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Abstract

Synthetic chemicals, such as fertilizers and pesticides, are widely used in agriculture to
improve soil fertility and to control weeds, pests and diseases. Numerous studies have
highlighted the negative effects of these chemicals on the soil environment. In contrast,
during vermicomposting, earthworms generate numerous beneficial outcomes. This study
aimed to screen antagonistic bacteria found after vermicomposting for their potential to
inhibit the pre-emergence damping-off of tomato seedlings caused by Rhizoctonia solani. Us-
ing a dual culture method, 85 bacterial isolates were screened, three of which demonstrated
antagonistic activity against R. solani. Molecular characterization based on 16S ribosomal
RNA identified the bacterial isolates as Bacillus subtilis (NOAC.B77), Bacillus vallismortis
(NOAC.B42), and Bacillus cereus (NOAC.B17). The strains NOAC.B77 and NOAC.B42
exhibited the most significant inhibitory effects on the mycelial growth of R. solani, with
inhibition levels of 80.8% and 79.2%, respectively. In greenhouse trials, only 13% of the
Inoculated, Unprotected Control tomato seedlings emerged, i.e., the R. solani inoculum
caused an 87% level of preemergence damping off. In contrast, after treatment with the
bacterial strains NOAC.B77 and NOAC.B42, tomato seedling emergence was not signif-
icantly different from the Uninoculated Control. These results suggest that the bacterial
strains NOAC.B77 and NOAC.B42 could be commercialized as biological agents to control
damping-off of tomato seedlings under greenhouse conditions.
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1. Introduction

Tomato (Solanum lycopersicum L.) belongs to the Solanaceae family and is one of the
most widely grown and consumed horticultural crops worldwide [1]. Global tomato
production exceeds 5 million hectares annually, making it a key horticultural crop [2].
The tomato is a nutritious and valuable food containing various bioactive compounds,

Microorganisms 2026, 14, 371

https://doi.org/10.3390 /microorganisms14020371


https://crossmark.crossref.org/dialog?doi=10.3390/microorganisms14020371&domain=pdf&date_stamp=2026-02-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0002-8409-757X
https://orcid.org/0000-0002-2927-8220
https://doi.org/10.3390/microorganisms14020371

Microorganisms 2026, 14, 371

2 of 15

including carotenoids (notably lycopene and 3-carotene), ascorbic acid (vitamin C), to-
copherols (vitamin E), fibre, vitamin A, and polyphenolic compounds (such as phenols,
flavonoids, and phenolic acids) [1]. In addition to its nutritional value, the tomato is an
economically important crop, and a high level of productivity is essential for the eco-
nomic viability of tomato farms. However, tomato crops are affected by numerous fungal
pathogens that adversely affect their production globally, leading to significant economic
losses [3]. These fungal pathogens include Rhizoctonia solani (Kuhn), Fusarium spp., and
Pythium spp., all of which cause seed rot, pre-emergence damping-off, and stem rot in
greenhouses and field crops [4].

Rhizoctonia solani is an aggressive, necrotrophic plant pathogen, with a wide host range,
including solanaceous crops, cereals, vegetables, cotton, cucurbits, ornamental plants and
forest trees [5]. Losses caused by this pathogen range from 20% to 40% worldwide [6].
The fungus produces highly resistant sclerotia, enabling R. solani to survive under harsh
environmental conditions. R. solani is currently managed using fungicides, crop rotation,
biological control agents, and resistant cultivars [7-9]. Biological control is considered safe,
environmentally friendly, and effective [10]. The biological control of R. solani on various
crops has been extensively studied [11-13]. Due to concerns related to chemical control and
its sustainability, alternative approaches such as biological control are gaining attention.

Vermicompost is a product of the decomposition and stabilization of organic mat-
ter in soil, manure, or compost by earthworms such as Eisenia fetida (Savigny), Eudrilus
eugeniae (Kinberg), and Perionyx excavatus (Perrier) [14]. Treating livestock and poultry
manure with earthworms can result in effective bioresource utilization, reduced environ-
mental protection costs, and may result in a significant decrease in the levels of pathogenic
microorganisms in manure. Vermicompost is valuable because it usually contains mi-
croorganisms capable of controlling soil-borne pathogens [15-17]. In addition, microbes
present in vermicompost can enhance crop production, and contribute to the stability
of agricultural soils. Various bacterial genera have been reported in vermicompost, de-
pending on environmental conditions and the raw materials used in the vermicomposting
process [15,18,19]. The disease-suppressive potential of vermicompost is mainly attributed
to these microbial communities.

