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Abstract

Wheat and barley rank among the main crops cultivated on a global scale, providing the essential nutritional foundation for
both humans and animals. Nevertheless, these crops are vulnerable to several fungal diseases, such as Septoria tritici blotch
and net blotch, which significantly reduce yields by adversely affecting leaves and grain quality. To mitigate the effect of
these diseases, chemical fungicides have proven to be genuinely effective; however, they impose a serious environmental
burden. Currently, biocontrol agents have attracted attention as a sustainable alternative to fungicides, offering an eco-
friendly option. The study aimed to assess the efficacy of Bacillus velezensis BE2 in reducing disease symptoms caused by
Zymoseptoria tritici and Pyrenophora teres. This bacterium exhibited significant antagonistic effects in vitro by suppressing
fungal development when pathogens and the beneficial strain were in direct confrontation. These findings were subsequently
confirmed through microscopic analysis, which illustrated the strain’s capacity to inhibit spore germination and mycelial
growth in both pathogens. Additionally, the study analysed the cell-free supernatant of the bacterium using UPLC-MS
(ultra-performance liquid chromatography-mass spectrometry). The results revealed that strain BE2 produces, among other
metabolites, different families of cyclic lipopeptides that may be involved in biocontrol. Furthermore, the beneficial effects
of strain BE2 in planta were assessed by quantifying the fungal DNA content directly at the leaf level after bacterization,
using two different application methods (foliar and drenching). The results indicated that applying the beneficial bacterium
at the root level significantly reduced pathogens pressure. Finally, gene expression analysis of different markers showed that
BE2 application induced a priming effect within the first hours after infection.

Key points

e BE2 managed Z. tritici and P. teres by direct antagonism and induced systemic resistance.
o Strain BE2 produced seven metabolite families, including three cyclic lipopeptides.

e Application of strain BE2 at the root level triggered plant defense mechanisms.
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Introduction

Ensuring the stability of wheat (Triticum aestivum L.)
and barley (Hordeum vulgare L.) production is of utmost
importance, given that they are the primary staple food for
approximately one-third of the world’s population (Watson
et al. 2018). However, the production of these crops is
negatively affected by biotic and abiotic stresses, resulting
in direct adverse effects on yield and substantial economic
losses. Among the biotic stresses, phytopathogenic fungi
pose a particularly serious threat by attacking different
plant organs. Septoria tritici blotch (STB) is a highly dev-
asting diseases in wheat, causing yield losses of up to 50%.
The causative agent of STB is the fungus Zymoseptoria
tritici (in its anamorph or asexual form), predominantly
found in Europe and known to infects wheat leaves when
environmental conditions are favourable (Brokenshire
2007; Shewry 2009). This fungus is distinguished as
hemibiotrophic, characterized by an extended biotrophic
phase followed by a transition to the necrotrophic phase.
During this transition, Z. tritici produces cell-wall-degrad-
ing enzymes that facilitate nutrients release from meso-
phyll cells, essential for sporulation (Lovell et al. 2004;
Selim et al. 2014; Palma-Guerrero et al. 2017; Platel et al.
2021).

In the case of barley, net blotch is a severe disease that
poses a significant threat to the brewing sector. The causal
pathogen of net blotch is Pyrenophora teres, which can be
further classified into two different forms: P. teres f. teres
and P. teres f. maculata, distinguished by the type of the
lesions they induce on barley leaves. Similar to Z. tritici,
P. teres is also a hemibiotrophic pathogen, but it exhibits
shorter biotrophic and incubation periods (Liu et al. 2011;
Backes et al. 2021b).

Due to the varying modes of action exhibited by these
pathogens, farmers must adapt their control strategies
accordingly. Even though the resistant crop varieties can
decrease the impact of fungi, they are not fully effective,
requiring additional measures like chemical products to
reduce yield losses (Morin 2020). However, pesticide use
leads to various health and environmental issues, includ-
ing pathogen resistance (Rupp et al. 2017). Thus, there is
a pressing necessity for an alternative strategy employing
plant-associated bacteria or their secondary metabolites to
control plant diseases and enhance crop yields.

