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Abstract

Fusarium culmorum is a soil-borne fungal pathogen causing root and stem rot, seedling blight, and significant yield losses
in small grain cereals, including wheat. This study aimed to evaluate the antifungal potential of Bacillus subtilis ED24, an
endophytic strain isolated from Ziziphus lotus (L.) roots, and its effects on wheat growth and yield under controlled condi-
tions. In vitro assays demonstrated that B. subtilis ED24 inhibited F. culmorum mycelial growth by up to 87%, associated with
the secretion of 37 distinct secondary metabolites, predominantly involved in carbon cycling. In pot experiments, B. subtilis
ED24 significantly enhanced wheat germination (85%) and growth compared to infected plants treated with the chemical
fungicide tebuconazole. Although nutrient analysis showed significantly higher shoot nitrogen (32.34 mg/pot) and phosphorus
(2.41 mg/pot) contents in the B. subtilis ED24 treatment compared to tebuconazole (8.11 and 0.18 mg/pot, respectively), no
significant differences were observed when compared to the infected control (C-). Similarly, B. subtilis ED24 led to improved
thousand grain weight (40.4 g), protein content (19.98%), and ash content (1.95%) relative to tebuconazole (29.1 g, 18.31%,
and 1.74%, respectively), yet these values did not differ significantly from the infected control (C-). Notably, the number of
seeds per pot was significantly increased by B. subtilis ED24 compared to the infected control (C-) (113.8 seeds/pot vs. 54.2
seeds/pot). Additionally, B. subtilis ED24 modulated the wheat rhizosphere microbiome, enriching beneficial taxa such as
Eurotiomycetes fungal class and the bacterial genus Paramesorhizobium. These findings suggest that the antifungal activity
and growth-promoting effects of B. subtilis ED24 are likely mediated through the synthesis of unique bioactive metabolites
and microbiome modulation, offering a promising sustainable alternative to chemical fungicides in wheat production.
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Introduction

Fungal pathogens represent a major constraint to wheat
production worldwide, causing yield losses of up to 40%
[1]. Among them, Fusarium culmorum is the main fun-
gal pathogen affecting cereal crops, particularly wheat,
causing seedling blight, foot and root rot, and leading
to significant losses in both grain yield and quality [2].
Chemical fungicides, notably azoles such as tebucona-
zole, have been widely applied to manage such pathogens.
The chemical agents disrupt fungal membrane integrity
by inhibiting sterol biosynthesis [3]. However, increas-
ing concerns over environmental toxicity, human health
risks, and the emergence of resistant fungal strains due
to prolonged usage [4, 5] urgently call for environmen-
tally friendly alternatives, such as biopesticides derived
from microorganisms with antagonistic activity against
targeted pathogens. Among them, the endophytic bacteria
have emerged as key contributors due to their ability to
reside inside plant tissues, enabling efficient exchanges
of metabolites and signaling molecules [6]. Endophytes
have co-evolved with their host plants, acquiring genetic
traits that mimic or complement plant-derived compounds
[7]. This co-evolution is particularly evident in medicinal
plants known for their high content in bioactive com-
pounds [8]. In this context, Ziziphus lotus (L.) Desf.,
commonly known as “Sedra” in Morocco, represents a
promising source of novel endophytes. It is a medicinal
plant with significant ethnobotanical value. Phytochemi-
cal investigations have identified around 431 chemical
constituents [9], reflecting its extensive use in traditional
medicine.

Considering the ecological and therapeutical features
of Z. lotus (L.) Desf., the present study explores the
microbial attributes of this medicinal plant by investigat-
ing the antifungal activity of B. subtilis ED24, an endo-
phytic bacterium isolated from its roots. In addition to
being characterized for its plant growth-promoting (PGP)
properties, B. subtilis ED24 was evaluated in vitro for
its biocontrol potential against the most prevailing phy-
topathogenic fungi, Fusarium culmorum, Penicillium
cyclopium, and Alternaria infectoria with particular
attention paid to secondary metabolite production. The
second part of the study assesses the in planta biocontrol
efficacy of the strain against F. culmorum under con-
trolled conditions using durum wheat, variety Karim,
known for its sensitivity to F. culmorum. This phase com-
pares the effects of B. subtilis ED24 on seed germination,
wheat growth, and yield to those of the commercial fun-
gicide tebuconazole.
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Material and Methods
Strains and Culture Conditions

This study involved four microorganisms. B. subtilis ED24, a
root endophytic bacterium isolated from Z. lotus (L.) Desf.,
was identified by 16S rRNA gene sequencing (GenBank
accession no. PQ620260), characterized, and utilized as a
plant growth-promoting rhizobacterium (PGPR). The ini-
tial key PGP traits of B. subtilis ED24 were phosphate (108
mg/L) and potassium (7.71 mg/L) solubilization measured
in liquid bacterial culture in NBRIP [10] and Aleksandrov
[11] medium, respectively. B. subtilis ED24 was also able to
grow on nitrogen-free Burk’s [12] medium, indicating nitro-
gen fixation ability. To test the anti-fungal activity of B. sub-
tilis ED24, three pathogenic fungi, Fusarium culmorum (F8),
Penicillium cyclopium (F10), and Alternaria infectoria (F19),
were originally isolated from the wheat rhizosphere [13, 14].
B. subtilis ED24 was cultured at 30 °C in tryptic soy broth
(TSB, Biokar Laboratories) for 24 h with shaking at 180 rpm.
Using the Quantom™ XT Microbial Cell Counter (Logos
Biosystems), an OD600 of 0.8 was determined to correspond
to approximately 1x 10% CFU/mL. This value was used to
standardize the bacterial suspension prior to inoculation. The
fungal strains were grown on potato dextrose agar (PDA,
Biokar Laboratories) and incubated at 28 °C for 7 days.

Antifungal Activity Assay of B. subtilis ED24

B. subtilis ED24 was tested for its potential to act as a biocontrol
agent against the three fungal pathogens mentioned above, i.e.,
F. culmorum (F8), P. cyclopium (F10), and A. infectoria (F19).
These pathogenic strains were found to be the most prevalent in
Morocco, affecting a significant portion of wheat culture [13,
15]. On PDA, a 5 mm disc from a 1-week-old sporulating myce-
lium of each fungal strain was placed at the edge of the plate.
Approximately 10 uL of the B. subtilis ED24 bacterial culture
was inoculated at the opposite edge of the plate. The plates were
then incubated at 28 °C for 5 days along with control treatments
consisting of the fungi and B. subtilis ED24 inoculated sepa-
rately on individual plates. After incubation, the colony diameter
of the fungi was measured. The percentage of fungal growth
inhibition was calculated using the following formula [16]:

_Cc-T

1 x 100

where /=inhibition percentage, C =radial growth of the
pathogen in the control, and T'=radial growth of the patho-
gen in the treatment.
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Determination of Antifungal Secondary Metabolites
Protease Production

B. subtilis ED24 was spotted onto nutrient agar medium
supplemented with casein as a source of protein [17] and
incubated at 30 °C for 48 h. The presence of halos indicated
the production of extracellular protease.

Cellulase Production

B. subtilis ED24 was spotted onto a CMC agar plate [18] and
incubated at 30 °C for 48 h. The plate was then thoroughly
soaked with Congo red, followed by 1 M NaCl. The presence
of halos indicated the production of extracellular cellulase.

ACC Deaminase Production

B. subtilis ED24 was evaluated on Dworkin and Foster (DF)
minimal sterile saline medium containing 3 mM ACC as
the sole nitrogen source [19] and incubated at 30 °C for 3
days. ACC deaminase activity was determined by measuring
a-ketobutyrate production at 540 nm.

Siderophore Production

B. subtilis ED24 was inoculated onto a universal Chrome
Azurol S (CAS) agar plate (Sigma-Aldrich, Casablanca,
Morocco) [20] and incubated at 30 °C for 7 days. The for-
mation of an orange halo around the colony indicated sidero-
phore production.

