							0.47

						
							
							0.48

						
							
							0.40

						
							
							0.47

						
							
							0.33

						
							
							0.49

						
							
							0.74

						
							
							0.80

						
							
							0.94

						
					

				
			

			Where; *The presented data summarize the amplification efficiency and polymorphism parameters of each SCoT primer calculated from the combined banding profiles of the five analyzed Bacillus isolates (B-01–B-05).

			Table ٤: Distribution of unique and polymorphic DNA amplified fragments generated by SCoT primers among the Bacillus isolates.

			
				
					
					
					
					
					
					
					
					
					
				
				
					
							
							SCoT PCR primers

						
							
							TADFs     

						
							
							PM

						
							
							UDAFs

						
							
							Bacillus isolates

						
					

					
							
							B-01

						
							
							B-02

						
							
							B-03

						
							
							B-04

						
							
							B-05

						
					

					
							
							SCoT-03

						
							
							15

						
							
							14

						
							
							3

						
							
							(1)

							680/+ve

						
							
							0

						
							
							(1)

							1000/+ve

						
							
							(1)

							1150/+ve

						
							
							0

						
					

					
							
							SCoT-04

						
							
							23

						
							
							19

						
							
							7

						
							
							(3)

							1400/+ve

							370/+ve 

							180/+ve

						
							
							(0)

						
							
							(2)

							1150/+ve

							1050/+ve

						
							
							(1)

							1100/+ve

						
							
							(1)

							770/+ve

						
					

					
							
							SCoT-05

						
							
							17

						
							
							15

						
							
							9

						
							
							(1)

							410/+ve

						
							
							(4)

							1250/+ve

							680/+ve

							600/+ve

							300/+ve

						
							
							(1)

							340/+ve

						
							
							(2)

							470/+ve

							250/+ve

						
							
							(0)

						
					

					
							
							SCoT-06

						
							
							14

						
							
							12

						
							
							7

						
							
							(6)

							710/+ve

							650/-ve

							570/+ve

							520/+ve

							490/+ve

							250/+ve

						
							
							(0)

						
							
							(0)

						
							
							(0)

						
							
							(1)

							820/+ve

						
					

					
							
							SCoT-09

						
							
							14

						
							
							14

						
							
							8

						
							
							(3)

							460/+ve

							330/+ve

							170/+ve

						
							
							(2)

							840/+ve

							720/+ve

						
							
							(1)

							360/+ve

						
							
							(1)

							230/+ve

						
							
							(1)

							510/+ve

						
					

					
							
							SCoT-10

						
							
							9

						
							
							7

						
							
							4

						
							
							(0)

						
							
							(0)

						
							
							(3)

							750/+ve

							650/+ve

							330/+ve

						
							
							(1)

							250/+ve

						
							
							(0)

						
					

					
							
							SCoT-12

						
							
							14

						
							
							7

						
							
							0

						
							
							(0)

						
							
							(0)

						
							
							(0)

						
							
							(0)

						
							
							(0)

						
					

					
							
							SCoT-13

						
							
							11

						
							
							4

						
							
							2

						
							
							(1)

							460/+ve

						
							
							(1)

							420/-ve

						
							
							(0)

						
							
							(0)

						
							
							(0)

						
					

					
							
							SCoT-14

						
							
							10

						
							
							1

						
							
							0

						
							
							(0)

						
							
							(0)

						
							
							(0)

						
							
							(0)

						
							
							(0)

						
					

				
			

			Where; TADFs: Total DNA amplified fragments, PM: Polymorphic, UDAFs: Unique DNA amplified fragments. +ve: Present. –ve: Absent.
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			Figure 8: Agarose gel electrophoresis (1.5%) showing SCoT-PCR amplification patterns of the five Bacillus isolates (B-01 to B-05) generated using the primers Sco-T-٠3, Sco-T-٠4, and Sco-T-05. Lane M represents the 0.1–5 kbp DNA marker, while lanes B-01 to B-05 correspond to the tested Bacillus isolates. The obtained banding patterns revealed both polymorphic and shared DNA fragments among the isolates, reflecting genetic diversity detected by the SCoT markers.
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			Figure 9: Agarose gel electrophoresis (1.5%) showing SCoT-PCR amplification patterns of the five Bacillus isolates (B-01 to B-05) generated using the primers Sco-T-٠٦, Sco-T-٠٩, and Sco-T-1٠. Lane M represents the 0.1–5 kbp DNA molecular weight marker, while lanes B-01 to B-05 correspond to the tested Bacillus isolates. The obtained banding patterns revealed both polymorphic and shared DNA fragments among the isolates, reflecting genetic diversity detected by the SCoT markers.
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			Figure 10: Agarose gel electrophoresis (1.5%) showing SCoT-PCR amplification patterns of the five Bacillus isolates (B-01 to B-05) generated using the primers Sco-T-12, Sco-T-13, and Sco-T-14. Lane M represents the 0.1–5 kbp DNA molecular weight marker, while lanes B-01 to B-05 correspond to the tested Bacillus isolates. The obtained banding patterns revealed both polymorphic and shared DNA fragments among the isolates, reflecting genetic diversity detected by the SCoT markers.

			among the isolates and primers. SCoT-05 generated the highest number of unique fragments (9), followed by SCoT-09 (8), and SCoT-04/ SCoT-06 (7 each), suggesting the presence of isolate-specific molecular markers. In contrast, primers SCoT-12 and SCoT-14 did not produce any unique fragments, indicating a highly conserved amplification patterns among the tested isolates.

			Distribution of unique SCoT markers among the Bacillus isolates

			Among the isolates, B-01 showed the highest number of unique positive markers across the several used primers, particularly with SCoT-06 and SCoT-09, whereas some isolates showed either few or no unique markers. The presence of positive (+ve) and negative (−ve) unique bands emphasized the genetic divergence among the studied isolates. Overall, these findings confirmed that SCoT markers are efficient and informative tools for molecular characterization and differentiation of the Bacillus isolates.