The Bacillus genus includes different species that
inhabit different ecological niches such as soils, air, water,
plants, and animals (Elshaghabee et al. 2017). They are
Gram-positive and have a rod-shaped structure. Among
soil bacteria, Bacillus members are notably abundant,
particularly in plant rhizosphere (Hardoim et al. 2015).
Many studies have demonstrated the presence of Bacillus
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members with various plants, including date palm, wheat,
barley, and rice (El Arbi et al. 2016; Rekha et al. 2018;
Albdaiwi et al. 2019).

Different Bacillus strains were shown to have a positive
effect on the plant growth development of many species.
They enhance plant health and growth through the produc-
tion of active molecules like indole-3-acetic acid (IAA) and
1-aminocyclopropane- 1-carboxylate (ACC), which influence
plant productivity. They also improve micronutrients avail-
ability by producing siderophore and phosphate solubiliza-
tion (Sabir et al. 2012; Albdaiwi et al. 2019).

Bacillus strains act against many pathogens via a number
of mechanisms, such as competing for resources, stimulat-
ing plant defenses, and producing compounds like enzymes,
volatile compounds, and secondary metabolites (Compant
et al. 2005; Anckaert et al. 2021; Lahlali et al. 2022). The
genus Bacillus is a valuable source of a wide spectrum of
secondary metabolites, especially of those produced by non-
ribosomal enzymatic complexes responsible for the biosyn-
thesis of the so-called non-ribosomal peptides (NRPs) and
polyketides (PKs); both of which showing a great potential
application in biocontrol (Leclere et al. 2005; Ongena and
Jacques 2008; Esmaeel et al. 2018; Dutilloy et al. 2022).

Plant-pathogen interactions can lead to compatible or
incompatible interaction, which results in transcriptomic
and metabolomic modifications (Backes et al. 2021a). The
first modifications following pathogen perception typically
include alterations in the plant cell wall and the accumula-
tion of reactive oxygen species (ROS) (Torres et al. 2006).
ROS production plays a key role depending on the patho-
gen’s lifestyle. Biotrophic pathogens are known to be inhib-
ited by the production of ROS, whereas the oxidative burst
appears to benefit necrotrophic ones. Modulation of ROS
and catalases is crucial during plant-hemibiotrophic patho-
gens, as demonstrated in cases involving Z. tritici and P.
teres (Able 2003; Shetty et al. 2007; Lightfoot et al. 2017).
Additionally, the regulation of phytohormones like ethylene,
jasmonic acid (JA), and salicylic acid (SA) is essential for
inducing systemic acquired resistance (SAR) and induced
systemic resistance (ISR). Activation of these pathways
triggers the expression of pathogenesis-related (PR) genes,
especially PRI, PR2, and PR5 (Villena et al. 2018).

In the current study, the biocontrol activity of Bacillus
velezensis BE2 (DSM 115787), isolated from the maize
rhizosphere, against Z. tritici and P. teres was investigated.
The efficacy of the bacterium was also assessed directly in
planta by evaluating two application modes. This approach
has resulted in a deeper understanding of the mechanisms
involved in the tripartite interaction between the plant, the
beneficial bacterium, and the pathogens, with particularly
focus on the activation of plant defense genes. Furthermore,
the complete genome sequence of strain BE2 was thor-
oughly examined to decipher its potential involvement in
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secondary metabolites production, guided by the presence
of synthetic gene clusters. Additionally, specific metabolites
produced by strain BE2 were identified through the use of
ultraperformance liquid chromatography-mass spectrometry
(UPLC-MS) and UPLC-MS/MS analyses.