Extraction and Identification of Secondary Metabolites
from B. subtilis ED24 and Fungal Co-cultures

Metabolites produced by B. subtilis ED24 were analyzed
using gas chromatography-mass spectrometry (SCION 8900
Triple Quadrupole GC-MS). The bacterial strain was co-
cultured with different fungi in PDB medium at 28 °C for
5 days. After incubation, the culture was filtered, and ethyl
acetate (twice the volume of the filtrate) was added to extract
metabolites. The mixture was shaken thoroughly, and the
organic phase (upper) was collected. This extraction pro-
cess was repeated three times, reusing the aqueous phase for
each extraction. The organic extract was treated with anhy-
drous sodium sulfate (~ 10-15 g) to remove residual water,
filtered, and evaporated using a rotary evaporator at 40 °C.
The concentrated extract was redissolved in ethyl acetate.
Aliquots (2 mL) of the solubilized metabolites were ana-
lyzed by GC-MS. The oven temperature program started at
50 °C, ramped to 300 °C at 5.5 °C/min, with a hold time of
2 min at the final temperature. The injection was conducted
in standard mode, with a total runtime of 48.5 min. The

analysis was performed in electron ionization (EI) mode,
with a source temperature of 230 °C and electron energy
of 70 eV. Detection was carried out in Q1MS mode over a
mass range of 50-500 amu, with a scan time of 1000 ms.
Data processing involved Gaussian smoothing, RT filtering,
and a signal-to-noise ratio threshold of metabolites identified
using the NIST Tandem Mass Spectral Library (NIST 20),
achieving predictability greater than 90% [21].

Metabolites were detected using GC-MS and were anno-
tated using the MS NIST 2014 library, ensuring a match
probability exceeding 90%. Structural classification was per-
formed using the PubChem and LIPID MAPS databases.
To mitigate heteroscedasticity and pseudo-scaling effects, a
power transformation was applied [22]. Metabolite quanti-
fication was derived from peak area integration, with dode-
cane serving as the internal standard. The Gene-to-KEGG
Orthology (G2KO) tool developed by IIT Mandi [23] was
used to assign KEGG codes to microbial strains obtained
from metagenomic data. These codes were used in the
KEFF Mapper tool to reconstruct metabolic pathways. The
resulting pathway models were then graphically represented
using BioRender. For data representation, a heatmap was
generated in R to display compound abundance patterns,
and an UpSet plot was created using the UpSetR package
to illustrate shared and unique metabolites across different
conditions.

Effect of B. subtilis ED24 on Seeds Germination,
Growth, and Yield Parameters of Durum Wheat
Infected with F. culmorum

B. subtilis ED24 Biocontrol Activity Against F. culmorum
in Wheat Under Greenhouse Conditions

To assess the biocontrol potential of B. subtilis ED24 against
F. culmorum in wheat, a potted plant experiment was con-
ducted at the Agriculture Innovation and Technology Trans-
fer Centre (AITTC) of UM6P in Benguerir, Morocco, in
December 2022 under natural daylight conditions. Wheat
seeds (variety: Karim, Triticum durum, characterized by early
maturity, moderate plant height, and good adaptability to
semi-arid conditions [24]) were surface disinfected by soak-
ing in 70% ethanol (Sigma-Aldrich, Casablanca, Morocco)
for 2 min and thoroughly washed with sterile water. Seeds
were then treated with a 1% sodium hypochlorite solution
for 3 min, followed by another three rinses with sterile water,
and subsequently dried under a laminar flow hood [25]. To
confirm sterility, 100 pl of the final rinse water was plated
on TSA and PDA and incubated at 30 °C for 24 h and 7 days,
respectively; as a result, no microbial growth was observed.
The experimental design consisted of three treatments, with
the 1 st treatment representing the infected control group
(C-) where seeds were infected with F. culmorum by soaking
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in a spore suspension for 30 min then dried under a sterile
hood. The spore suspension was prepared by gently scrap-
ing a F. culmorum culture plate with a sterile spatula, filter-
ing the suspension through muslin to separate spores from
mycelium. The spore concentration was determined using a
Neubauer counting chamber under a light microscope and
adjusted to 10° spores/mL by dilution with sterile distilled
water. The 2nd treatment consisted of the biocontrol treat-
ment (ED24) where seeds were first infected with F. culmo-
rum as described above then immersed in a B. subtilis ED24
suspension for 30 min and subsequently dried under a sterile
hood. The bacterial suspension was prepared by culturing B.
subtilis ED24 in TSB at 30 °C for 24 h with shaking at 180
rpm. The culture was adjusted to a final concentration of
108 CFU/mL, verified using the Quantom™ XT Microbial
Cell Counter. The 3rd treatment corresponds to the chemical
control group (TEBU), where seeds were first infected with
F. culmorum and treated with a tebuconazole solution (600
mL/100 kg) for 10 min and then dried under a hood.

The treated seeds were sown in pots (12 seeds per pot of
4 kg) containing a plant growth substrate mixture of 25%
sand, 25% perlite, and 50% agricultural soil collected from
the AITTC at UM6P in Benguerir, central Morocco (32° 13’
11.5" N, 7° 53" 29.9” W). The sampled soil was character-
ized as phosphorus-deficient (Olsen P: 3 ppm), alkaline (pH
8.24), and low in organic matter (1.20%). At the full tiller-
ing stage, approximately 43 days after sowing, B. subtilis
ED24 treated plants were inoculated with 20 mL of bacterial
suspension (108 CFU/mL) to ensure continued rhizosphere
colonization and sustained biocontrol activity; in contrast,
TEBU was applied once at the pre-sowing stage in accord-
ance with the manufacturer’s recommendations and standard
agronomic practices. This seed coating method ensures uni-
form application, minimizes stripping, and promotes strong
adhesion to the seed surface [26].

Germination rate was assessed, considering damping-off
symptoms as a key indicator of seedling establishment and
early plant health. Growth and yield parameters were meas-
ured at the harvest stage, approximately 115 days after sow-
ing [27]. Yield parameters, including thousand grain weight
and number of grains per pot, were measured using a near-
infrared spectrometer (NIRS). Morphometric parameters,
including leaf area measured with a leaf area meter and root
traits assessed using the WinRHIZO, were recorded from
all germinated plants per pot. The values were averaged to
obtain a composite measurement for each pot, and five rep-
licate pots were used per treatment. In addition, biochemical
parameters including shoot nutrient contents (NPK) were
analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES), and the biochemical composi-
tion of harvested seeds was analyzed using Fourier-trans-
form infrared (FTIR) spectroscopy. Rhizospheric soil was
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sampled and immediately stored at—20 °C for subsequent
DNA extraction and metabarcoding analysis. The germina-
tion rate and seed vigor index were calculated using the fol-
lowing formulas:

Germination rate (%)= (number of germinated
seeds +total number of seeds) x 100

Seed vigor index (SVI) = germination percentage X seed-
ling length (cm)

Isolation and Identification of F. culmorum Associated
with Harvested Wheat Roots

To evaluate the biocontrol efficacy of B. subtilis ED24 against
F. culmorum, the presence of F. culmorum spores in wheat
roots was assessed to confirm the pathogen’s colonization
under B. subtilis ED24, TEBU, and infected control (C-)
groups. The root fragments (1 cm in length) were excised,
washed with distilled water, and surface sterilized by soak-
ing in 70% ethanol (v/v) for 5 min, followed by immersion
in a 2% (v/v) sodium hypochlorite solution for 5 min. The
fragments were then rinsed three times with sterile water and
dried on sterile blotting paper before being placed in Petri
dishes containing PDA supplemented with 100 pg/mL of
chloramphenicol, a broad-spectrum antibiotic used to inhibit
bacterial growth. The cultures were incubated at 27 °C for 7
days. Purification of fungal isolates was performed on PDA
under the same culture conditions. For identification, hyphae
were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.2) and subsequently visualized using a light microscope
and atomic force microscopy (AFM) (Anton Paar) [28].

DNA Extraction and High-Throughput Miseq Sequencing

Total DNA from the rhizospheric soil of harvested wheat
plants was extracted using the QIAcube system following the
manufacturer’s protocol (DNeasy Plant Pro Kit, QTAGEN).
The purity and concentration of the extracted DNA were
quantified using a Qubit 4 Fluorometer (ThermoFisher).
Subsequently, PCR amplification was performed to target
both fungal ITS2 and bacterial 16S rRNA genes. For bacte-
rial community analysis, the V3-V4 region of the 16S rRNA
gene was amplified using the primers 341 F (CCTAYG
GGRBGCASCAG) and 806R (GGACTACNNGGGTAT
CTAAT). For fungal community analysis, the ITS2 region
was amplified using the primers ITSIF (GCATCGATG
AAGAACGCAGC) and ITS2R (TCCTCCGCTTATTGA
TATGC). The resulting libraries were prepared according
to the Illumina metagenomic workflow and sequenced on the
[llumina MiSeq platform. Reads of the sequence data have
been deposited in the NCBI Sequence Read Archive (SRA)
with accession number PRINA1226402.
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Bioinformatics Processing and Taxonomic Annotation

The raw FASTQ files were processed in R version 4.2.2
using the DADA?2 pipeline [29] to ensure high-quality
sequence analysis. Low-quality reads with an average
Phred score below 30 were discarded to minimize sequenc-
ing errors. Bacterial sequences were filtered and trimmed
to remove residual primer and adapter sequences, and error
rate estimation was performed to refine the sequence infer-
ence process. Forward and reverse reads were merged using
the mergePairs function in DADA?2 to reconstruct high-
resolution amplicon sequence variants (ASVs). Taxonomic
classification of bacterial ASVs was conducted using the
SILVA reference database [30], while fungal ASVs were
assigned against the UNITE database [31].