			Genetic similarity analysis based on SCoT markers

			The similarity matrix obtained from SCoT marker analysis revealed varying degrees of genetic relatedness among the investigated Bacillus isolates (Table 5). The similarity coefficients ranged from 0.56 to 0.78, indicating moderate to high genetic diversity among the tested isolates. The highest similarity value (0.78) was observed between isolates B-02 and B-04, suggesting a close genetic relationship between these two isolates. In contrast, the lowest similarity coefficient (0.56) was recorded between B-01 and B-02, indicating a substantial genetic divergence. Isolate B-05 showed a relatively high similarity with B-03 (0.71) and B-01 (0.70), reflecting a partial genetic relatedness, whereas the remaining comparisons displayed intermediate similarity values. Overall, the obtained results demonstrated that SCoT markers successfully differentiated among the Bacillus isolates and provided a reliable information about their genetic relationships and diversity patterns.

			Table ٥: Genetic similarity coefficients among the Bacillus isolates based on SCoT analysis.

			
				
					
					
					
					
					
					
				
				
					
							
							Bacillus isolates

						
							
							B-01

						
							
							B-02

						
							
							B-03

						
							
							B-04

						
							
							B-05

						
					

					
							
							B-01

						
							
							1.00

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							B-02

						
							
							0.56

						
							
							1.00

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							B-03

						
							
							0.63

						
							
							0.65

						
							
							1.00

						
							
							 

						
							
							 

						
					

					
							
							B-04

						
							
							0.61

						
							
							0.78

						
							
							0.65

						
							
							1.00

						
							
							 

						
					

					
							
							B-05

						
							
							0.70

						
							
							0.64

						
							
							0.71

						
							
							0.64

						
							
							1.00

						
					

				
			

			Phylogenetic clustering of the Bacillus isolates based on SCoT data

			The phylogenetic tree analysis based on SCoT marker data (Figure 11) revealed the presence of two major clusters among the investigated Bacillus isolates. The first cluster included isolates B-01, B-03, and B-05, indicating a relatively close genetic relationship among these isolates. In contrast, isolates B-02 and B-04 were grouped together in a separate cluster, reflecting a higher degree of genetic similarity between them, compared to the other isolates. These clustering patterns were consistent with the similarity coefficient analysis and confirmed the effectiveness of SCoT markers in distinguishing the genetic relationships among the studied Bacillus isolates.
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			Figure 11: UPGMA dendrogram illustrating the genetic relationships among the five Bacillus isolates based on SCoT marker analysis. The dendrogram divided the isolates into two major clusters. The first cluster included isolates B-01, B-03, and B-05, demonstrating a high level of genetic similarity among them. In contrast, the second cluster comprised isolates B-02 and B-04, indicating a distinct genetic relationship compared to the first cluster.

			Molecular identification and phylogenetic analysis of the Bacillus isolates based on 16S rRNA  gene sequences

			Molecular identification based on 16S rRNA  gene sequencing confirmed the taxonomic affiliation of the selected Bacillus isolates. Isolates B-01, B-03, and B-05 were identified as B. thuringiensis, whereas B-04 and B-02 were identified as B. cereus and B. subtilis, respectively. These results confirmed that the studied isolates belonged to well-established Bacillus species and provided a reliable taxonomic basis for subsequent genetic and biological investigations. Furthermore, pairwise comparison of the partial 16S rRNA  gene sequence of B. thuringiensis isolate B-01 (LC933331.1) with the other selected isolates revealed a high degree of sequence similarity among most isolates. The highest sequence identity was recorded between B. thuringiensis B-01 and B. thuringiensis B-05 (99.62%), followed by B. thuringiensis B-03 (99.44%) and B. cereus B-04 (99.34%), with query coverage values ranging from 89% to 99% and E-values of 0.0. In contrast, B. subtilis B-02 exhibited a substantially lower sequence identity (82.95%) and the lowest query coverage (62%), indicating a greater genetic

			Table 6: Pairwise sequence similarity between Bacillus thuringiensis isolate B-01 and the selected Bacillus isolates based on partial 16S rRNA  gene sequences.

			
				
					
					
					
					
					
				
				
					
							
							Description

						
							
							Query Cover (%)

						
							
							E value

						
							
							Identity (%)

						
							
							Accession no.

						
					

					
							
							Bacillus thuringiensis B-01 gene for 16S rRNA, partial sequence

						
							
							100

						
							
							0.0

						
							
							100.0

						
							
							LC933331.1

						
					

					
							
							Bacillus cereus B-04 gene for 16S rRNA, partial sequence

						
							
							99

						
							
							0.0

						
							
							99.34

						
							
							LC933333.1

						
					

					
							
							Bacillus thuringiensis B-03 gene for 16S rRNA, partial sequence

						
							
							98

						
							
							0.0

						
							
							99.44

						
							
							LC933332.1

						
					

					
							
							Bacillus thuringiensis B-05 gene for 16S rRNA, partial sequence

						
							
							89

						
							
							0.0

						
							
							99.62

						
							
							LC933334.1

						
					

					
							
							Bacillus subtilis B-02 gene for 16S rRNA, partial sequence

						
							
							62

						
							
							6e-88

						
							
							82.95

						
							
							LC933372.1
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			Figure 1٢: A phylogenetic tree based on partial 16S rRNA  gene sequences showing the evolutionary relationships among the selected Bacillus isolates. The tree illustrates the genetic relatedness of Bacillus thuringiensis isolates B-01, B-03, and B-05, together with Bacillus cereus B-04 and Bacillus subtilis B-02. Accession numbers assigned by DDBJ are indicated for each isolate.

			divergence from B-01 than that observed among the other isolates (Table 6). The phylogenetic analysis based on partial 16S rRNA  gene sequences revealed clear relationships among the selected Bacillus isolates (Figure 12). The tree clustered B. thuringiensis isolates B-01, B-03, and B-05 within the same lineage, indicating a close genetic relationship among them. Isolate B-05 appeared to be the closest relative to B-01, followed by B-03, which is consistent with the high sequence identity values obtained from the pairwise sequence comparisons. B. cereus B-04 was positioned near the B. thuringiensis cluster, reflecting the close taxonomic relationship between these species. In contrast, B. subtilis B-02 formed a separate branch, indicating a greater degree of genetic divergence from the other Bacillus isolates.