Materials and methods
Primers, strains, and culture condition

The BE2 strain was isolated from the maize rhizosphere in
the northeastern France, following the protocol previously
described by Esmaeel et al. (2020). The bacterium identity
was established through a combination of phenotypic and
biochemical characterization, encompassing aspects like
morphology, size, mobility, growth on the API S0CHB/E
medium. Additionally, the strain’s identity was confirmed by
conducting 16S rRNA amplification using FD2 forward (5’
AGAGTTTGATCATGGCTCAG) and PR1 reverse (5' ACG
GTTACCTTGTTACGACTT) primers. The BE2 strain has
been deposited in the publicly accessible DSMZ-German
Collection of Microorganisms and Cell Cultures (Braunsch-
weig, Germany), under the accession number DSM 115797.

The BE2 strain was cultivated on Luria Bertani (LB)
medium (per liter: tryptone 10 g, yeast extract 5 g, NaCl
5 g, pH 7.2). For long-term storage, cells were mixed with
LB broth containing 20% glycerol and then stored at — 80 °C.
For metabolite production, the strain was grown in Landy
medium (per liter: 1 g/L yeast extract, 0.5 g/L. MgSO,,
1 g/L K,HPO,, 0.5 g/L. KCl, 0.0016 g/L. CuSO,, 0.0024 g/L.
FeSO,, 0.0008 g/L. NaSO,, 20 g/L glucose, 5 g/L glutamic
acid, 21 g/LL MOPS, 0.016 g/L L-tryptophane, dH,O to
100 mL) (Landy et al. 1948).

The pathogenic barley strain, P. feres MUCL 28818, was
maintained on potato dextrose agar (PDA) medium (per liter:
dextrose 20 g; potato extract 4 g and agar 17 g) at 20 °C for
two weeks. To induce sporulation, one plug from the origi-
nal culture was transferred onto V8 juice PDA medium (per
liter: agar 10 g, CaCO; 3 g, 150 mL of V8 juice, Difco PDA
10 g and dH,0 to 1 L) (Carlsen et al. 2017). Afterward, the
culture was then incubated for 5 days in the dark at 25 °C.
This was followed by an additional incubation period with
a 12-h light/dark photoperiod for a total incubation period
of 6 days.

The Z. tritici strain ST38, characterized by its law resist-
ance to triazole fungicides (TriR3), was kindly provided by
Dr. Sameh SELIM (UniLaSalle, Beauvais, France). This
strain was isolated in 2005 in France from the Orvantis
wheat variety from a sporiferous cirrhe (Samain et al. 2022).
The fungus was cultivated on PDA medium and incubated
at 20 °C with a 12 h/12 h photoperiod for 5 days to induce
spore production.

Wheat assay was performed using the cultivar Lennox
(2012) from Saaten Union (Estrées-Saint-Denis, France),
provided by le Groupe Soufflet (Nogent-sur-Seine,
France). This spring variety exhibits a Z. tritici resistance
level of 4.5 according to Arvalis’ scale (1: high suscep-
tible, 9: high resistant). Regarding the P. teres MUCL
28818 experimentation, the barley cultivar KWS Fantex
(Einbeck, Germany), provided by le Groupe Soufflet, was
employed. This cultivar is a 2-row variety with a sensi-
bility to P. teres of 5. Seeds were sown in 9 X 9-cm pots
containing GramoFlor soil (FO5) (Vechta, Germany), and
incubated in a growth chamber at 20 °C (+/—2 °C) with
80% humidity for all assays. The primers used in this study
are listed in Supplemental Table S1.

Direct effect on the pathogen development

To assess the direct impact on pathogen development, dual
culture assays were used to evaluate the effect of strain
BE2 (DSM 115797) against both Z. tritici ST38 and P.
teres MUCL 28818. After 5 days of incubation, spores
from Z. tritici ST38 were harvested by gently scraping
the surface of the fungal culture using a sterile 10 mM of
MgSO, buffer and subsequently adjusted to a concentra-
tion of 10° spores/mL using a Malassez counting cham-
ber. Next, 500 uL of this spore suspension were evenly
spread onto the surface of a PDA plate. The plate was
subsequently incubated at 25 °C in the dark. After 24 h of
incubation, 5 pL of the strain BE2 suspension (adjusted to
a concentration of 10® colony-forming unit per millilitres
(CFU/mL)) was deposited in the center of the plate, fol-
lowed by re-incubated at 25 °C for 7 days.