Statistical Analysis

The statistical significance of germination and growth data
was determined using the statistical package for the social
sciences software (GraphPad Prism 8). The comparison
between treatments was performed using one-way analysis
of variance (one-way ANOVA) followed by mean compari-
sons according to the post-hoc analysis with Tukey’s test.
Significant differences were set at p < 0.05. Microbial beta
diversity was analyzed with a Bray—Curtis dissimilarity
matrix and visualized through non-metric multidimensional
scaling (nMDS) to assess species composition variations in
bacterial and fungal communities across the tested condi-
tions. Differences between microbial community composi-
tions were tested for significance using PERMANOVA (999
permutations) in PRIMER 7 (Primer-E Ltd, Plymouth, UK).
Heatmaps, generated with the Complex Heatmap package
in R (version 3.3.2), displayed the 100 most abundant fun-
gal and bacterial taxa to highlight compositional variations

Fig. 1 A Effect of B. subtilis
ED24 on mycelial growth of the
fungi after 5 days of incubation.
Vertical bars represent means
and standard errors (mean + SE)
based on two replicates. Distinct
lowercase letters indicate sta-
tistical significance at p <0.05
between each treatment and its
control. B Effect of B. subtilis
ED24 on F. culmorum growth
after 5 days of incubation

(A)
100
a

80—
60 b
40

20

Inhibition rate %

at finer taxonomic levels. Multivariate analyses, including
numerical clustering (PRIMER 7) and principal component
analysis (PCA) using the “factoextra” package in R, were
applied to data matrices from microbial taxa clusters and
wheat growth parameters.

Results

Determination of Anti-fungal Activity of B. subtilis
ED24

In vitro assays revealed that B. subtilis ED24 effectively
suppressed fungal growth (Fig. 1), resulting in a significant
reduction in mycelial surface area across all tested fungi. Co-
inoculation with B. subtilis ED24 led to significant inhibition
rates of 82% for F. culmorum, 56% for A. infectoria (F19),
and 47% for P. cyclopium (F10).

Biocontrol Related Traits and Metabolomic Profiling
of B. subtilis ED24

Enzymatic assays revealed that B. subtilis ED24 possesses
multiple biocontrol traits. It exhibited notable cellulolytic
activity, forming a 5.5 mm clearance zone. B. subtilis ED24
also showed ACC deaminase activity, reaching 0.32 nmol per
mL per hour. However, no proteolytic activity was detected.
In addition, B. subtilis ED24 demonstrated the ability to pro-
duce siderophores, as indicated by a 2.7 mm halo.

The metabolomic analysis revealed that under individual
culture conditions, F. culmorum (F8) exhibited the highest
number of specific metabolites (113), followed by B. subti-
lis ED24 with 39, A. infectoria (F19) with 7, and P. cyclo-
pium (F10) which produced none. However, co-inoculation
of B. subtilis ED24 with F. culmorum (F8) resulted in the

(B) F. culmorum
(F8)

Co-culture of F8
whit ED24

C) Culture of F8
N without ED24
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production of 37 exclusive metabolites, while co-inocula-
tion with P. cyclopium (F10) and A. infectoria (F19) led to
the detection of 3 and 1 unique metabolites, respectively
(Fig. 2A).

Heatmap and hierarchical cluster analyses revealed
distinct metabolomic profiles across treatments. The co-
inoculation of B. subtilis ED24 with F. culmorum (F8)
exhibited the most pronounced metabolic activity, a pat-
tern that was not observed in single-strain treatments.
Similarly, the co-inoculation of B. subtilis ED24 with A.
infectoria (F19) induced specific metabolite production.
In contrast, the co-inoculation of B. subtilis ED24 with P.

(A) 120

AN

80

Intersection Size

40 P 4

04

F8_ED24
F8

Em F19_ED24
F19

s F10_ED24
F10
ED24

150 100 50 0
Set Size
(B)
o T ——
%
=

cyclopium (F10) showed only minor metabolic changes
(Fig. 2B).

Notably, co-inoculation of B. subtilis ED24 with F. cul-
morum (F8) led to a higher production of carbon cycling
compounds, phosphorus-cycling compounds, and sulfur
compounds—metabolites that were absent in single-strain
treatments. Additionally, co-inoculation with P. cyclopium
(F10) resulted in a slight overproduction of sulfur com-
pounds. In contrast, co-inoculation with A. infectoria (F19)
significantly reduced nitrogen cycling, carbon cycling, and
suppressed fluorinated, siloxane, aromatic, and bioactive
compounds (Fig. 2C).
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Fig.2 Comparative visualization of microbial metabolite profiles. A Intersection analysis of shared and unique metabolites across treatments, B
heatmap of relative abundances of metabolites across treatments, and C relative abundance of compounds across treatments
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In Planta ED24-Fungus Inoculation Experiment
Effect of B. subtilis ED24 on Seed Germination Parameters

Seeds infected with F. culmorum (F8) and subsequently
treated with B. subtilis ED24 or TEBU exhibited a sig-
nificantly higher germination rate compared to the infected
control group (C-) (Fig. 3). Specifically, seeds treated with
B. subtilis ED24 and TEBU exhibited germination rates of
85% and 86.6%, respectively, whereas the infected control
group (C-) showed only 45% germination. Moreover, seed
vigor index values revealed that seeds treated with B. sub-
tilis ED24 demonstrated significantly higher vigor, while
seeds of the infected control group (C-) and TEBU treatment
exhibited lower vigor index.

Effect of B. subtilis ED24 on Wheat Plant Growth Parameters
Effect on Wheat Plant Morphological Parameters Analysis

of morphological growth parameters (Table 1) revealed that
B. subtilis ED24 treatment significantly enhanced leaf area

== Germination rate %

1507 =3 Sseeds vigor index — 60000
b
o\o b . %
§ 1004 b - 40000 &
= W
g a Q = a m a <.
S E
sl ]
E 50 E - 20000 2
5 e
O
0 I I I T T T 0
(G| ENY [SERVAEN
Q/Q '\(g) QS) /{8)

Fig.3 Effect of B. subtilis ED24 and TEBU treatments on wheat seed
germination rate measured 7 days after sowing and their vigor index.
Vertical bars depict the means and standard errors (mean + SE) based
on five replicates. Distinct lowercase letters indicate statistical signifi-
cance at p <0.05

(47.75 cm?), stem height (46.46 cm), spike length (6.96 cm),
and shoot dry weight (3.96 g) compared to TEBU treatment
(21.66 cm?, 32.6 cm, 5.16 cm, and 1.81 g), respectively.
However, no significant differences were observed between
B. subtilis ED24 and the infected control (C-) groups in
terms of stem height and spike length, with infected control
group (C-) values of 44.92 cm?, 45.86 cm, and 8.09 cm,
respectively.

Effect on Shoot N, P, K Contents Shoot nutrient analysis
revealed significant differences in N, P, and K contents
among treatments (Fig. 4). Plants treated with B. subtilis
ED24 demonstrated significantly higher N (32.34 mg/pot),
P (2.4 mg/pot), and K (80.56 mg/pot) levels, compared to
those treated with TEBU, accumulating 8.11, 0.18, and
33.98 mg/pot (N, P, K), respectively. However, no signifi-
cant differences were observed between B. subtilis ED24
treatment and the infected control group (C-) in terms of
N (23.07 mg/pot), P (2.86 mg/pot), and K contents (69.87
mg/pot).

Effect on Wheat Yield and Seed Biochemical Quality Anal-
ysis of wheat yield parameters revealed that B. subtilis
ED24 treatment significantly increased the thousand grain
weight to 40.42 g compared to 29.1 g under TEBU treat-
ment (Fig. S.1). However, no significant difference was
observed in the number of grains per pot between the two
treatments, with B. subtilis ED24 and TEBU treatments
yielding 113 and 104 grains, respectively. Biochemi-
cal analysis of harvested grains showed that B. subtilis
ED24 treatment significantly enhanced seed protein and
ash content, reaching 19.98% and 1.95%, respectively.
These values were higher compared to both TEBU treated
and infected control group (C-) plants, which exhibited
protein levels of 19.09% and 18.31% and ash content
of 1.91% and 1.74%, respectively. Regarding seed fat
and moisture content, no significant differences were
observed among treatments. However, TEBU treatment
led to increased crude fiber (2.56%) and starch content
(51.96%) compared to the infected control group (C-)
(2.53%, 48.84%) and B. subtilis ED24 treatment (2.74%,
46.81%) (Table 2).