			Discussion

			The present study provides an integrated view of genetic diversity and biological activity among five Bacillus isolates using SCoT markers, 16S rRNA  gene sequencing, and antiviral assays against TMV. The combined molecular and biological approaches revealed a clear variability at both the genetic and functional levels, highlighting the importance of linking genotypic diversity with phenotypic performance (Vasemägi and Primmer, 2005; Govindaraj et al., 2015). SCoT marker analysis revealed a high degree of polymorphism among the tested isolates, indicating a substantial genomic diversity. The variation in total, polymorphic, and unique DNA fragments suggested differences in the genomic regions potentially associated with the metabolic and functional genes. The presence of unique DNA amplified fragments in certain isolates further confirmed their genetic distinctiveness and supported the usefulness of gene-targeted markers for assessing intra-species variation. In this context, gene-targeted marker systems such as SCoT have been widely recognized as efficient tools for detecting the genetic variability and functional divergence among the microbial strains (Masny and Plucienniczak, 2001; El-Sayed et al., 2022; Tekin et al., 2024; Kumari et al., 2026).

			The similarity coefficient matrix showed a moderate to high genetic relatedness among the isolates, reflecting their shared taxonomic background at the genus level, while simultaneously revealing a strain-level divergence. The highest similarity observed between B-02 and B-04 indicated a closer genetic proximity, whereas the lowest similarity between B-01 and B-02 confirmed a marked genomic differentiation. These findings were further supported by phylogenetic clustering, which separated the isolates into two main groups, confirming the robustness of the molecular dataset in resolving the fine-scale genetic relationships. Such clustering patterns are consistent with the reliability of DNA-based marker systems in distinguishing among the closely related bacterial strains (Yıldırım et al., 2011; Sharma et al., 2020). The phylogenetic analysis further emphasized the genetic structure of the bacterial isolates and suggested an evolutionary divergence that was likely driven by adaptation to different ecological niches or selective environmental stresses. The observed congruence between similarity coefficients and phylogenetic grouping strengthened the reliability of SCoT markers in discriminating among the closely related bacterial isolates and aligned with the previous reports on microbial genetic structuring using molecular markers (Wu et al., 2013).

			The antiviral activity assays demonstrated that all Bacillus isolates exhibited inhibitory effects against TMV, although with varying efficiencies. The superior performance of B-02 (B. subtilis) and B-04 (B. cereus) suggested their enhanced capacity to produce potent antiviral metabolites, and other secondary metabolites capable of interfering with viral infection and replication processes (Chowdhury et al., 2015). These findings agree with several previous studies highlighting the pivotal role of Bacillus-derived lipopeptides in plant disease suppression and induction of host resistance responses (Ongena and Jacques, 2008; Saiyam et al., 2024).

			The variation in inhibition percentages among the investigated isolates may be associated with differences in their genetic background, gene expression profiles, metabolic capabilities, and biosynthetic gene clusters involved in secondary metabolite production (Chen et al. 2009; Liu et al., 2017). Genetically, the diverse isolates often express distinct metabolic potentials and varying capacities to synthesize bioactive compounds, which may explain the observed differences in antiviral efficacy (Raaijmakers et al., 2010; Dinesh et al., 2017; Li et al., 2023).This observation is consistent with the substantial genetic polymorphism revealed by SCoT analysis, suggesting that genomic diversity among the Bacillus isolates may contribute to functional variations, including differences in the production of bioactive metabolites and antiviral performance (Stein, 2005; Fira et al., 2018; Caulier et al., 2019).

			Interestingly, extending the incubation period at 4°C from 2 to 48 h further enhanced the antiviral activity, particularly in isolates B-02 and B-04, indicating that their bioactive metabolites remained stable and biologically active during the refrigerated incubation. Similar observations have been reported for Bacillus spp., whose cyclic lipopeptides, including surfactins, iturins, and fengycins, exhibited a remarkable physicochemical stability while retaining their biological activity under the diverse environmental conditions (Ongena and Jacques, 2008; Andreeva et al., 2014; Beris et al., 2018; Abdelkhalek et al., 2022; Amin et al., 2023; Karačić et al., 2024; Hemmati et al., 2025). These metabolites contribute to plant protection through direct antimicrobial effects and the activation of host defense pathways (Fira et al., 2018; Caulier et al., 2019).

			Furthermore, Pan et al. (2025) demonstrated that the Bacillus-derived hydrolase P1 can directly suppress TMV infection while simultaneously inducing antiviral resistance in host plants. Therefore, the sustained inhibitory activity currently observed in B-02 and B-04 following prolonged cold incubation may reflect the presence of similarly stable antiviral metabolites. Such characteristics are particularly advantageous for the development of Bacillus-based biocontrol formulations, as they indicate that refrigerated storage and transportation may not compromise the antiviral efficacy.

			Collectively, these findings suggested that the outstanding antiviral performance of B-02 and B-04 isolates was likely attributable to both their genetic attributes and ability to produce stable antiviral metabolites. Consequently, these isolates represent promising eco-friendly candidates for the biological management of TMV and potentially other plant viral diseases. Notably, 16S rRNA  gene sequencing confirmed the taxonomic identity of the most active isolates, identifying B-01 as B. thuringiensis, B-02 as B. subtilis, and B-04 as B. cereus. This molecular confirmation provided a solid taxonomic framework linking the species identity with the biological activity (Vynne et al., 2011). The strong antiviral performance associated particularly with B. subtilis and B. thuringiensis is consistent with previous studies reporting their roles in plant defense activation and viral suppression (Andreeva et al., 2014; Wang et al., 2023; Isaia et al., 2025).