For P. teres MUCL 28818, a disk containing P. teres
mycelium was placed at the center of a PDA plate. The
plate was incubated for 2 days at 25 °C in the dark to allow
the development of the fungus. Then, 5 uL. of the BE2 sus-
pension (108 CFU/mL) were spotted at three equidistant
places on the plate borders. These plates were re-incubated
for a period of 3 to 7 days under the same conditions as
mentioned above. For both pathogens, plates inoculated
with the fungus alone were also prepared as positive con-
trol. The antifungal effect was evaluated by measuring the
diameter of mycelium growth on plates containing BE2
in comparison to the control plates after 7 days of con-
frontation. Each experiment was independently repeated
three times in triplicate. Furthermore, to gain a detailed
understanding of the inhibitory effect of strain BE2 on
hyphal growth and morphology in both pathogen, myce-
lial samples from both pathogens were observed under
a 3D microscope (Keyence, France) after one week of
confrontation.
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Pyrenophora teres bioassay on detached leaves

Detached leaf assay was carried out to evaluate the bio-
control activity of strain BE2 against P. feres infection,
following the protocol previously described by Decouard
et al. (2022). Briefly, barley plants were placed in a growth
chamber equipped with an ultrasonic humidifier labelled as
“2017 generation” (ARALAB, Rio de Mouro, Portugal). The
growth chamber was set at a temperature of 20 °C, with a
12-h photoperiod and 80% relative humidity (RH). When
the barley plant reached the 3-leaf stage (3-L stage), which
occurred approximately 14 days after planting, the second
leaf was carefully removed. A 7-cm central segment of the
detached leaf was disinfected by immersing it in a 70° etha-
nol bath for 30 s, followed rinsing in three consecutive ster-
ile water baths. Subsequently, these leaves were then placed
on agar supplemented with kinetin medium (per liter: 10 g
agar + 10 mL kinetin at 1 g/L). To facilitate inoculation and
allow the development of the fungus and the appearance of
symptoms, the leaves were superficially injured at the point
of inoculation using a sterile toothpick. Each leaf was then
inoculated in the center of the upper surface with 5 puL of
the spore suspension containing 5000 spores/mL of P. teres.
After the first drop containing the pathogen had dried, 5 uL
of the bacterial suspension (10® CFU/mL) were added at the
same point of inoculation. For the negative control, 5 uL
of sterile H,O was applied at the leaf wound area while for
the positive control, 5 uL of P. teres spores’ suspension was
inoculated at the leaf wound site. Additionally, the product
Vacciplant®, known for its strong activity against P. teres
infection, was used as a control reference. Petri plates con-
taining the treated leaves were then incubated under the
same conditions as previously described for a period of two
weeks. After this incubation period, the size of necrosis was
measured at 10 days post-infection (dpi). Each experiment
was replicated three times, and all experiments were inde-
pendently repeated three times for robustness and reliability.

Whole-genome sequencing and in silico analysis

To comprehensively explore all potential gene clusters
linked to the biocontrol activity, the whole genome of strain
BE2 was sequenced at Microbes NG (Birmingham, UK),
accessible at http://www.microbesng.uk. This sequencing
process utilized Illumina MiSeq and HiSeq 2500 technol-
ogy platforms, employing a library with 2- 250-bp reads. De
novo assembly was performed using the SPAdes assembler.
Gene annotation and open reading frames (ORFs) predic-
tion were carried out by submitting the whole genome draft
sequence of BE2 to the Bacterial and Viral Bioinformat-
ics Resource Center (BV-BRC) (https://www.bv-brc.org/)
(Olson et al. 2023). The construction of the phylogenetic
tree was based on the whole genome sequence using the
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codonTree method within BV-BRC. To investigate the pres-
ence of potential genes associated with secondary metabo-
lites synthesis, especially those involved in non-riboso-
mal peptides and polyketides synthesis, the draft genome
sequence of strain BE2 was subjected to analysis using the
online antiSMASH software, accessible at https://antismash.
secondarymetabolites.org/#!/start) (Blin et al. 2021). The
draft genome sequence of strain BE2 has been deposited in
GenBank under the accession number RRZG00000000. The
version described in this paper is version RRZG01000000.