Table 1 Stem height, spike length, leaf area, and shoots dry weight of wheat plants under different treatments. Data are means of five replicates,
and each replicate consists of five wheat plants per pot. Distinct lowercase letters indicate statistical significance at p <0.05

Treatments Morphological parameters
Stem height (cm) Leaf area (cm?) Spike length (cm) Shoots dry weight (g)
C- 45.86" 44.92° 8.09° 3.45°
ED24 46.46° 47.75° 6.96° 3.96°
TEBU 32.6* 21.66* 5.16* 1.81%
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Fig.4 Effect of B. subtilis ED24 and TEBU treatments on the shoot
nitrogen, phosphorus, and potassium contents. Vertical bars depict
the means and standard errors (Mean=+ SE) based on five replicates,
and each replicate consists of five wheat plants per pot. Distinct low-
ercase letters indicate statistical significance at p <0.05

Effect on Wheat Roots Morphology and F. culmorum Spore
Colonization

Analysis of root morphology demonstrated that plants
treated with B. subtilis ED24 exhibited significantly
higher root length (127.4 cm) compared to TEBU treat-
ment (76.1 cm). However, no significant difference was
observed between the B. subtilis ED24 and the infected
control group (C-) (112.6 cm) (Fig. SA). Additionally, B.
subtilis ED24 significantly increased surface area (19.8
cm?) compared to both TEBU and infected control (C-)
groups, with values of 15.8 cm? and 16 cm?, respectively
(Fig. 5B). The microscopic visualization of endophytic
fungi showed the abundance of F. culmorum spores in the
root endosphere of both the infected control group (C-)
and TEBU treatments. Conversely, F. culmorum spores
were notably absent in the root endosphere of wheat plants
treated with B. subtilis ED24 (Fig. 5C).

Table 2 Number of seeds per pot, 1000 seed weight (TGW), proteins,
fat, crude fiber, starch, ASH, moisture of harvested wheat seeds of
different treatments. Data are based on five replicates, and each rep-

Effect of B. subtilis ED24 on the Abundance and Diversity
of Microorganisms in the Wheat Root Rhizosphere

At the class level, fungal community analysis showed that
both B. subtilis ED24 and the TEBU treatments reduced the
abundance of Sordariomycetes, although this class remained
dominant across all treatments. Conversely, both treatments
led to an increase in Dothideomycetes. Notably, B. subtilis
ED24 treatment also increased the abundance of Eurotiomy-
cetes compared to the other treatments (Fig. 6). For bacterial
communities, Proteobacteria was the most dominant phylum
across all treatments. However, the TEBU treatment resulted
in a decrease in Actinobacteria and Patescibacteria. Non-
metric dimensional scaling (NMDS) analysis revealed clear
clustering patterns, indicating distinct microbial community
structures under each treatment for both bacteria and fungi.

The heatmap analysis of the 100 most abundant taxa
revealed distinct microbial community shifts across treat-
ments (Fig. 7). For the bacterial community, B. subtilis
ED24 treatment led to an increased abundance of Para-
mesorhizobium, Ensifer, Hoeflea, and Rhizobiales. In con-
trast, TEBU treatment resulted in a higher abundance of
the Sphaerophysae group, Pseudorhizobium, and Rhizobi-
aceae. The infected control group (C-) exhibited a greater
abundance of Neorhizobium, Devociaceae, Bosea, Dongia,
Sphingomonas, and Brevundimonas. For the fungal com-
munity, TEBU fungicide treatment promoted the abundance
of Alternaria chlamydosporigena, Phaeosphaeria fuckelii,
Periconia macrospinosa, Laburnicola, and Acremonium
persicinum. In contrast, B. subtilis ED24 favored a higher
abundance of Rhizoglomus silesianum, Magnaporthiopsis,
Periconia circinata, and Pleosporales. The infected control
group (C-) was dominated by Immersiella, Sporormiella
megalospora, Alternaria, and Monosporascus.

The differential heat tree analysis reveals significant shifts
in bacterial and fungal community composition under the B.
subtilis ED24 treatment compared to infected control group
(C-) and TEBU treatment (Fig. 8). In the bacterial commu-
nity, taxa from the Alphaproteobacteria and Actinobacte-
ria phyla appear more enriched in B. subtilis ED24 than in
infected control group (C-) and TEBU groups. Specifically,
certain Rhizobiales members show increased abundance.

licate consists of five wheat plants per pot. Distinct lowercase letters
indicate statistical significance at p <0.05

Treatments Number of TGW (g) Proteins % Fat % Crude fiber % Starch % ASH % Moisture %
seeds/pots

C- 57.2 43.27° 19.09* 1.23 2.53% 48.84% 1.91° 9.37%

ED24 113.8° 40.44° 19.98° 1.28° 2472 46.81° 1.95° 9.49*

TEBU 104.2° 29.1% 18.31% 1.2 2.56° 51.96° 1.74% 9.19%
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In contrast, some Proteobacteria taxa, which are dominant
in the infected control group (C-), show a reduction in B.
subtilis ED24. Similarly, in the fungal community, mem-
bers of the Ascomycota phylum, particularly taxa related
to Dothideomycetes, exhibit enrichment in B. subtilis ED24
compared to the other treatments. Conversely, some fun-
gal taxa that are abundant under the infected control group
(C-), such as Basidiomycota members, are suppressed in B.
subtilis ED24.

The PCA of bacterial taxa explains 59.66% of the total
variance, with Factor 1 accounting for 32.55% and Factor
2 explaining 27.11% of the variability (Fig. 9, left panel).
The distribution of bacterial taxa and plant-related variables
highlights distinct microbial associations with plant health
and soil fertility. Several nitrogen-fixing bacterial genera,
including Mesorhizobium, Neorhizobium, Rhizobium, and
Ferrovirbio, are positioned in the negative region of Factor
1. These taxa show negative correlations with plant growth
parameters such as stem height, SDW, and P. Conversely,
Arsenicitalea and Devosiaceae are positively associated
with P availability and damping-off disease incidence. On

TEBU

F culm()rum
spores

the other hand, the PCA for the fungal community accounts
for 55.99% of the total variance, with Factor 1 contributing
29.80% and Factor 2 explaining 26.19%. The distribution
of fungal taxa suggests strong associations between fungal
diversity and plant growth traits (Fig. 9, right panel). A strik-
ing feature of the fungal PCA is the clustering of Fusarium
species, including Fusarium graminearum, Fusarium equi-
seti, and Fusarium spp., which are strongly associated with
damping-off disease. In contrast, taxa such as Alternaria
chlamydosporigena and Phaeosphaeria fuckelii are nega-
tively correlated with plant health parameters.

Discussion

Bacillus spp. have been frequently recognized for their
broad spectrum of antifungal properties [32, 33]. In this
study, the antifungal activity of B. subtilis ED24 against
phytopathogenic fungi is associated with the presence of
novel metabolites that were not found in single-strain treat-
ments (Fig. 2). These include carbon cycling compounds,
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ED24, and TEBU treatments

such as propionic acid (PPA) and its precursors, propanediol,
and propionyloxytetradecane, known to induce apoptotic
fungal cell death through reactive oxygen species (ROS)
accumulation, metacaspase activation, and cell cycle arrest.
Alongside carbon cycling compounds, phosphorus-cycling
compounds like phosphite and organic phosphorus deriva-
tives are known to disrupt fungal metabolism by promoting
polyphosphate and pyrophosphate accumulation and reduc-
ing ATP and NAD synthesis, ultimately impairing fungal
growth [34-36]. While the antifungal mechanisms of these
identified compounds are supported by literature, their spe-
cific contribution to the biocontrol activity of B. subtilis
ED24 remains hypothetical, needing to be experimentally
evidenced. Although several Bacillus species are known to
inhibit fungal growth through the production of lipopeptides
such as iturins, fengycins, and surfactins [37], the presence

@ Springer

of lipopeptide biosynthetic genes in B. subtilis ED24 was not
assessed in the current study, knowing that these compounds
are well-documented antifungal agents. However, our find-
ings can suggest additional research focusing on screening
for these genes and quantifying lipopeptide production, as
well as testing the activity of the detected metabolites indi-
vidually to better elucidate the mechanisms underlying the
observed antifungal activity.