			The high sequence similarity (> 99%) observed among B. thuringiensis isolates B-01, B-03, and B-05, along with their close relationship to B. cereus B-04, reflected the conserved nature of the 16S rRNA  gene within the B. cereus species complex. In contrast, B. subtilis B-02 displayed a lower sequence identity and query coverage, indicating a greater genetic divergence. Phylogenetic analysis confirmed these relationships by clustering B-01, B-03, and B-05 together while placing B-02 and B-04 separately. Notably, this clustering pattern closely matched that obtained from SCoT marker analysis, highlighting the consistency between sequence-based and marker-based approaches and demonstrating the value of combining 16S rRNA sequencing with SCoT markers for reliable assessment of genetic diversity among the Bacillus isolates.

			Overall, the integration of molecular characterization, phylogenetic analysis, and biological evaluation demonstrated that the genetic diversity within the Bacillus isolates was closely associated with the variability in antiviral activity. This supports the hypothesis that strain-level genomic variation contributes to functional differences in secondary metabolite production and antiviral efficacy (Stein 2005; Caulier et al., 2019). Similar conclusions have been reported in previous studies emphasizing the link between microbial diversity and functional biocontrol traits (Ongena and Jacques, 2008; Raaijmakers et al., 2010; Seipke, 2015).

			These findings collectively highlight the potential application of selected Bacillus strains as eco-friendly biocontrol agents against plant viral diseases, particularly TMV, and provide a strong foundation for future studies aiming at characterizing the specific antiviral metabolites and their mechanisms of action.

			Conclusions and Recommendations

			The present study demonstrated the effectiveness of SCoT markers in assessing the genetic diversity of five Bacillus isolates, revealing 97.67% polymorphism and clear phylogenetic separation into two major clusters. Molecular identification based on 16S rRNA  gene sequencing confirmed the classification of the isolates as Bacillus thuringiensis, B. subtilis, and B. cereus, supporting the genetic relationships inferred from the SCoT analysis. All isolates exhibited antiviral activity against TMV; however, B. subtilis (B-02) and B. cereus (B-04) were the most effective, achieving inhibition percentages of 96.62% and 96.09%, respectively, after 48 h of incubation at 4°C. The integration of genetic diversity analysis, molecular identification, and antiviral bioassays identified B. subtilis (B-02) and B. cereus (B-04) as the most promising eco-friendly biocontrol agents against TMV and provided a solid basis for the future studies to identify the antiviral metabolites responsible for their activity and elucidate their mechanisms of action. Based on the promising antiviral activity observed in B. subtilis (B-02) and B. cereus (B-04), future studies should focus on the isolation and characterization of the bioactive metabolites responsible for TMV inhibition. Further investigations under greenhouse and field conditions are recommended to evaluate the efficacy, persistence, and practical applicability of these isolates as biological control agents. In addition, transcriptomic and metabolomic analyses could provide deeper insights into the mechanisms underlying their antiviral activity and interactions with the host plants.

			Acknowledgements 

			The authors would like to express their sincere gratitude to the Department of Agricultural Microbiology, Faculty of Agriculture, Ain Shams University, for providing the bacterial isolates and laboratory facilities. Special thanks are extended to all colleagues who supported this work during the experimentation and analysis.

			Novelty statement

			This study presents an integrated approach combining antiviral bioassays with molecular genetic characterization (SCoT markers and 16S rRNA  gene sequencing) of the Bacillus isolates. The novelty of this study lies in integrating the genetic diversity with the antiviral efficiency against TMV, providing a dual perspective for selecting the highly effective biocontrol Bacillus strains.

			Author’s Contribution

			FMB: Conceptualization, methodology, and supervision. SMO: Methodology and data analysis. AT: Methodology. AM: Methodology, data interpretation, reviewing and editing. ASS: Design, supervision, writing and revision. AHA: Methodology, data analysis, and investigation. All authors have read and approved the final version of the manuscript.

			Ethical approval 

			Not applicable.

			Funding

			This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

			Supplementary material

			There is a supplementary material associated with this article. Access the material online at: https://dx.doi.org/10.17582/journal.nrmj/202/xx.x.xx.xx

			Generative AI and AI assisted technology statement

			The authors declare that no generative AI and AI assisted technology was used in the creation of this manuscript.

			Conflict of interests

			The authors have declared no conflicts of interest.

			References

			Abdelkhalek, A., Aseel, D.G., Király, L., Künstler, A., Moawad, H. and Al-Askar, A.A., 2022. Induction of systemic resistance to Tobacco mosaic virus in tomato through foliar application of Bacillus amyloliquefaciens strain TBorg1 culture filtrate. Viruses, 14(8): 1830. https://doi.org/10.3390/v14081830

			Altschul, S.F., Gish, W., Miller, W., Myers, E.W. and Lipman, D.J., 1990. Basic local alignment search tool. Eur. J. Plant Pathol., 215(3): 403-410. https://doi.org/10.1016/S0022-2836(05)80360-2

			Amin, H.A., El Kammar, H.F., Saied, S.M. and Soliman, A.M., 2023. Effect of Bacillus subtilis on potato virus Y (PVY) disease resistance and growth promotion in potato plants. Eur. J. Plant Pathol., 167(4): 743-758. https://doi.org/10.1007/s10658-023-02774-0

			Andreeva, I.S., Mazurkova, N.A., Zakabunin, A.I., Puchkova, L.I., Filippova, E.I. and Safatov, A.S., 2020. Evaluation of the effectiveness of metabolites of bacterial strains Bacillus thuringiensis against Human influenza virus A/Aichi/2/68 (H3N2) in vitro and in vivo. Bull. Exp. Biol. Med., 169(5): 653-656. https://doi.org/10.1007/s10517-020-04947-x

			Andreeva, I.S., Safatov, A.S., Mokrushina, O.S., Buryak, G.A., Puchkova, L.I., Mazurkova, N.A., Burtseva, L.I. and Kalmykova, G.V., 2014. Insecticidal, antimicrobial, and antiviral activity of Bacillus thuringiensis ssp. kurstaki strains isolated from atmospheric aerosols in the South of Western Siberia. Atmos. Ocean. Opt., 27(6): 479-486. https://doi.org/10.1134/S1024856014060025