Biocontrol strains of Bacillus spp. establish protective biofilm layers on roots or soil
particles and then produce a range of antimicrobial secondary metabolites that inhibit
plant pathogens. These include antimicrobial peptides (AMP), volatile compounds, and
hydrolytic enzymes (such as chitinases, glucanases, and proteases). They may also suppress
the pathogens through competition for nutrients and space [20-22]. However, information
on antagonistic bacteria associated with vermicompost remains limited. This is the first
study in Saudi Arabia to screen vermicompost for antagonistic bacteria with inhibitory
effects on R. solani, to identify these bacteria, and to evaluate their potential to control
R. solani infections of tomato plants, under laboratory and greenhouse conditions.

2. Materials and Methods
2.1. Isolation and Identification of Rhizoctonia solani Causing Root Rot

Tomato seedlings that exhibited damping-off symptoms were collected and processed
for pathogen isolation. The seedlings were initially rinsed with tap water to remove
soil debris from the roots. Small sections from infected tissues, usually from the stem
near the soil surface, were excised. Plant tissues were surface disinfected using two
successive treatments, each lasting one minute: first with a 1% sodium hypochlorite
(NaOCl; Sigma-Aldrich, St. Louis, MO, USA) solution, followed by sterile distilled water.
The disinfected samples were then placed on potato dextrose agar (PDA; Neogen, Ltd.,
Lansing, MI, USA) medium in Petri dishes (90 mm) (ISOLAB Laborgerdte GmbH, Eschen-
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strasse 5, 22844 Norderstedt, Germany) after excess moisture was removed using sterile
filter paper ((Whatman No. 1); Cytiva, Marlborough, MA, USA). The plates were then
incubated at 25 £ 1 °C for 2 days. Mycelia growing from the plant tissues were transferred
onto PDA slants using a sterile inoculation needle (HiMedia, Mumbai, India) and incubated
at 25 + 1 °C for one week [9,23]. Identification of the isolate of R. solani was based on its
characteristic mycelial morphology [24]. Pathogenicity was confirmed by inoculation of the
fungus onto 3-week-old tomato seedlings (cv. Nurdan F1). Ten seedlings were grown per
pot (28 cm diameter), and each pot was filled with a peat-based artificial growing medium.
Inoculation was with a 5 mm plug of the isolate taken from the margin of a 15-day-old
culture grown on PDA. The causal agent of damping-off of these seedlings was reisolated,
as per the initial isolation technique. The mycelium of the freshly isolated fungal colonies
was examined microscopically to confirm the identity of the pathogen as R. solani [24].

2.2. Vermicompost Sample Collection

Fresh vermicompost samples were collected from the vermicomposting unit at
the National Organic Agriculture Center (NOAC), Qassim, Saudi Arabia (25°48'23" N
42°52'24" E). Nine samples, each weighing 0.5 kg, were collected from nine different loca-
tions within the unit using an auger. The samples were sieved to remove insects and other
debris and stored at 4 °C until they were used.

2.3. Isolation of Antagonistic Bacteria from Vermicompost, and Screening for Inhibitory Activity
Against Rhizoctonia solani

A 10 g sample of vermicompost from each source was weighed and added to a flask
(SIMAX, Kavalierglass a.s., Sdzava, Czech Republic) containing 90 mL of sterile distilled
water, then shaken for 3 min to obtain a vermicompost suspension stock. For a serial
dilution series, 1 mL of the suspension stock was transferred into 9 mL of sterile distilled
water. Dilutions of 1073, 10~#, and 10> were prepared from the original suspension. From
each dilution sample, 0.1 mL was spread onto nutrient agar (NA) medium (Neogen, Ltd.,
Lansing, MI, USA) in 90 mm plastic Petri dishes. After incubation at 30 °C for 48 h, single
colonies were selected and a single pure culture of each isolate was established [25].