Alongside the metabolomic profiling, the enzymatic
activity of B. subtilis ED24 likely contributes significantly
to its biocontrol potential. The production of cellulase may
inhibit fungal development by degrading components of fun-
gal cell walls, which include cellulose, chitin, glucan, and
proteins [38]. In addition, B. subtilis ED24 demonstrated
ACC deaminase activity, an important trait for enhanc-
ing plant tolerance to fungal pathogens [39]. This enzyme
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Fig. 7 Heatmap displays the relative abundance of the 100 most frequent amplicon sequence variants in the bacterial and fungal communities of
the wheat rhizosphere of the infected control group (C-), B. subtilis ED24, and TEBU treatments

catalyzes the conversion of ACC (1-aminocyclopropane-
1-carboxylate), the precursor of ethylene, into a-ketobutyrate
and ammonia, thereby lowering ethylene levels, which is a
stress-related plant hormone that tends to accumulate dur-
ing biotic stress, inhibiting root growth and compromis-
ing plant defenses [40]. This reduction supports sustained
root growth and facilitates the activation of plant defense
pathways, contributing to improved resilience under fungal
infection. Complementing enzymatic actions, the significant
siderophore production is likely contributing to biocontrol
by limiting iron availability, being an essential nutrient for
fungal growth and vital biological processes, finding that
corroborates with previous studies correlating B. subtilis
reducing disease incidence (such as wilt caused by Fusarium
spp.) with siderophore production [38] due to restricting iron
availability and inhibition of pathogen proliferation [41].
The fungus F. culmorum is a major wheat pathogen,
causing both pre- and post-emergence seedling death due
to restricted water and nutrient movement [42, 43]. In this

study, F. culmorum reduced germination and reduced seed-
ling vigor; however, B. subtilis ED24 application (and TEBU
as well) significantly enhanced germination (Fig. 3). It is
well known that during the early stages of plant develop-
ment, including germination and seedling growth, rhizos-
pheric bacteria play a key role in enhancing the plant’s
resistance to soil-borne pathogens [44, 45], but the extent of
such a resistance remains instable as compared to chemical
treatments. For instance, triazole group fungicides increase
the germination rate [46]. The application of fungicides to
seeds can effectively protect them from soil-borne infec-
tions by moving to the cotyledon, embryo, rootlet, and
endosperm, utilizing the humidity in the soil to create a
protective barrier against infections from the germination
stage [46], while B. subtilis ED24 promoted germination
by inhibiting F. culmorum pathogen growth, which helps
reduce infection severity and improve seedling emergence
[47]. Despite its protective effect on seed germination,
TEBU significantly reduced wheat plant growth and yield
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Fig.9 Principal component analysis (PCA) illustrating wheat rhizospheric bacteria and fungi distribution along with plant growth parameters
under B. subtilis ED24 and TEBU treatments

compared to B. subtilis ED24 treatment and infected con-  length, root surface area, shoot dry weight, and TGW of
trol group (C-) (Tables 1 and 2). Plants treated with TEBU  harvested wheat seeds. Previous studies have shown that
exhibited reduced leaf area, stem height, spike length, root  triazole fungicides like TEBU suppress root development
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and negatively affect water metabolism and photosynthesis
[48]. However, the infected control (C-) wheat plants that
survived F. culmorum infection exhibited growth metrics
comparable to those treated with B. subtilis ED24. This sug-
gests that these seedlings may activate immune responses,
potentially upregulating pathogen-response genes to com-
bat the infection [27]. Research demonstrates that tolerance
mechanisms in wheat involve genetic resistance, which ini-
tiates complex biochemical responses and metabolic shifts
to counteract pathogen stress [49, 50]. The comparable
growth performance between infected control group (C-)
and B. subtilis ED24 treatment implies that B. subtilis ED24
primarily supports germination by mitigating the pathogen’s
impact during early stages rather than directly influencing
post-germination growth. B. subtilis ED24 not only uses its
own metabolites to promote wheat growth and inhibit fungal
pathogens but may also influence the surrounding rhizos-
phere microbes by encouraging beneficial microorganisms
that support plant growth or by attracting other microbes
that can help suppress the pathogen. In this study, treatment
with B. subtilis ED24 significantly altered these communi-
ties, causing distinct shifts in fungal and bacterial popula-
tions (Fig. 6). Fungal community analysis at the class level
showed that both B. subtilis ED24 and TEBU treatments led
to a reduction in Sordariomycetes abundance, though this
class remained dominant. Sordariomycetes includes various
pathogenic and saprophytic fungi, and its suppression by B.
subtilis ED24 suggests a competitive displacement of harm-
ful taxa. In contrast, B. subtilis ED24 treatment increased the
abundance of Eurotiomycetes, a class known for its associa-
tion with plant-beneficial fungi, particularly those involved
in stress tolerance and nutrient solubilization [51]. Addition-
ally, an increase in Dothideomycetes under B. subtilis ED24
treatment suggests a potential restructuring of root fungal
associations in favor of beneficial symbionts. Furthermore,
the differential heat tree analysis revealed that B. subtilis
ED24 favored the enrichment of fungal taxa associated
with nutrient acquisition and plant growth, such as Rhizo-
glomus silesianum (Fig. 8). These fungi have been linked to
mycorrhizal-like functions, enhancing phosphorus uptake
and providing biotic stress tolerance [52, 53]. Conversely,
TEBU treatment promoted the proliferation of fungal taxa
such as Alternaria chlamydosporigena and Phaeosphaeria
fuckelii, which have been associated with pathogenicity
and reduced plant health [54, 55]. The negative correla-
tion of these fungal taxa with wheat growth parameters
indicates a potential trade-off between pathogen suppres-
sion and non-target effects of chemical fungicides (Fig. 9).
Alongside the fungal community, analysis of the bacterial
community demonstrated that B. subtilis ED24 induced a
significant shift in root-associated microbiota, particularly
enhancing beneficial taxa. Notably, Paramesorhizobium,
Ensifer, and Hoeflea were enriched under B. subtilis ED24

treatment, all of which are known for their roles in nitro-
gen fixation, phytohormone production, and plant-microbe
interactions [56, 57]. These bacteria contribute to improved
nutrient availability and overall plant health [58]. In con-
trast, TEBU treatment resulted in an increased abundance
of Sphaerophysae, Pseudorhizobium, and Rhizobiaceae,
with some members negatively correlated with plant growth
parameters. While Rhizobiaceae is typically associated with
beneficial plant—-microbe interactions, its specific members
enriched by TEBU may reflect a shift toward opportunis-
tic or less effective symbionts under chemical stress [59].
Additionally, TEBU significantly suppressed Actinobacteria
and Patescibacteria, both of which play essential roles in
organic matter decomposition, pathogen suppression, and
plant resilience [60]. The PCA confirmed that B. subtilis
ED24 treatment induced clustering of beneficial bacterial
taxa, suggesting a restructured root microbiome more con-
ducive to plant health. While nitrogen-fixing bacteria are
generally regarded as beneficial, this study showed a nega-
tive correlation between their abundance and plant growth
parameters. This counterintuitive pattern may be attributed
to the stronger growth-promoting effects of other microbial
taxa, which may have masked or outweighed the benefits
typically associated with the N2 fixing bacteria such as
Neorhizobium, Rhizobium. Moreover, unlike legumes, wheat
does not perform symbiotic N2 fixation but can benefit from
rhizobia as PGPR, whose PGP effects were not observed
under our experimental conditions, likely due to the sus-
ceptibility of these bacterial groups to the pathogenic fungi.
Additionally, B. subtilis ED24 treatment led to a notable
suppression of Mycoplasma and mycoplasma-like organisms
(MLOs), which have been linked to yield-reducing diseases
in multiple crops [61, 62]. The reduction of MLOs under B.
subtilis ED24 treatment further underscores its biocontrol
potential in modulating disease-associated microbial taxa.
The contrasting effects of B. subtilis ED24 and TEBU on
root microbial communities highlight the potential risks of
chemical fungicide use versus the benefits of biological con-
trol agents. TEBU treatment significantly altered fungal and
bacterial compositions, leading to the proliferation of some
pathogenic fungi and a decline in beneficial bacterial groups.
In contrast, B. subtilis ED24 treatment fostered a microbial
environment rich in plant growth-promoting and biocontrol-
associated taxa, which may contribute to enhanced plant
resilience against pathogens.

Overall, both B. subtilis ED24 and TEBU treatments sig-
nificantly enhanced wheat germination rates, indicating their
initial effectiveness in controlling early fungal infections.
However, while TEBU treatment achieved fungal suppres-
sion, it also led to a significant reduction in final wheat yield,
likely due to its broader toxicity affecting plant physiology
or non-target beneficial microbes. In contrast, B. subtilis
ED24 not only improved germination but also maintained
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healthy plant growth and yield, suggesting that its biocontrol
effect is achieved without compromising plant performance.
These findings underscore the potential of B. subtilis ED24
as a sustainable and environmentally friendly alternative to
chemical fungicides in wheat protection strategies.