Antifungal activity of BE2 culture supernatant
against P. teres and Z. tritici

The BE2 strain was grown in Landy medium and incubated
at 30 °C with a constant shaking (180 rpm) for 48 h. Sub-
sequently, the bacterial culture was centrifugated twice at
10,000 g for 10 min at 10 °C. The resulting supernatant was
then filtered through a 0.2-pm filter. This supernatant was
evaluated for its ability to inhibit fungal development and
spore germination through both liquid and solid assays.

For the solid assay, twenty-four well-plates were filled
with 1.5 mL of PDA previously mixed with varying propor-
tions of the supernatant to achieve final percentages of 0,
0.5, 1, 1.5, 2, and 3%. Subsequently, plates were inoculated
with 5 uL of spores at a concentration of 10° spores/mL
and 5.10% spores/mL for Z. tritici ST38 and P. teres MUCL
28818, respectively. The plates were then incubated in the
dark at 25 °C for 7 days.

In the liquid assay, sterile 96 well-plates containing 200
pL of PDB with the same concentrations of supernatant and
spores’ pathogens as previously described, were incubated
in a TECAN® Microplate reader (Infinite F200 PRO, Tecan,
Minnedorf, Switzerland) at 25 °C with continuous shaking
(132 rpm). The antagonistic activity of the supernatant was
assessed by measuring the absorbance at 620 nm every 6 h
for 3 days. For the control, cycloheximide at a final con-
centration of 100 pg/mL was used in both assays. Three
replicates (wells) were assessed for each condition and the
experiment was carried out in triplicate. Microscopic obser-
vation of Z. tritici ST38 and P. teres MUCL 28818 spores
was visualized at 24 h, 48 h, and 72 h post-inoculation (hpi)
with an inverted microscope EVOS FL Auto Imaging Sys-
tem (Thermo Fisher Scientific, Waltham, MA, USA).

A detached leaf assay with the supernatant was performed
using the same method as previously described (Decouard
et al. 2022). In this assay, leaves were superficially injured
on the upper side, and 5 uL of P. reres MUCL 28818 at a
concentration of 5000 spores/mL was applied. Once the drop
dried, 5 uL of the supernatant solution was added. Leaves
inoculated with only Landy medium or spores’ suspension
served as negative and positive control, respectively. The
plates were then incubated in a culture chamber at 20 °C
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with 80% RH. After 7 days, the size of necrosis was meas-
ured. This experimentation was repeated three times in three
independent replicates.

UPLC-MS analysis of strain BE2 filtrate

The BE2 strains was cultured in LB at 30 °C with constant
shaking at180 rpm for 48 h. Following this, the supernatant
was collected and filtrated using a hydrophilic syringe fil-
ter (0.20 um). Subsequently, the cell-free supernatants from
strain BE2 were analysed by UPLC-qTOF MS. Strain BE2
metabolites were identified using an Agilent 1290 Infinity
II coupled with mass detector (Jet Stream EST-Q-TOF 6530)
in positive mode with the parameter set up as follows: cap-
illary voltage of 3.5 kV, nebulizer pressure of 35 psi, dry-
ing gas of 8 L min~!, gas temperature of 300 °C, flow rate
of sheath gas of 11 L/min, sheath gas temperature 350 °C,
fragmentor voltage of 175 V, skimmer voltage of 65 V, and
octopole radio frequency of 750 V. Accurate mass spectra
were recorded in the m/z range of 100 to 1700 (acquisi-
tion rate 2 spectra/s). A C18 Acquity UPLC BEH column
(2.1 mm; 50 mm; 1.7 um; Waters, Milford, MA, USA) was
used at a flow rate of 0.6 mL/min and a temperature of 40 °C
(injection volume: 5 pL). A gradient of acidified water (0.1%
formic acid) (solvent A) and acidified acetonitrile (0.1% for-
mic acid) (solvent B) was used as mobile phase with a con-
stant flow rate at 0.6 mL/min starting at 10% B and rising
to 100% B in 20 min. Solvent B was kept at 100% for 4 min
before going back to the initial ratio. The different metabo-
lites were identified based on retention time, by comparison
with in-house database constructed with mutants impaired
in the production of the different metabolites (Andric et al.
2023), and accurate mass. The iturin structure was con-
firmed by MS/MS fragmentation of two precursor ions at
m/z=1043.55 and 1057.57 using 40 V as collision energy.