			Anikina, I., Kamarova, A., Issayeva, K., Issakhanova, S., Mustafayeva, N., Insebayeva, M., Mukhamedzhanova, A., Khan, S.M., Ahmad, Z. Lho, L.H., Han, H. and Raposo, A., 2023. Plant protection from virus: a review of different approaches. Front. Plant Sci., 14: 1163270. https://doi.org/10.3389/fpls.2023.1163270

			Bavykin, S.G., Lysov, Y.P., Zakhariev, V., Kelly, J.J., Jackman, J., Stahl, D.A. and Cherni, A., 2004. Use of 16S rRNA, 23S rRNA, and gyrB gene sequence analysis to determine phylogenetic relationships of Bacillus cereus group microorganisms. J. Clin. Microbiol., 42(8): 3711-3730. https://doi.org/10.1128/JCM.42.8.3711-3730.2004

			Beris, D., Theologidis, I., Skandalis, N. and Vassilakos, N., 2018. Bacillus amyloliquefaciens strain MBI600 induces salicylic acid dependent resistance in tomato plants against Tomato spotted wilt virus and Potato virus Y. Sci. Rep., 8(1): 10320. https://doi.org/10.1038/s41598-018-28677-3

			Caulier, S., Nannan, C., Gillis, A., Licciardi, F., Bragard, C. and Mahillon, J., 2019. Overview of the antimicrobial compounds produced by members of the Bacillus subtilis group. Front. Microbiol., 10: 302. https://doi.org/10.3389/fmicb.2019.00302

			Chen, X.H., Koumoutsi, A., Scholz, R. and Borriss, R., 2009. More than anticipated–production of antibiotics and other secondary metabolites by Bacillus amyloliquefaciens FZB42. J. Mol. Microbiol. Biotechnol., 16(1-2): 14-24. https://doi.org/10.1159/000142891

			Chowdhury, S.P., Hartmann, A., Gao, X. and Borriss, R., 2015. Biocontrol mechanism by root-associated Bacillus amyloliquefaciens FZB42: A review. Front. Microbiol., 6: 780. https://doi.org/10.3389/fmicb.2015.00780

			Church, D.L., Cerutti, L., Gürtler, A., Griener, T., Zelazny, A. and Emler, S., 2020. Performance and application of 16S rRNA gene cycle sequencing for routine identification of bacteria in the clinical microbiology laboratory. Clin. Microbiol. Rev., 33(4): 10-1128. https://doi.org/10.1128/CMR.00053-19

			Coico, R., 2006. Gram staining. Curr. Protoc. Microbiol., 1: A-3C. https://doi.org/10.1002/9780471729259.mca03cs00

			Collard, B.C.Y., Mackill, D.J., ٢٠٠٩. Start Codon Targeted (SCoT) Polymorphism: A simple, novel DNA marker technique for generating gene-targeted markers in plants. Plant Mol. Biol. Rep., 27: 86–93. https://doi.org/10.1007/s11105-008-0060-5

			Dinesh, R., Srinivasan, V., TE, S., Anandaraj, M. and Srambikkal, H., 2017. Endophytic actinobacteria: Diversity, secondary metabolism and mechanisms to unsilence biosynthetic gene clusters. Crit. Rev. Microbiol., 43(5): 546-566. https://doi.org/10.1080/1040841X.2016.1270895

			dos Santos Lobo, K., Viana, J.L., de Souza Pereira, F.M., Pessoa, P.A.P., Rocha, J.A., da Silva, J.S., Pinheiro, V.C.P., Aparecida Roque, R.A. and Roque, R.A. 2026. Alternative culture medium based on Manihot esculenta (Cassava) for the growth of Bacillus thuringiensis aimed at the control of Aedes aegypti. Exp. Parasitol., pp. 109097. https://doi.org/10.1016/j.exppara.2026.109097

			El-Sayed, E.A., Bekhit, M.M., Serag, A.M., Ibrahim, S.D. and Refaat, M.H., 2022. Scot marker as a tool to determine the genetic diversity of bacterial wilt pathogen Ralstonia solanacearum. J. Agric. Chem. Biotechnol., 13(11): 111-116. https://doi.org/10.21608/jacb.2022.165063.1035

			El-Shaer, H.F. 2022. Mutagenic effect of acridine orange on the production of EPS in Bacillus sp., its applications as anticoagulant and genetic diversity by ISSR and SCoT technique. Afr. J. Biol. Sci., 18(1): 15-27. https://doi.org/10.21608/ajbs.2022.230600

			Felsenstein, J., 1985. Confidence limits on phylogenies: An approach using the bootstrap. Evolution, 39: 783–791. https://doi.org/10.1111/j.1558-5646.1985.tb00420.x

			Fira, D., Dimkić, I., Berić, T., Lozo, J. and Stanković, S., 2018. Biological control of plant pathogens by Bacillus species. J. Biotechnol., 285: 44-55. https://doi.org/10.1016/j.jbiotec.2018.07.044

			García-Estrada, R.S., Diaz-Lara, A., Aguilar-Molina, V.H. and Tovar-Pedraza, J.M., 2022. Viruses of economic impact on tomato crops in Mexico: From diagnosis to management: A review. Viruses, 14(6): 1251. https://doi.org/10.3390/v14061251

			Goto, K., Omura, T., Hara, Y. and Sadaie, Y., 2000. Application of the partial 16S rDNA sequence as an index for rapid identification of species in the genus Bacillus. J. Gen. Appl. Microbiol., 46(1): 1-8. https://doi.org/10.2323/jgam.46.1

			Govindaraj, M.M.V.G., Vetriventhan, M. and Srinivasan, M., 2015. Importance of genetic diversity assessment in crop plants and its recent advances: An overview of its analytical perspectives. Genet. Res. Int., 2015(1): 431487. https://doi.org/10.1155/2015/431487.