Conclusion

The present study unlocked both the biocontrol and PGP
properties of B. subtilis ED24, thus demonstrating a sig-
nificant ecological contribution to control F. culmorum.
Beyond its direct ability to suppress the pathogen, B. subtilis
ED24 influences the root rhizosphere microbial community,
fostering beneficial microbial interactions that boost plant
resilience to biotic stress. This capacity to modulate rhizos-
phere-associated microbiomes represents a key mechanism
for improving soil health and long-term agricultural sustain-
ability. Overall, by reducing dependence on synthetic fungi-
cides, the application of B. subtilis ED24 could contribute to
environmental health and sustainability, supporting the tran-
sition toward more sustainable farming systems and global
sustainable development goals. To further demonstrate this
potential feature, research on molecular interactions with
plant hosts and soil microbiota will help optimize its use
in integrated disease management strategies. Additionally,
field trials are crucial to validate its effectiveness in diverse
environmental conditions and to facilitate its large-scale
implementation as a reliable and environmentally sound
biocontrol solution.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00248-025-02590-5.

Acknowledgements We would like to thank Ibn Yassir Ammar and
Meryem Haddine for their valuable intellectual contributions. We also
express our gratitude to CEDOC for granting a 1-year extension, which
greatly supported the completion of this work.

Author Contribution Oulkhir Fatima Ezzahra: Writing-original draft,
Investigation, Visualization, Software, Methodology, Formal analysis,
Data curation. Allaoui Abdelmounaaim: Conceptualization, Supervi-
sion. Idbella Ayoub: Formal analysis, Software. Danouche Mohammed:
Formal analysis. Bargaz Adnane: Conceptualization, Investigation,
Writing — review and editing, Funding acquisition, Supervision. Biskri
Latefa: Conceptualization, Validation, Writing — review and editing.
Idbella Mohamed: Conceptualization, Investigation, Writing — review
and editing, Formal analysis, Supervision.

Funding This work was financially supported by UM6P and partly by
the Associate Professorship research grant N°112-25-8 at Mohammed
VI Polytechnic University.

Data Availability Sequence data that support the findings of this study

have been deposited in Sequence Read Archive with accession number
PRINA1226402.

@ Springer

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Amein TAM (2023) Differences among three wheat cultivars in
susceptibility to Fusarium culmorum and the effect of a number of
bacterial strains on infested seed germination. Zanco J Pure Appl
Sci 35:113-120. https://doi.org/10.21271/ZJPAS.35.4.11

2. Antalova Z, Blesa D, Martinek P, MatusSinsky P (2020) Tran-
scriptional analysis of wheat seedlings inoculated with Fusarium
culmorum under continual exposure to disease defence inductors.
PLoS One 15:0224413. https://doi.org/10.1371/journal.pone.
0224413

3. Haegler P, Joerin L, Kréihenbiihl S, Bouitbir J (2017) Hepatocel-
lular toxicity of imidazole and triazole antimycotic agents. Toxicol
Sci 157:183-195. https://doi.org/10.1093/toxsci/kfx029

4. Miller SA, Ferreira JP, LeJeune JT (2022) Antimicrobial use and
resistance in plant agriculture: a one health perspective. Agricul-
ture 12:289. https://doi.org/10.3390/agriculture12020289

5. Roman DL, Voiculescu DI, Ostafe V et al (2022) A review of
the toxicity of triazole fungicides approved to be used in Euro-
pean Union to the soil and aqueous environment. Ovidius Uni-
versity Annals of Chemistry 33:113—120. https://doi.org/10.2478/
auoc-2022-0017

6. Das D, Das S (2024) A study on the potential of endophytic
bacteria to promote plant growth: uses in agriculture and future
directions. Plant Sci Today 11. https://doi.org/10.14719/pst.3398

7. Ntemafack A, Kapoor N, Ali S et al (2021) Comprehensive review
of endophytic flora from African medicinal plants. Curr Microbiol
78:2860-2898. https://doi.org/10.1007/s00284-021-02566-x

8. Abdalla MA, McGaw LJ (2018) Bioprospecting of South African
plants as a unique resource for bioactive endophytic microbes.
Front Pharmacol. https://doi.org/10.3389/fphar.2018.00456

9. El Maaiden E, El Kharrassi Y, Qarah NAS et al (2020) Genus
Ziziphus: a comprehensive review on ethnopharmacological, phy-
tochemical and pharmacological properties. J Ethnopharmacol
259:112950. https://doi.org/10.1016/j.jep.2020.112950

10. Nautiyal CS (1999) An efficient microbiological growth medium
for screening phosphate solubilizing microorganisms. FEMS
Microbiol Lett 170:265-270. https://doi.org/10.1111/j.1574-6968.
1999.tb13383.x

11. Meena VS, Maurya BR, Verma JP et al (2015) Potassium solubi-
lizing rhizobacteria (KSR): isolation, identification, and K-release
dynamics from waste mica. Ecol Eng 81:340-347. https://doi.org/
10.1016/j.ecoleng.2015.04.065

12. Subba Rao NS (1977) Soil microorganisms and plant growth, 3rd
edn. rev.enl. Oxford & IBH Pub. Co., New Delhi, p 335


https://doi.org/10.1007/s00248-025-02590-5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.21271/ZJPAS.35.4.11
https://doi.org/10.1371/journal.pone.0224413
https://doi.org/10.1371/journal.pone.0224413
https://doi.org/10.1093/toxsci/kfx029
https://doi.org/10.3390/agriculture12020289
https://doi.org/10.2478/auoc-2022-0017
https://doi.org/10.2478/auoc-2022-0017
https://doi.org/10.14719/pst.3398
https://doi.org/10.1007/s00284-021-02566-x
https://doi.org/10.3389/fphar.2018.00456
https://doi.org/10.1016/j.jep.2020.112950
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1016/j.ecoleng.2015.04.065
https://doi.org/10.1016/j.ecoleng.2015.04.065

Bacillus subtilis ED24 Controls Fusarium culmorum in Wheat Through Bioactive Metabolite...

Page150f16 89

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Benbrik B, Reid TE, Nkir D et al (2025) Unlocking the agro-
physiological potential of wheat rhizoplane fungi under low P
conditions using a niche-conserved consortium approach. J Exp
Bot 76:2320-2337. https://doi.org/10.1093/jxb/eraf042
Kuznetsova I (2022) Molecular diagnosis of fungal pathogens
in winter wheat varieties with different resistance. In: Advanced
biotechnologies - achievements and prospects, 6th edn. Institute
of Genetics, Physiology and Plant Protection, Republic of Mol-
dova. https://doi.org/10.53040/abap6.2022.07

Bouarda J, Bassi FM, Wallwork H et al (2022) Evaluation of
durum wheat genotypes for resistance against root rot disease
caused by Moroccan Fusarium culmorum isolates. Plant Pathol
J 38:1-11. https://doi.org/10.5423/PPJ.0A.09.2021.0137
Rabindran R, Vidhyasekaran P (1996) Development of a for-
mulation of Pseudomonas fluorescens PFALR?2 for management
of rice sheath blight. Crop Prot 15:715-721. https://doi.org/10.
1016/S0261-2194(96)00045-2

Kavitha T, Nelson R, Jesi S (2013) Screening of rhizobacteria
for plant growth promoting traits and antifungal activity against
charcoal rot pathogen Macrophomina phaseolina. Int ] Pharma
Bio Sci 4:B177-B186

Manzum AA, Mamun MAA (2018) Isolation of Bacillus spp.
bacteria from soil for production of cellulase. Nepal J Biotech-
nol 6:57-61. https://doi.org/10.3126/njb.v6i1.22338

Ali SZ, Sandhya V, Venkateswar Rao L (2014) Isolation
and characterization of drought-tolerant ACC deaminase
and exopolysaccharide-producing fluorescent Pseudomonas
sp. Ann Microbiol 64:493-502. https://doi.org/10.1007/
$13213-013-0680-3

Schwyn B, Neilands JB (1987) Universal chemical assay for
the detection and determination of siderophores. Anal Biochem
160:47-56. https://doi.org/10.1016/0003-2697(87)90612-9
Danouche M, El Ghachtouli N, Aasfar A et al (2022) Pb(II)-
phycoremediation mechanism using Scenedesmus obliquus: cells
physicochemical properties and metabolomic profiling. Heliyon
8:e08967. https://doi.org/10.1016/j.heliyon.2022.e08967

van den Berg RA, Hoefsloot HC, Westerhuis JA et al (2006)
Centering, scaling, and transformations: improving the biologi-
cal information content of metabolomics data. BMC Genomics
7:142. https://doi.org/10.1186/1471-2164-7-142