Siderophore activity

In order to evaluate the ability of strain BE2 to produce
siderophore, the strain was cultivated in an iron-deficient
minimum medium (MM9). To assess siderophore produc-
tion, a CAS (chrome azurol S) agar assay was performed fol-
lowing the methodology described by Esmaeel et al. (2016).
Positive results were indicated by the formation of a distinct,
clear orange zone around the bacterial colonies, showing
a visible change from the original blue to either yellow or
orange.

Biofilm formation
The biofilm production of strain BE2 was evaluated follow-

ing a modified version of the method described by Rondeau
et al. (2019). Initially, a pre-culture of the bacterium in LB

medium was diluted to an ODg, of 0.2. Then, 500 uL of
the diluted culture were placed in polystyrene tubes and
incubated at 28 °C under static conditions of 24 and 48 h.
Following incubation, the excess medium was removed, and
the tubes were carefully rinsed with H,O. Adherent bacteria
were then stained with a 1% crystal violet solution, and the
tubes were left at room temperature for 10 min. After that,
tubes were rinsed five times with H,O and were allowed to
air-dry at room temperature. Subsequently, the crystal violet
bound to the biofilm was solubilized in 1 mL of 30% acetic
acid for 10 min. The absorbance of the resulting solution was
measured at 570 nm using spectrophotometer. Each assay
was performed independently three times in triplicate.

Protection of wheat and barley plants

To evaluate the efficacy of strain BE2 against Z. tritici ST38
and P. teres MUCL 28818 in planta, two different modes of
application were employed, including foliar spray and root
drenching.

For foliar application, at the 3-L stage, plants were
sprayed with a 3 mL of BE2 suspension at a concentration
of 108 CFU/mL. Three days after the bacterial inoculation,
plants were infected by spraying with 3 mL of fungal strain
Z. tritici ST38 suspension (10° spores/mL) or P. teres MUCL
28818 (5000 spores/mL) suspended in 10 mM of MgSO,
containing 0.05% of Tween 20.

For root application, seeds were sterilized and pre-ger-
minated as described by Selim et al. (2014). Briefly, grains
were disinfected by incubation in a 1% sodium hypochlorite
for 5 min with agitation and then washed three times with
sterile distilled water. Subsequently, grains were transferred
and incubated in 0.5% water-agar medium for 24 h at 20 °C,
then at 4 °C for 48 h, and finally at 20 °C for 24 h. The wheat
grains were then immersed in a suspension of strain BE2
adjusted to 10® CFU/mL in 10 mM MgSO, at a ratio of 1 mL
per grain. They were left for 1 h with gentle shaking. Finally,
grains were sown under the same conditions as described
for foliar application. One week before pathogen infection,
plants were inoculated for a second time with 1 mL of BE2
suspension per plant at the root level.

As controls, plants were watered with 10 mM of MgSO,
(negative control), while others were infected with Z. tritici
ST38 or P. teres MUCL 28818 alone (positive control). Ref-
erence products, HELIOTERPEN® SOUFRE (Helioterpen,
Castets, France) and VACCIPLANT® (GoEmar, Saint-
Jouan-des-Guérets, France) were also applied for Z. tritici
ST38 and P. teres MUCL 28818, respectively.