Bacterial isolates were screened for their antifungal activity against R. solani using an
in vitro dual culture assay of the putative antagonists, and the pathogen, which was grown
on PDA (Neogen, Ltd.). Each bacterial isolate was inoculated at four evenly distributed
points, 2.5 cm from the edge of a Petri dish (90 mm in diameter), with three replicates per
isolate. After inoculation for 48 h at 28 °C in the dark, a 5 mm plug taken from the margin
of a 15-day-old R. solani culture grown on PDA was inoculated in the centre of each plate.
Plates inoculated with the fungus but not the bacterial isolates served as controls. The
plates were incubated at 28 °C for five days, after which the diameter of the fungal colony
was measured. The level of inhibition of the colony diameter was calculated using the
following formula.

Inhibition rate (%) = [(C — T)/C] x 100%
where C is the colony diameter in the control plate, and T is the colony diameter in the
treatment plate.

2.4. In Vitro Antagonistic Activity Against R. solani

To evaluate the effects of various incubation time, the three most effective bacterial
strains (NOAC.B77, NOAC.B42, and NOAC.B17) were assessed for their antagonistic
activity against R. solani. Each strain was inoculated onto NA plates for 0, 1, 2, and 3 days,
as described in Section 2.3. Subsequently, a 5 mm plug of R. solani grown on PDA was
inoculated in the centre of each plate and incubated at 28 °C. At 0, 1, 2, and 3 days after the
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inoculation of each plate with R. solani, the level of inhibition of the colony diameter was
calculated, as described in Section 2.3.

2.5. Morphological Changes in R. solani Mycelia Affected by Antagonistic Bacterial Strains

A thin layer of nutrient agar (NA) was poured into Petri dishes to facilitate microscopic
observation. Three Petri dishes (90 mm in diameter) were prepared for each bacterial
strain. Bacterial incubation was performed as described in Section 2.3. After three days of
incubation, a 5 mm plug of R. solani from a 15-day-old culture was placed onto each plate.
Control plates contained R. solani only. All plates were examined under a light microscope
(Euromex, Duiven, The Netherlands) to look for any morphological changes in fungal
myecelial growth caused by bacterial antagonism, in comparison with the normal growth
of fungal mycelium observed in the control treatment. Control plates were grown with
only the fungal isolate, to confirm that the observed effects on fungal growth were due to
bacterial activity.

2.6. Plant Growth Promotion by Bacterial Strains

The potential plant growth-promoting activity of the most effective biocontrol strains
(NOAC.B17, NOAC.B42 and NOAC.B77) was evaluated using a paper towel seedling
technique. Un-treated tomato seeds (cv. Nurdan F1 Argeto Vegetable Seeds, Antalya,
Turkey) were soaked in a bacterial suspension (1 x 108 CFU ml~?) for 3 h at 25 °C. Three
replicates were used for each strain, with ten seeds per replicate. Treated seeds were
placed between two moistened germination papers, rolled, and incubated at 25 °C. Sterile
distilled water was used to treat seeds in the control treatment. After 15 days of incubation,
germination percentage, root length, and shoot length were recorded [26]. The seedling
vigour index was calculated as follows: Vigour index = (mean root length + mean shoot
length in cm) X percentage germination [27].

2.7. Root Colonization

To assess the colonization ability of the most effective bacterial strains, tomato seeds (cv.
Nurdan F1) were surface-sterilized with 1% sodium hypochlorite for 1 min, followed with
two rinses in sterile distilled water. The seeds were immersed in a bacterial suspension and
shaken for 20 min. The coated seeds were placed on sterile filter paper in Petri dishes and
incubated at 25 °C. After germination and radical emergence, when the primary root of each
seedling reached approximately 50 mm in length, segments from the elongation zone were
excised and transferred to NA medium. The Petri dishes were incubated at 29 °C for 3-5 days
and examined daily for bacterial growth emerging from the surface-sterilized root segments.