Joshi C, Sharma S, MacKinnon N, Masakapalli SK (2020) Effi-
cient system wide metabolic pathway comparisons in multiple
microbes using genome to KEGG Orthology (G2KO) pipeline
tool. Interdiscip Sci Comput Life Sci 12:311-322. https://doi.org/
10.1007/512539-020-00375-7

Zarkti H, Ouabbou H, Udupa S, Gaboun F, Hilali A (2012) Agro-
morphological variability in durum wheat landraces of Morocco.
Aust J Crop Sci. https://www.semanticscholar.org/paper/Agro-
morphological-variability-in-durum-wheat-of-Zarkti-Ouabbou/
¢6405220714d50a2c4fda231ca22b7912bedcf1d

Singh DP, Prabha R, Yandigeri MS, Arora DK (2011) Cyano-
bacteria-mediated phenylpropanoids and phytohormones in
rice (Oryza sativa) enhance plant growth and stress tolerance.
Antonie Van Leeuwenhoek 100:557-568. https://doi.org/10.1007/
$10482-011-9611-0

Ren X-X, Chen C, Ye Z-H, Su X-Y, Xiao J-J, Liao M,
Cao H-Q (2019) Development and application of seed coating
agent for the control of major soil-borne diseases infecting wheat.
Agronomy 9(8):413. https://doi.org/10.3390/agronomy9080413
Chen C, Guo Q, He Q et al (2023) Comparative transcriptomic
analysis of wheat cultivars differing in their resistance to Fusarium
head blight infection during grain-filling stages reveals unique
defense mechanisms at play. BMC Plant Biol 23:433. https://doi.
org/10.1186/s12870-023-04451-0

Qostal S, Kribel S, Chliyeh M, Selmaoui K, Ouazzani Tou-
hami A, Serghat S, Benkirane R, Douira A (2019) Comparative

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

pathogenesis of 7 Fusarium spp. species and Bipolaris soro-
kiniana obtained from necrotic lesions of wheat roots and barley
plants (North-Western Morocco). Plant Cell Biotechnol Mol Biol
20(5&6):261-274

Callahan BJ, McMurdie PJ, Rosen MJ et al (2016) DADAZ2: high-
resolution sample inference from Illumina amplicon data. Nat
Methods 13:581-583. https://doi.org/10.1038/nmeth.3869

Quast C, Pruesse E, Yilmaz P et al (2013) The SILVA ribosomal
RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Res 41:D590-D596. https://doi.org/
10.1093/nar/gks1219

Nilsson RH, Larsson K-H, Taylor AFS et al (2019) The UNITE
database for molecular identification of fungi: handling dark
taxa and parallel taxonomic classifications. Nucleic Acids Res
47:D259-D264. https://doi.org/10.1093/nar/gky 1022

Shahid I, Han J, Hanooq S et al (2021) Profiling of metabolites
of Bacillus spp. and their application in sustainable plant growth
promotion and biocontrol. Front Sustain Food Syst. https://doi.
org/10.3389/fsufs.2021.605195

Dimkic I, Stankovi¢ S, Nisavi¢ M et al (2017) The profile and anti-
microbial activity of Bacillus lipopeptide extracts of five potential
biocontrol strains. Front Microbiol. https://doi.org/10.3389/fmicb.
2017.00925

Guest D, Grant B (1991) The complex action of phosphonates as
antifungal agents. Biol Rev 66:159-187. https://doi.org/10.1111/j.
1469-185X.1991.tb01139.x

Griffith JM, Coffey MD, Grant BR (1993) Phosphonate inhibition
as a function of phosphate concentration in isolates of Phytoph-
thora palmivora. Microbiology 139:2109-2116. https://doi.org/
10.1099/00221287-139-9-2109

Havlin JL, Schlegel AJ (2021) Review of phosphite as a plant
nutrient and fungicide. Soil Syst 5:52. https://doi.org/10.3390/
soilsystems5030052

Harish BN, Nagesha SN, Ramesh BN et al (2023) Molecular
characterization and antifungal activity of lipopeptides produced
from Bacillus subtilis against plant fungal pathogen Alternaria
alternata. BMC Microbiol 23:179. https://doi.org/10.1186/
$12866-023-02922-w

Yang F, Wang X, Jiang H et al (2024) Mechanism of a novel
Bacillus subtilis JNF2 in suppressing Fusarium oxysporum f. sp.
cucumerium and enhancing cucumber growth. Front Microbiol.
https://doi.org/10.3389/fmicb.2024.1459906

Bal HB, Adhya TK (2021) Alleviation of submergence stress in
rice seedlings by plant growth-promoting rhizobacteria with ACC
deaminase activity. Front Sustain Food Syst. https://doi.org/10.
3389/fsufs.2021.606158

Imriz G, Ozdemir F, Karaca MS et al (2020) Biological control
potential of rhizosphere bacteria with ACC-deaminase activity
against Fusarium culmorum in wheat. Zemdirbyste-Agriculture
107:105-112. https://doi.org/10.13080/z-2.2020.107.014
Abo-Zaid GA, Abdullah AS, Soliman NA-M et al (2023) Evalu-
ation of bio-friendly formulations from siderophore-producing
fluorescent Pseudomonas as biocontrol agents for the management
of soil-borne fungi. Fusarium oxysporum and Rhizoctonia solani
Agriculture 13:1418. https://doi.org/10.3390/agriculture13071418
Dweba CC, Figlan S, Shimelis HA et al (2017) Fusarium head
blight of wheat: pathogenesis and control strategies. Crop Prot
91:114-122. https://doi.org/10.1016/j.cropro.2016.10.002
Wojciechowski S, Chelkowski J, Ponitka A, SLusarkiewicz-
Jarzina A (1997) Evaluation of spring and winter wheat reaction
to Fusarium culmorum and Fusarium avenaceum. J Phytopathol
145:99-103. https://doi.org/10.1111/j.1439-0434.1997.tb00370.x
Kumar K, Pal G, Verma A, Verma SK (2021) Role of rhizospheric
bacteria in disease suppression during seedling formation in mil-
let. In: Dubey SK, Verma SK (eds) Plant, Soil and Microbes in
Tropical Ecosystems. Springer, Singapore, pp 263-274

@ Springer


https://doi.org/10.1093/jxb/eraf042
https://doi.org/10.53040/abap6.2022.07
https://doi.org/10.5423/PPJ.OA.09.2021.0137
https://doi.org/10.1016/S0261-2194(96)00045-2
https://doi.org/10.1016/S0261-2194(96)00045-2
https://doi.org/10.3126/njb.v6i1.22338
https://doi.org/10.1007/s13213-013-0680-3
https://doi.org/10.1007/s13213-013-0680-3
https://doi.org/10.1016/0003-2697(87)90612-9
https://doi.org/10.1016/j.heliyon.2022.e08967
https://doi.org/10.1186/1471-2164-7-142
https://doi.org/10.1007/s12539-020-00375-7
https://doi.org/10.1007/s12539-020-00375-7
https://www.semanticscholar.org/paper/Agro-morphological-variability-in-durum-wheat-of-Zarkti-Ouabbou/c6405220714d50a2c4fda231ca22b7912bedcf1d
https://www.semanticscholar.org/paper/Agro-morphological-variability-in-durum-wheat-of-Zarkti-Ouabbou/c6405220714d50a2c4fda231ca22b7912bedcf1d
https://www.semanticscholar.org/paper/Agro-morphological-variability-in-durum-wheat-of-Zarkti-Ouabbou/c6405220714d50a2c4fda231ca22b7912bedcf1d
https://doi.org/10.1007/s10482-011-9611-0
https://doi.org/10.1007/s10482-011-9611-0
https://doi.org/10.3390/agronomy9080413
https://doi.org/10.1186/s12870-023-04451-0
https://doi.org/10.1186/s12870-023-04451-0
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.3389/fsufs.2021.605195
https://doi.org/10.3389/fsufs.2021.605195
https://doi.org/10.3389/fmicb.2017.00925
https://doi.org/10.3389/fmicb.2017.00925
https://doi.org/10.1111/j.1469-185X.1991.tb01139.x
https://doi.org/10.1111/j.1469-185X.1991.tb01139.x
https://doi.org/10.1099/00221287-139-9-2109
https://doi.org/10.1099/00221287-139-9-2109
https://doi.org/10.3390/soilsystems5030052
https://doi.org/10.3390/soilsystems5030052
https://doi.org/10.1186/s12866-023-02922-w
https://doi.org/10.1186/s12866-023-02922-w
https://doi.org/10.3389/fmicb.2024.1459906
https://doi.org/10.3389/fsufs.2021.606158
https://doi.org/10.3389/fsufs.2021.606158
https://doi.org/10.13080/z-a.2020.107.014
https://doi.org/10.3390/agriculture13071418
https://doi.org/10.1016/j.cropro.2016.10.002
https://doi.org/10.1111/j.1439-0434.1997.tb00370.x