			Guo, Q., Li, Y., Lou, Y., Shi, M., Jiang, Y., Zhou, J., Sun, Y., Xue, Q. and Lai, H., 2019. Bacillus amyloliquefaciens Ba13 induces plant systemic resistance and improves rhizosphere microecology against Tomato yellow leaf curl virus disease. Appl. Soil Ecol., 137: 154-166. https://doi.org/10.1016/j.apsoil.2019.01.015

			Hančinský, R., Mihálik, D., Mrkvová, M., Candresse, T. and Glasa, M. 2020. Plant viruses infecting Solanaceae family members in the cultivated and wild environments: A review. Plants, 9(5): 667. https://doi.org/10.3390/plants9050667

			Hemmati, F., Norouzi, F., Izadpanah, K., and Afsharifar, A., 2025. Assessing the antiviral potential of Bacillus subtilis and Pseudomonas putida strains against tomato yellow leaf curl virus: A focus on BU018 and ZA102. Curr. Plant Biol., 100541. https://doi.org/10.1016/j.cpb.2025.100541

			Isaia, H.A., Clerici, N.J. and Brandelli, A., 2025. Bacillus lipopeptides as versatile antimicrobial weapons: Looking toward antiviral activity. Crit. Rev. Biotechnol., 45(8): 1559-1575. https://doi.org/10.1080/07388551.2025.2499152

			Janda, J.M. and Abbott, S.L., 2007. 16S rRNA gene sequencing for bacterial identification in the diagnostic laboratory: pluses, perils, and pitfalls. Clin. Microbiol. Rev., 45(9): 2761-2764. https://doi.org/10.1128/JCM.01228-07

			Jedrzejczyk, I. 2020. Genome size and SCoT markers as tools for identification and genetic diversity assessment in Echinacea genus. Ind. Crops Prod., 144: 112055. https://doi.org/10.1016/j.indcrop.2019.112055

			Karačić, V., Miljaković, D., Marinković, J., Ignjatov, M., Milošević, D., Tamindžić, G. and Ivanović, M., 2024. Bacillus species: Excellent biocontrol agents against tomato diseases. Microorganisms, 12(3): 457. https://doi.org/10.3390/microorganisms12030457

			Ki, J.S., Zhang, W. and Qian, P.Y., 2009. Discovery of marine Bacillus species by 16S rRNA and rpoB comparisons and their usefulness for species identification. J. Microbiol. Methods, 77(1): 48-57. https://doi.org/10.1016/j.mimet.2009.01.003

			Kumari, A., Sharma, V., Ram, C., and Sharma, A.K., 2026. Characterization, SCoT-based diversity analysis and molecular identification of novel rhizobacterial (Streptococcus thermophilus) isolates from dhaman (Cenchrus setigerus) in the arid zone of Rajasthan. https://doi.org/10.21203/rs.3.rs-8893394/v1

			Lee, G.H. and Ryu, C.M., 2016. Spraying of leaf-colonizing Bacillus amyloliquefaciens protects pepper from Cucumber mosaic virus. Plant Dis., 100(10): 2099-2105. https://doi.org/10.1094/PDIS-03-16-0314-RE

			Li, X., Xu, H., Li, Y., Liao, S. and Liu, Y., 2023. Exploring diverse bioactive secondary metabolites from marine microorganisms using co-culture strategy. Molecules, 28(17): 6371. https://doi.org/10.3390/molecules28176371

			Liu, Y., Du, J., Lai, Q., Zeng, R., Ye, D., Xu, J. and Shao, Z., 2017. Proposal of nine novel species of the Bacillus cereus group. Int. J. Syst. Evol. Microbiol., 67(8): 2499-2508. https://doi.org/10.1099/ijsem.0.001821

			Lohr, S.L., 2021. SAS® Software companion for sampling: Design and analysis. Chapman and Hall/CRC. https://doi.org/10.1201/9781003160366

			Masny, A. and Plucienniczak, A., 2001. Fingerprinting of bacterial genomes by amplification of DNA fragments surrounding rare restriction sites. BioTechniques, 31(4): 930-936. https://doi.org/10.2144/01314rr04

			Miranda, C.A., Martins, O.B. and Clementino, M.M., 2008. Species-level identification of Bacillus strains isolates from marine sediments by conventional biochemical, 16S rRNA gene sequencing and inter-tRNA gene sequence lengths analysis. Antonie Van Leeuwenhoek, 93(3): 297-304. https://doi.org/10.1007/s10482-007-9204-0

			Mohkam, M., Nezafat, N., Berenjian, A., Mobasher, M.A. and Ghasemi, Y., 2016. Identification of Bacillus probiotics isolated from soil rhizosphere using 16S rRNA, recA, rpoB gene sequencing and RAPD-PCR. Probiotics Antimicrob. Proteins, 8(1): 8-18. https://doi.org/10.1007/s12602-016-9208-z

			Nunes Ramos, J., Veloso da Costa, L., Viana Vieira, V. and Lima Brandão, M.L., 2025. Challenges in the identification of environmental bacterial isolates from a pharmaceutical industry facility by 16S rRNA gene sequences. DNA, 5(3): 33. https://doi.org/10.3390/dna5030033

			Ongena, M. and Jacques, P., 2008. Bacillus lipopeptides: versatile weapons for plant disease biocontrol. Trends Microbiol., 16(3): 115-125. https://doi.org/10.1016/j.tim.2007.12.009

			Pan, X., Lin, W., Shen, Y., Wang, Y., Liu, W., Miao, W., Xie, Q. and Jin, P., 2025. Hydrolase P1 in Bacillus velezensis HN‐2 confers tobacco resistance by delaying TMV infection. Pest Manage. Sci., 81(9): 5382-5393. https://doi.org/10.1002/ps.8892

			Qasim, M., Baohua, W., Zou, H., Lin, Y., Dash, C.K., Bamisile, B.S., Hussain, M., Zhiwen, Z. and Wang, L., 2018. Phylogenetic relationship and genetic diversity of citrus psyllid populations from China and Pakistan and their associated Candidatus bacterium. Mol. Phylogenet. Evol., 126: 173-180. https://doi.org/10.1016/j.ympev.2018.04.028