2.8. Identification of the Selected Bacterial Isolates
2.8.1. DNA Extraction and PCR Conditions

DNA of the bacteria was extracted according to Cook and Myers [28], with minor modi-
fications. The three isolates were each cultured in nutrient broth (Oxoid, Ltd., Cheshire, UK)
at 30 °C for 24 h. Cells were harvested by centrifugation at 12,000 rpm for 3 min, then
washed with Tris-EDTA (TE) buffer (pH 7.7). (Sigma-Aldrich, St. Louis, MO, USA) The cell
pellets were re-suspended in TE buffer (300 pL), heated at 95 °C for 10 min in a hot water
bath, cooled to room temperature, and centrifuged at 12,000 rpm for 8 min. The supernatant
samples containing genomic DNA were transferred into sterile tubes and stored at 4 °C
until PCR amplification. PCR amplification of the 16S rDNA region was performed in
30 pL reaction volumes using DreamTaq™ Green PCR Master Mix (Thermo Scientific,
Waltham, MA, USA) and the universal primers 27F (5'-AGAGTTTGATCATGGCTCAG-3')
and 1492R (5-TACGGTTACCTTGTTACGACTT-3'). Amplification products were verified
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by electrophoresis on a 1% agarose gel, (Sigma-Aldrich, St. Louis, MO, USA) T purified,
and sequenced in both directions (Macrogen, Seoul, Republic of Korea).

2.8.2. Phylogenetic Analysis

The Maximum Likelihood method was used to infer the phylogenetic relationships using
the following parameters: the Maximum Composite Likelihood (MCL) approach, the Tamura—
Nei substitution model, and the Neighbour-Joining algorithm. Analyses were performed
using MEGA version 11 software (MEGA Software, Tempe, AZ, USA) [29]. Type strains are
indicated in the phylogenetic tree by the letter T. The obtained sequences were deposited in
the GenBank (NCBI) database under accession numbers PPP961956, PP961957 and KY034383.

2.9. Greenhouse Experiment
2.9.1. Preparation of Fungal Inoculum and Bacterial Isolates

The three selected bacterial isolates were cultured in nutrient broth at 30 °C on a
rotary shaker (JS Research Inc. (JSR), Gongju-City, Republic of Korea) for 48 h. A bacterial
suspension containing 1 x 108 CFU ml~! was prepared for experimental use. To prepare
R. solani inoculum, 500 g of barley grains (local supplier, Riyadh, Saudi Arabia) were
washed, soaked overnight, and autoclaved at 121 °C for 15 min, followed by a 24 h cooling
period at 22-25 °C. Plugs of R. solani were cultured on PDA using the previously isolated
strain (Section 2.5). Five agar plugs (5 mm x 5 mm) from a 15-day-old culture were added
to sterilized barley grains. The inoculated grains were incubated at 25 °C for 15 days until
fully colonized by the fungus.

2.9.2. Pot Experiment Design

A greenhouse experiment was conducted to evaluate the effect of the selected bac-
terial isolates on the seedling emergence of tomato seedlings inoculated with R. solani.
Tomato seeds (cv. Nurdan F1) were grown in pots that were 28 cm in diameter, which
were filled with a peat-based artificial growing medium. The experiment followed a
randomized complete block design (RCBD) with three replicates and eight treatments:
(1) B. subtilis NOAC.B77), (2) B. cereus (NOAC.B17) (3) B. vallismortis (NOAC.B42), (4) B. sub-
tilis (NOAC.B77) + R. solani, (5) B. cereus (NOAC.B17) + R. solani, (6) B. vallismortis
(NOAC.B42) + R. solani (7) R. solani (inoculated, untreated control), and (8) tomato seeds
only (uninoculated, untreated control).

2.9.3. Inoculation Technique and Data Collection

For Treatments 1-6, 50 mL of the appropriate bacterial suspension was applied to each
pot as a soil drench. For Treatments 4-7, 10 g of barley grains colonized with R. solani were
incorporated into the soil of each pot. Tomato seeds (cv. Nurdan F1) were sown at a rate
of 15 seeds per pot, three days after bacterial application. Seedling emergence percentage
was calculated once all seeds in the T8 pots (uninoculated, untreated Control) had fully
germinated. Approximately five days after sowing, seedling emergence was evaluated.
This was done by determining the number of sown seeds that emerged after each treatment,
relative to T8, the uninoculated, untreated control. Seedling Emergence was expressed
as the proportion of sown seeds that successfully germinated and grew in a healthy state.
The effectiveness of bacterial treatments was quantified by calculating.