89

Page 16 of 16

F. E. Oulkhir et al.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Pal G, Saxena S, Kumar K et al (2023) Seed endophytic bac-
terium Bacillus velezensis and its lipopeptides acts as elicitors
of defense responses against Fusarium verticillioides in maize
seedlings. Plant Soil 492:109-124. https://doi.org/10.1007/
s11104-023-06152-x

Sukut F, Koycii ND (2019) Effects of triazole and strobilurin-
based fungicides on Fusarium culmorum on wheat. J Agric Sci
11:pl6. https://doi.org/10.5539/jas.v1 1n5p16

Bencheikh A, Meziti H, Chinoune S, Dekhane B (2022) Efficacy
of the combination tebuconazole-Bacillus in the control of the
Fusarium culmorum responsible for Fusarium crown rot in durum
wheat. Arch Phytopathol Plant Prot. https://doi.org/10.1080/03235
408.2022.2122133

Shevchuk O, Verhelis V, Tkachuk O, Khodanitskaya E (2019)
Effect of retardants on wheat growth processes and anatomical
characteristics. Agric For 118-126. https://doi.org/10.37128/
2707-5826-2019-3-10

Fanelli G, Kuzmanovi¢ L, Giovenali G et al (2023) Untargeted
metabolomics reveals a multi-faceted resistance response to
Fusarium head blight mediated by the Thinopyrum elongatum
Fhb7E locus transferred via chromosome engineering into wheat.
Cells 12:1113. https://doi.org/10.3390/cells 12081113

Bouanaka H, Bellil I, Khelifi D (2023) Varietal resistance of Alge-
rian bread wheat against Fusarium culmorum, the main agent of
crown rot on wheat. Arch Phytopathol Plant Prot 56:175-186.
https://doi.org/10.1080/03235408.2023.2178064

Mehta P, Sharma R, Putatunda C, Walia A (2019) Endophytic
fungi: role in phosphate solubilization. In: Singh BP (ed)
Advances in Endophytic Fungal Research: Present Status and
Future Challenges. Springer International Publishing, Cham, pp
183-209

Chaudhary A, Poudyal S, Kaundal A (2025) Role of arbuscular
mycorrhizal fungi in maintaining sustainable agroecosystems.
Appl Microbiol 5:6. https://doi.org/10.3390/applmicrobiol50
10006

Krishnamoorthy R, Kim C-G, Subramanian P et al (2015) Arbus-
cular mycorrhizal fungi community structure, abundance and spe-
cies richness changes in soil by different levels of heavy metal and
metalloid concentration. PLoS One 10:¢0128784. https://doi.org/
10.1371/journal.pone.0128784

Rakhmonov U, Allayarov A, Abdurakhmonov N (2023) Alternaria
disease of cruciferous vegetable crops. BIO Web Conf 65:01023.
https://doi.org/10.1051/bioconf/20236501023

@ Springer

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Mamgain A, Roychowdhury R, Tah J (2013) Alternaria patho-
genicity and its strategic controls. Res J Biol 1:1-9. http://resea
rchjournalofbiology.weebly.com/uploads/1/9/5/3/19535339

Das K, Prasanna R, Saxena AK (2017) Rhizobia: a potential
biocontrol agent for soilborne fungal pathogens. Folia Microbiol
(Praha) 62:425-435. https://doi.org/10.1007/s12223-017-0513-z
Backer R, Rokem JS, Ilangumaran G et al (2018) Plant growth-pro-
moting rhizobacteria: context, mechanisms of action, and roadmap
to commercialization of biostimulants for sustainable agriculture.
Front Plant Sci. https://doi.org/10.3389/fpls.2018.01473
Chouyia FE, Fiorentino N, Rouphael Y et al (2022) Assessing
the effect of P-solubilizing bacteria and mycorrhizal fungi on
tomato yield and quality under different crop rotations. Sci Hortic
293:110740. https://doi.org/10.1016/j.scienta.2021.110740
Carlson H, Graham ED, Heidelberg JF, Webb EA (2023) Metage-
nome-assembled genome HetDA_MAG_MHI13 of the family
Devosiaceae, from a marine N2-fixing cyanobacterial enrichment
culture. Microbiol Resour Announc 12:¢00452-22. https://doi.
org/10.1128/mra.00452-22

Pérez-Fernandez M, Alexander V (2017) Enhanced plant perfor-
mance in Cicer arietinum L. due to the addition of a combination
of plant growth-promoting bacteria. Agriculture (Basel) 7(5):40.
https://doi.org/10.3390/agriculture7050040

Maramorosch K, Raychaudhuri SP (1988) Mycoplasma diseases
of crops. Springer, New York

Hibben CR (1989) Mycoplasmal pathogens: new causes for old
diseases. Arnoldia 49:8-13

Yun J, Lee DG (2016) A novel fungal killing mechanism of pro-
pionic acid. FEMS Yeast Res 16:fow089. https://doi.org/10.1093/
femsyr/fow089

Micalizzi EW, Golshani A, Smith ML (2021) Propionic
acid disrupts endocytosis, cell cycle, and cellular respira-
tion in yeast. BMC Res Notes 14:335. https://doi.org/10.1186/
s13104-021-05752-z

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s11104-023-06152-x
https://doi.org/10.1007/s11104-023-06152-x
https://doi.org/10.5539/jas.v11n5p16
https://doi.org/10.1080/03235408.2022.2122133
https://doi.org/10.1080/03235408.2022.2122133
https://doi.org/10.37128/2707-5826-2019-3-10
https://doi.org/10.37128/2707-5826-2019-3-10
https://doi.org/10.3390/cells12081113
https://doi.org/10.1080/03235408.2023.2178064
https://doi.org/10.3390/applmicrobiol5010006
https://doi.org/10.3390/applmicrobiol5010006
https://doi.org/10.1371/journal.pone.0128784
https://doi.org/10.1371/journal.pone.0128784
https://doi.org/10.1051/bioconf/20236501023
http://researchjournalofbiology.weebly.com/uploads/1/9/5/3/19535339
http://researchjournalofbiology.weebly.com/uploads/1/9/5/3/19535339
https://doi.org/10.1007/s12223-017-0513-z
https://doi.org/10.3389/fpls.2018.01473
https://doi.org/10.1016/j.scienta.2021.110740
https://doi.org/10.1128/mra.00452-22
https://doi.org/10.1128/mra.00452-22
https://doi.org/10.3390/agriculture7050040
https://doi.org/10.1093/femsyr/fow089
https://doi.org/10.1093/femsyr/fow089
https://doi.org/10.1186/s13104-021-05752-z
https://doi.org/10.1186/s13104-021-05752-z

	Bacillus subtilis ED24 Controls Fusarium culmorum in Wheat Through Bioactive Metabolite Secretion and Modulation of Rhizosphere Microbiome
	Abstract
	Introduction
	Material and Methods
	Strains and Culture Conditions
	Antifungal Activity Assay of B. subtilis ED24
	Determination of Antifungal Secondary Metabolites
	Protease Production
	Cellulase Production
	ACC Deaminase Production
	Siderophore Production
	Extraction and Identification of Secondary Metabolites from B. subtilis ED24 and Fungal Co-cultures

	Effect of B. subtilis ED24 on Seeds Germination, Growth, and Yield Parameters of Durum Wheat Infected with F. culmorum
	B. subtilis ED24 Biocontrol Activity Against F. culmorum in Wheat Under Greenhouse Conditions
	Isolation and Identification of F. culmorum Associated with Harvested Wheat Roots
	DNA Extraction and High-Throughput Miseq Sequencing
	Bioinformatics Processing and Taxonomic Annotation

	Statistical Analysis

	Results
	Determination of Anti-fungal Activity of B. subtilis ED24
	Biocontrol Related Traits and Metabolomic Profiling of B. subtilis ED24
	In Planta ED24-Fungus Inoculation Experiment
	Effect of B. subtilis ED24 on Seed Germination Parameters
	Effect of B. subtilis ED24 on Wheat Plant Growth Parameters
	Effect on Wheat Roots Morphology and F. culmorum Spore Colonization
	Effect of B. subtilis ED24 on the Abundance and Diversity of Microorganisms in the Wheat Root Rhizosphere


	Discussion
	Conclusion
	Acknowledgements 
	References