			Raaijmakers, J.M., De Bruijn, I., Nybroe, O. and Ongena, M. 2010. Natural functions of lipopeptides from Bacillus and Pseudomonas: more than surfactants and antibiotics. FEMS Microbiol. Rev., 34(6): 1037-1062. https://doi.org/10.1111/j.1574-6976.2010.00221.x

			Rabie, M., Aseel, D.G., Younes, H.A., Behiry, S.I. and Abdelkhalek, A., 2024. Transcriptional responses and secondary metabolites variation of tomato plant in response to tobacco mosaic virus infestation. Sci. Rep., 14(1): 19565. https://doi.org/10.1038/s41598-024-69492-3

			Rai, M.K., 2023. Start codon targeted (SCoT) polymorphism marker in plant genome analysis: Current status and prospects. Planta, 257(2): 34. https://doi.org/10.1007/s00425-023-04067-6

			Rajamanickam, S. and Nakkeeran, S., 2020. Flagellin of Bacillus amyloliquefaciens works as a resistance inducer against groundnut bud necrosis virus in chilli (Capsicum annuum L.). Arch. Virol., 165(7): 1585-1597. https://doi.org/10.1007/s00705-020-04645-z

			Rashki, M., Maleki, M., Torkzadeh-Mahani, M., Shakeri, S. and Nezhad, P.S., 2021. Isolation of Iranian Bacillus thuringiensis strains and characterization of lepidopteran-active cry genes. Egypt. J. Biol. Pest Contr., 31(1): 87. https://doi.org/10.1186/s41938-021-00432-3

			Saiyam, D., Dubey, A., Malla, M.A. and Kumar, A., 2024. Lipopeptides from Bacillus: Unveiling biotechnological prospects-Sources, properties, and diverse applications. Braz. J. Microbiol., 55(1): 281-295. https://doi.org/10.1007/s42770-023-01228-3

			Sanger, F., Nicklen, S. and Coulson, A.R., 1977. DNA sequencing with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA, 74: 5463–5467. https://doi.org/10.1073/pnas.74.12.5463

			Seipke, R.F., 2015. Strain-level diversity of secondary metabolism in Streptomyces albus. PLoS One, 10(1): e0116457. https://doi.org/10.1371/journal.pone.0116457

			Sergeant, M.J., Constantinidou, C., Cogan, T., Penn, C.W. and Pallen, M.J., 2012. High-throughput sequencing of 16S rRNA gene amplicons: Effects of extraction procedure, primer length and annealing temperature. PLoS One, 7(5): e38094. https://doi.org/10.1371/journal.pone.0038094

			Sharma, A., Lee, S. and Park, Y.S., 2020. Molecular typing tools for identifying and characterizing lactic acid bacteria: A review. Food Sci. Biotechnol., 29(10): 1301. https://doi.org/10.1007/s10068-020-00802-x

			Stein, T., 2005. Bacillus subtilis antibiotics: Structures, syntheses and specific functions. Mol. Microbiol., 56(4): 845-857. https://doi.org/10.1111/j.1365-2958.2005.04587.x

			Tekin, F., Altın, İ., Aydın, F., Alkan, M., Orel, D.C., Ardıç, M., Gašić, K., Kovács, T., llen, C. and Özer, G., 2024. Unveiling genetic diversity among bacterial isolates using SCoT markers. Curr. Microbiol., 81(12): 409. https://doi.org/10.1007/s00284-024-03938-9

			Trojak-Goluch, A., 2024. The use of bacteria, actinomycetes and fungi in the bioprotection of solanaceous crops against tobacco mosaic virus (TMV). Agriculture, 14(8): 1220. https://doi.org/10.3390/agriculture14081220

			Vasemägi, A. and Primmer, C.R., 2005. Challenges for identifying functionally important genetic variation: the promise of combining complementary research strategies. Mol. Ecol., 14(12): 3623-3642. https://doi.org/10.1111/j.1365-294X.2005.02690.x

			Villarreal-Delgado, M.F., Villa-Rodríguez, E.D., Cira-Chávez, L.A., Estrada-Alvarado, M.I., Parra-Cota, F.I. and Santos-Villalobos, S.D.L., 2018. The genus Bacillus as a biological control agent and its implications in the agricultural biosecurity. Rev. Mex. Fitopatol., 36(1): 95-130. https://doi.org/10.18781/R.MEX.FIT.1706-5

			Vinodkumar, S., Nakkeeran, S., Renukadevi, P. and Mohankumar, S., 2018. Diversity and antiviral potential of rhizospheric and endophytic Bacillus species and phyto-antiviral principles against tobacco streak virus in cotton. Agric. Ecosyst. Environ., 267: 42-51. https://doi.org/10.1016/j.agee.2018.08.008

			Vynne, N.G., Månsson, M., Nielsen, K.F. and Gram, L., 2011. Bioactivity, chemical profiling, and 16S rRNA-based phylogeny of Pseudoalteromonas strains collected on a global research cruise. Mar. Biotechnol., 13(6): 1062-1073. https://doi.org/10.1007/s10126-011-9369-4

			Wang, X., Hao, G., Zhou, M., Chen, M., Ling, H. and Shang, Y., 2023. Secondary metabolites of Bacillus subtilis L2 show antiviral activity against pseudorabies virus. Front. Microbiol., 14: 1277782. https://doi.org/10.3389/fmicb.2023.1277782

			Weisburg, W.G., Barns, S.M., Pelletier, D.A. and Lane, D.J., 1991. 16S ribosomal DNA amplification for phylogenetic study. J. Bacteriol., 173: 697–703. https://doi.org/10.1128/jb.173.2.697-703.1991

			Wu, D., Jospin, G. and Eisen, J.A., 2013. Systematic identification of gene families for use as “markers” for phylogenetic and phylogeny-driven ecological studies of bacteria and archaea and their major subgroups. PLoS One, 8(10): e77033. https://doi.org/10.1371/journal.pone.0077033