Corrected Seedling Emergence (%) = 100 — ([(C% — T%)/C%] x 100]))

where C% is the percentage of seedlings that emerged in the Uninoculated, Untreated
Control pot (T8 = maximum potential emergence), and T% is the percentage of seedlings
that emerged from each of the treated pots (T1-T7).
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2.10. Statistical Analysis

Data were subjected to analysis of variance (ANOVA). Means were compared using the
Duncan’s multiple range test at a 5% significance level. Statistical analyses were conducted
using GenStat for Windows (23rd edition); VSN International, Hemel Hempstead, UK.

3. Results
3.1. Isolation of Antagonistic Bacteria from Vermicompost

Eighty-five bacterial isolates were obtained from the collected vermicompost samples
and evaluated for their antagonistic activity against R. solani. Among the tested isolates, five
showed antagonistic activity in the dual culture assay and three exhibited strong antifungal
activity against R. solani.

3.2. In Vitro Antagonistic Activity Against R. solani

The selected bacterial isolates significantly reduced the growth of R. solani in vitro
(Figure 1). Significant differences among the tested isolates were observed at all exposure
times following bacterial inoculation, with inhibition percentages ranging from 56% to
65% at day zero and day one after inoculation (Table 1). A notable increase in inhibition
was observed by day three, reaching 79.15% and 80.78% for B. subtilis (NOAC.B77) and
B. vallismortis (NOAC.B42), respectively.

(0) (d)

Figure 1. In vitro antagonistic activity of three bacterial isolates against Rhizoctonia solani in a dual
culture assay after three days of bacterial incubation: (a) Bacillus subtilis (NOAC.B77), (b) Bacillus
vallismortis (NOAC.B42), (c) Bacillus cereus (NOAC.B17), and (d) R. solani only, the untreated control.
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Table 1. In vitro inhibition of the mycelial growth of R. solani in culture following exposure to three
Bacillus isolates at 0, 1, 2, and 3 days after bacterial inoculation.

Inhibition (%) of R. solani

Isolate Time After Bacterial Inoculation (Days)
(0) Day (1) Day (2) Days (3) Days
B. subtilis (NOAC.B77) 62.38b 64.70 b 72.72Db 80.77 b
B. vallismortis (NOAC.B42) 64 b 65.30b 74.05Db 79.15b
B. cereus (NOAC.B17) 56.12 a 57.0a 58.8 a 61.75a
LSD 4.329 6.39 6.03 4.025
p value 0.015* 0.034 * <0.001 *** <0.001 ***
F Value 9.14 6.28 30.81 82.21
CV% 4.5 5.9 5.5 3.1
Means followed by the same letter do not differ significantly at p < 0.05 according to the Duncan’s multiple range
test. Asterisks indicate significant differences at *** p < 0.001, * p < 0.05.

These results identified specific bacterial strains that produced inhibitory compounds
over time, as evidenced by comparisons with untreated fungal colony measurements taken
days zero, one, and three after inoculation (Table 1). A linear response in inhibition of
R. solani colony growth as a result of increasing bacterial inoculation time was observed for
all isolates, with RZ > 0.9. (Figure 2).

100
90
80
§ 70
= 50
;\? 40 ®NOAC.B17 NOAC.B42 NOAC.B77
g 30
Z 20 y =1.869x + 53.745 y =5.42x +57.075 y=6.322x +54.34
= 10 R? = 0.9421 R2=0.9376 R? = 0.9531
k=
0
0 day 1 day 2 day 3 day
Time (days)

Figure 2. Linear regression analysis showing the relationships between percentage inhibition of the
mycelial growth of R. solani, and increasing time after inoculation, following the application of three
bacterial isolates: Bacillus subtilis (NOAC.B77), Bacillus vallismortis (NOAC.B42) and Bacillus cereus
(NOAC.B17).

3.3. Morphological Changes in the Mycelium of R. solani Induced by Three Antagonistic
Bacterial Isolates

Light microscopic observation of the mycelium of R. solani in the inhibition zones
of dual culture assays revealed structural changes, presumably caused by antifungal
compounds produced by the bacterial isolates (Figure 3). Common abnormalities included
hyphal shrivelling, twisting, and distortion when R. solani was co-cultivated with the
bacterial strains. In contrast, the mycelium of the untreated control cultures exhibiting a
smooth surface and normal branched, tubular morphology.
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(d)

Figure 3. Light micrographs of Rhizoctonia solani hyphae in the inhibition zone of the dual culture
assay, showing morphological abnormalities: (a) R. solani mycelium grown in the presence of Bacillus
subtilis NOAC.B77), (b) R. solani mycelium grown in the presence of Bacillus vallismortis (NOAC.B42),
(c) R. solani mycelium grown in the presence of Bacillus cereus (NOAC.B17), and (d) R. solani only, the
untreated control.

3.4. Plant Growth Promotion and Root Colonization by the Selected Bacterial Strains

No significant differences (p < 0.05) were observed in seed germination percentage,
shoot length or root length between the control and rhizobacteria-treated tomato seedlings
in the rolled paper towel assay (Table 2).

Table 2. Effects of seed treatments with antagonistic bacterial strains on seed germination and
seedling vigour of tomato seedlings grown under laboratory conditions.

Strain Germination (%) Root Length (cm)  Shoot Length (cm) Vigour Index
B. subtilis (NOAC. B77) 96.80 a 3340 a 0.64a 385.7 a
B. vallismortis (NOAC. B42) 96.80 a 3.540 a 0.80a 3842a
B. cereus (NOAC. B17) 94.20 a 3.680 a 0.40a 3825a
Control 95.20 a 3.600 a 0.18a 3522a

Means followed by the same letter do not differ significantly at p < 0.05 according to the Duncan’s multiple range test.

3.5. Root Colonization

The development of bacterial colonies following the sterile transfer of excised tomato
root segments onto nutrient agar (NA) medium confirmed that the tested isolates suc-
cessfully colonized the surface of tomato roots (Figure 4). Root fragments were surface
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disinfected in sodium hypochlorite prior culturing, a procedure that was expected to
eliminate vegetative bacterial cells.

(©) (d)

Figure 4. Root colonization of tomato seedlings by three Bacillus strains following aseptic transfer of

root segments onto nutrient agar medium: (a) Bacillus subtilis (NOAC.B77), (b) Bacillus vallismortis
(NOAC.B42), (c) Bacillus cereus (NOAC.B17), and (d) untreated control.

3.6. Identification of the Selected Bacterial Isolates

The 16S rRNA gene sequences obtained from the selected isolates were compared with
reference sequences in GenBank databases. Phylogenetic analysis revealed the relationships
between the isolates and closely related Bacillus species (Figure 5). Strain NOAC.B17
(PP961956) showed a 99.75% sequence similarity to Bacillus cereus ATCC 14579 (KY034383)
from Saudi Arabia. Strain NOAC.B42 (PP961957) displayed a relatedness of (99.65%) to
Bacillus vallismortis Strain NRRL B-14890 from USA. Strain NOAC.B77 (PP961958) shared
of 97.85% similarity with Bacillus subtilis strain NBRC 13719 from Japan and Bacillus subtilis
strain DSM 10 from India.

3.7. Greenhouse Experiment

Significant differences were observed among the treatments when assessing the effects
of bacterial strains on differences in % Emergence of tomato seedlings caused by pre-
emergence damping that was caused by R. solani, under greenhouse conditions (F 111.17;
p <0.001; d.f. =7). No adverse effects were observed when tomato seeds were treated with
one of the three bacterial strains alone, and the seedling emergence level percentages were
similar to those of the untreated control (>92%). In contrast, the percentage of seedlings
that emerged in the R. solani infected control was only 13%. The isolates B. subtilis strain

https://doi.org/10.3390/microorganisms14020371


https://doi.org/10.3390/microorganisms14020371

Microorganisms 2026, 14, 371 10 of 15

NOAC.B77, B. vallismortis strain NOAC.B42 and B. cereus strain NOAC.B17 increased
seedling emergence to 55.0%, 54.3% and 47.7%, respectively (Figure 6), by reducing the
level of pre-emergence damping off caused by R. solani.