			Xu, X. and Kovács, Á.T., 2024. How to identify and quantify the members of the Bacillus genus? Environ. Microbiol., 26(2): e16593. https://doi.org/10.1111/1462-2920.16593

			Yıldırım, İ.H., Yıldırım, S.C. and Koçak, N., 2011. Molecular methods for bacterial genotyping and analyzed gene regions. J. Microbiol. Infect. Dis., 1(01): 42-46. https://doi.org/10.5799/ahinjs.02.2011.01.0011

			Zhou, W.W., Zhang, L.X., Zhang, B., Wang, F., Liang, Z.H. and Niu, T.G., 2008. Isolation and characterization of ZH14 with antiviral activity against Tobacco mosaic virus. Can. J. Microbiol., 54(6): 441-449. https://doi.org/10.1139/W08-026

		

	OEBPS/image/Fig._9.jpg
M B-01 B-02 B-03 B-04 B-05 M  B-01 B-02 B-03 B-04 B-0S M B-01 B-02 B-03 B-04 B-05

(o)






OEBPS/image/Fig._10.jpg
M B-01 B-02 B-03 B-04 B-0S M B-01 B-02 B-03 B-04 B-05 ) B-01 B-02 B-03 B-04 B-05
Sco-T-14






OEBPS/image/Image16838915.png





OEBPS/image/Image16838911.png
e el





OEBPS/image/Fig._8.jpg
B-01 B-02 B-03 B-04 B0S | M B-01 B-02 B-03 B-04 B-05 M B-01 B-02 B-03 B-04 B






OEBPS/image/Fig._11.jpg
Similarity

590
60
560

oo

{ B03

i B-05

: B-01

i B-04






OEBPS/image/Image16838918.png
B-03-2h-98NLL [§ p— B-03-48h-6





OEBPS/image/Fig._1.jpg





OEBPS/image/Image16838913.png
B-01-2h-44 NLL - ; B-01-48h-33NLL [





OEBPS/image/Image16838926.png
O Bacillus subtilis B-02 gene for 16S rRNA, partial sequ... 1,0933372.1

O Bacillus cereus B-04 gene for 168 rRNA, partial seque.. 1.C933333.1

9 Bacillus thuringiensis B-01 gene for 165 rRNA, partia.. LC933331.1

9 Bacillus thuringiensis B-03 gene for 165 rRNA, partia... LC933332.1

/

\

\

0\
\0

/\

9 Bacillus thuringiensis B-05 gene for 165 rRNA, partia... 1,0933334.1





OEBPS/image/orcid-og-image.png





OEBPS/image/Image16838920.png





OEBPS/image/1.png
OPEN aACCESS Novel Research in Microbiology Journal

®

Check for

Research Article ekt

Antiviral Activity of Selected Bacillus Isolates against Tobacco Mosaic
Virus and Their Molecular Identification Using 16S rRNA Sequencing
and Start Codon Targeted Markers

Alaa M. Barakat'®, Safaa M. Omar?®, Ahmed Attya'”, Ahmed Mahdy>”, Atef S. Sadik'® and Aya H. Abo-
Zaid*“*

'Department of Agricultural Microbiology, Faculty of Agriculture, Ain Shams University, PO. Box 68, Hadayek Shobra 11241,
Cairo, Egypt; ZDepartment of Agricultural Microbiology, Faculty of Agriculture, Zagazig University, 44511 ZLagazig, Egypt;
IDepartment of Plant Pathology, Faculty of Agriculture, Ain Shams University, PO. Box 68, Hadayek Shobra 11241, Cairo,

Egypt.

Abstract | Biological control using Bacillus species has gained increasing attention as an environmentally
friendly strategy for managing plant viral diseases. Understanding the genetic diversity of the microbial
isolates is essential for explaining variations in their biological activities and identifying eftective
biocontrol candidates. Therefore, this study aimed to assess the genetic diversity of five Baci/lus isolates
using Start Codon Targeted (SCoT) markers and evaluate their antiviral activity against Tobacco mosaic
virus (TMV). Genomic DNA from the isolates was analyzed using nine SCoT primers to determine
genetic polymorphism, similarity coefficients, and phylogenetic relationships. SCoT analysis revealed
substantial genetic diversity, characterized by high levels of polymorphism, variable amplification profiles,
and the presence of unique DNA fragments. The SCoT-based genetic similarity coefficients among the
investigated isolates ranged from moderate to high, with the highest similarity observed between isolates
B-02 and B-04 and the lowest between B-01 and B-02. Cluster analysis separated the isolates into two
major groups: B-01, B-03, and B-05 formed one cluster, whereas B-02 and B-04 constituted a distinct
cluster. The antiviral activity of the isolates against TMV was assessed by measuring reductions in necrotic
local lesion numbers on inoculated plants. All isolates substantially inhibited TMV infection, although
their effectiveness varied. Bacillus subtilis (B-02) and Bacillus cereus (B-04) exhibited the strongest antiviral
activity, achieving inhibition percentages of 96.62% and 96.09%, respectively, after 48 h of incubation at
4°C. The maintenance of high antiviral efficacy under refrigerated conditions suggests that the bioactive
metabolites produced by these isolates possessed considerable stability. Molecular identification based
on 168 rRNA gene sequencing identified isolates B-01, B-03, and B-05 as Baci/lus thuringiensis, B-02
as Bacillus subtilis, and B-04 as Bacillus cereus. Phylogenetic analysis supported these identifications and
showed clustering patterns consistent with SCoT analysis. Collectively, the integration of SCoT profiling,
16S rRNA sequencing, and antiviral bioassays demonstrated remarkable genetic variability among the
studied isolates and highlighted B. suétilis (B-02) and B. cereus (B-04) as promising candidates for the
bio-control of TMV. These findings provide a foundation for future studies aiming at identifying antiviral
metabolites and elucidating their mechanisms of action.
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