— Priestia megaterium strain MB1 (JN215486)

96%
— Priestia flexa strain AFS026365 (OP986869)

79%

Priestia aryabhattai strain RS1 (KJ879951)

83% Priestia megaterium strain P12 (0Q472613)

— Bacillus sp. 12BCh (JN634544)

41%

36% @ Bacillus vallismortis NOAC.B42 (PP961957)-Saudi Arabia
6

36% | Bacillus vallismortis NRRL B-14890" (NR 116186) - USA

—— @ Bacillus subtilis NOAC.B77 (PP961958)-Saudi Arabia

5 Bacillus subtilis NBRC 13719 (AP019714) - Japan
41%

Bacillus subtilis DSM 107 (MK182759) - India

Bacillus cereus SD45 (PP406798)-Kenya

51% @ Bacillus cereus NOAC.B17 (PP961956)- Saudi Arabia

51% | Bacillus cereus ATCC 145797 (KY034383)- Saudi Arabia

Pseudomonas pl lossicida strain JUIMO01 (MF574326)

. ; . ; 90% - pPseudomonas putida ATCC 12633 (NR 114479)
T | 1
0.200 0.150 0.100 0.050 0.000

Figure 5. Molecular phylogenetic tree based on the 165 rRNA gene sequences of the three selected
bacterial isolates. Type strains are indicated by the letter T. Two Pseudomonas species were included
as out-group taxa to root the phylogenetic tree. The scale bar represents the number of nucleotide
substitutions per site.

Un- treated tomato seed _ d
6. supcirs |
6. valismorts [ ¢
B. cereus H d
R.solani + B. subtilis || -
R. solani + B. vallismortis | EGE - -

R. solani+ B. cereus —— b

R. solani - b a

0 20 40 60 80 100

Seedling emergence (%)

Treatments

Figure 6. Effect of three bacterial isolates: Bacillus subtilis strain NOAC.B77, Bacillus vallismortis
strain NOAC.B42 and Bacillus cereus strain NOAC.B17 on Seedling Emergence% under greenhouse
conditions. The control inoculated with Rhizoctonia solani had an emergence of 13%. Error bars
represent standard error (SE). Levels of seedling emergence (%) listed with the same latter are not
significantly different at p = 0.05.
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4. Discussion

Biological control represents an option for the management of soil-borne pathogens
of vegetable crops, including those caused by R. solani. The advantages they provide
include their environmentally friendly, cost-effective, and user-friendly nature. Many
commercial biopesticide products are currently available worldwide for large-scale field
applications [30]. However, the successful biocontrol of soil-borne pathogens relies on
the competitiveness of the microbial biocontrol agents in soils that vary geographically.
Therefore, the present study focused on the isolation and screening of indigenous bacterial
strains with antifungal activity from vermicompost, which is widely used as a natural
fertilizer in organic agriculture in Saudi Arabia.

Among the 85 bacterial isolates screened, three isolates (Bacillus subtilis (NOAC.B77),
Bacillus vallismortis (NOAC.B42), and Bacillus cereus (NOAC.B17)) exhibited antagonistic
activity against R. solani in in vitro dual culture assays, significantly reducing growth of
the fungal colonies, without creating obvious inhibition zones or halos. The antagonistic
efficacy of these strains increased over time, from approximately 56% on Day Zero to 79.2%
and 80.8% by Day Three for B. subtilis (NOAC.B77) and B. vallismortis (NOAC.B42), respec-
tively. This increase was assumed to be due to the accumulation of antifungal compounds
produced by the bacterial strains in the agar medium. Applying these bacterial strains
to tomato seeds or seedlings three days prior to planting may enhance their effectiveness
against R. solani under field conditions by allowing them sufficient time to multiply, colo-
nize, and to release antifungal compounds into the rhizosphere soil. This would lead to a
reduction in the inoculum levels of R. solani, reducing pre-emergence seed and seedlings
infections, and increasing seedling emergence. These findings are consistent with those
of Zohora et al. [31], who reported that B. subtilis strain RB14 strongly inhibited R. solani
growth in vitro. Similarly, Rashad et al. [32] found that B. subtilis strain SR22 inhibited
R. solani growth in a dual culture assay by 51%. Variations in the levels of inhibition
provided by different bacterial isolates in the present study may be attributed to differ-
ences in the quantity and toxicity of the antifungal compounds produced by each bacterial
strain [26]. These inhibitory effects may be mediated by the production of enzymes (e.g.,
chitinases, glucanases, proteases), antibiotics, or other bioactive metabolites, although their
precise nature was not determined in this study.

The antagonistic effects of the bacterial isolates were further supported by microscopic
examination of R. solani hyphae growing within the inhibition zones of dual culture agar
plates. Hyphae of R. solani, co-cultivated with antagonistic Bacillus strains, exhibited
morphological abnormalities, including distortion, shrivelling, twisting, and irregular
growth patterns. Similar morphological alterations were reported by Lee et al. [33], who
observed hyphal damage when B. velezensis GH1-13 was co-cultivated with a strain of
R. solani, a pathogen affecting isolated from cool-season turfgrasses. Irregular hyphal
growth was also described by Wu et al. [34] when B. subtilis SL-44 was co-cultivated with
R. solani associated with Capsicum annuum (L.). They suggested that antifungal metabolites
produced by the tested Bacillus strain played a key role in its biocontrol activity.

Bacterial grew out from the surface sterilized root fragments from seedlings treated
with the three antagonistic bacterial strains. No bacteria grew out of the roots of the
untreated control plants. It is likely that endospores of the three Bacillus strains were present
on the root tissues, survived the surface sterilization, and subsequently germinated and
multiplied under culture conditions. Root colonization is a well-documented characteristic
of Bacillus species [35], including numerous biocontrol strains [36,37].

In the in vitro plant growth promotion assay, the tested bacterial strains did not
significantly enhance or diminish the levels of seed germination or seedling vigour of the
tomato seed. This contrasts with the findings of other studies where growth suppression
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was observed to follow seed bacterization. For example, Al-Hussini et al. [38] demonstrated
that treatments of tomato seeds with Klebsiella oxytoca strain D1/3 led to a reduction in
both shoot and root lengths, as well as overall seedling vigour, compared with untreated
controls, indicating that this bacterium was releasing phytotoxic compounds. In other
studies, Bacillus isolates enhanced plant growth significantly [39,40].

In the greenhouse pot experiment, B. subtilis (NOAC.B77), B. vallismortis (NOAC.B42)
and B. cereus (NOAC.B17) increased tomato seedling emergence by 55.0%, 54.3% and
47.7%, respectively, by reduced damping-off caused by R. solani. In contrast, only 13% of
tomato seeds emerged when the tomato seeds were exposed to R. solani in the absence of
bacterial treatment. These findings align with those of Khedher et al. [41], who found that
bacterization of potato tubers with B. subtilis strain V26 significantly reduced the incidence
of black scurf disease caused by R. solani, and improved plant growth. These results confirm
the antagonistic potential of the tested strains against R. solani under greenhouse conditions,
without any observable effect on seedling vigour, indicating that their primary role was
biocontrol protection of the seedlings rather than plant growth promotion.

Relatively few studies have investigated B. vallismortis as a biocontrol agent against
R. solani on tomato [42]. In the present study, the B. vallismortis isolate demonstrated
a level of biocontrol efficacy comparable to that of B. subtilis under greenhouse condi-
tions. Previous studies have reported the effectiveness of B. vallismortis strains against
several plant pathogens, including Fusarium solani ((Mart.) Sacc.) infecting Panax ginseng
(Mey), [43], and Fusarium oxysporum, Fusarium moniliforme (Sheld.), Fusarium proliferatum
(Matsush.) Nirenberg ex Gerlach & Nirenberg), and F. solani on apple (Malus domestica
(Suckow) Borkh.) [44].

5. Conclusions

Vermicompost is a promising source of antagonistic bacteria with potential appli-
cations in the biocontrol of soil-borne plant diseases, such as those caused by R. solani.
Among the bacterial strains evaluated in this study, B. subtilis (NOAC.B77) and B. vallis-
mortis (NOAC.B42) were the most effective strains in reducing seedling damping-off of
tomato seedlings caused by R. solani. These strains show potential for further development
as commercial biocontrol agents.
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