Following infection, plants were covered with transparent
plastic bags to maintain 100% humidity for 3 days. The per-
centage of necrosis was determined at 7, 17, 21, and 25 days
post-infection (dpi) for Z. tritici ST38 and at 3, 5, 7, and 10
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dpi for P. teres MUCL 28818. The experiment was repli-
cated three times in three independent repetitions.

Pathogen detection in planta

To assess the presence and progression of pathogens in
planta, various analyses were conducted, including visual
symptom notation and fungal DNA quantification by gPCR.

For visual notation, symptoms were visually assessed by
calculating the percentage of chlorosis on the third leaf at
specific time points, specifically 7, 17, 21, and 25 dpi for Z
tritici ST38 and 3, 5, 7, and 10 dpi for P. teres MUCL 28818.

For the quantification of fungal DNA, the third leaf
was collected, freeze-dried in liquid-nitrogen, and stored
at— 80 °C before fungal DNA extraction. For the extraction
of fungal DNA of Z. tritici ST38, two leaves were grounded
for each modality at each sampling time points. Total DNA
was extracted from 50 mg of leaf powder extracted using
the purification DNA Kit (Promega Corp., Madison, WI,
USA) following the manufacturer’s instructions. DNA qual-
ity was checked by agarose gel electrophoresis, and the DNA
concentration was measured at 260 nm using a NanoDrop
(Thermo fisher scientific, Illkirch-Graffenstaden, France).
The DNA concentration was adjusted to 100 ng/uL. The
quantification of the fungal DNA was performed using qPCR
following the protocol described by Bearchell et al. (2005).
The real-time quantitative PCR targeted the Mycosphaerella
graminicola p-tubulin (GenBank accession no. AY547264).
This gene exhibits variability among species, providing a
high level of specificity, and is not repeated in cells, mak-
ing the number of p-tubulin gene copies equivalent to the
number of fungal cells (Fraaije et al. 1999).

Real-time qPCR reactions were carried out in dupli-
cate in 96-well plates, each containing a final volume of
25 pL. The reaction mix consisted of 12.5 pL. of Universal
Tagman PCR Master Mix (Life Technologies SAS, Villebon,
France), 0.2 uM of the probe (FAM-TTACGCCAAGAC
ATTC-MGB), 0.3 uM of each forward (5'-GCCTTCCCC
CACCAT-3’) and reverse (5'-CCTGAATCGCATCGTTA-
3") primers, 200 ng of DNA, and sterile nuclease free H,O
to bring the total volume of 25 pL, followed the protocol
outlined by Samain et al. (2019).

For the quantification of P. teres MUCL 28818, total DNA
was extracted from 100 mg of leaf powder with the cetyltri-
methylammonium bromide (CTAB) buffer protocol follow-
ing the protocol outlined by Ghaffariyan et al. (2012). DNA
quality and quantity were checked as previously described.
The quantification of the fungal DNA was conducted via
gqPCR, following the protocol described by Leisova et al.
(2006). TagMan probes and primers were designed based
on DNA sequence differences between P. teres f. teres and
P. teres f. maculate, with the probes specific to P. feres were
labelled with FAM fluorescent dye. Real-time PCR reactions
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were carried out in duplicate within 96-well plates, each
containing a final volume of 25 pL. This volume included
12.5 pL of Universal TagMan PCR Master Mix (Life Tech-
nologies SAS, Villebon, France), 0.2 uM of the FAM probe
(FAM-AGTTGTTTGTGGTTTTC-MGB), 0.3 uM of each
Forward (5'-TACACCTACGCTTGACGCATG-3’) and
Reverse (5'-GATATCTTCATCTGCGGACCG-3') primers,
250 ng of DNA and water to reach a volume of 25 pL.

Both quantification assays employed the same qPCR
cycles conditions: an initial denaturing step at 95 °C for
10 min, followed by 40 two-step cycles of 15 s at 95 °C and
1 min at 60 °C, using the CFX-Touch BioRad96 (Hercu-
les, CA, USA). The amount of DNA was calculated using a
standard range spanning from 10 to 107 copies of the gene,
created through serial dilution of the appropriate cloned tar-
get sequence. Prior to analysis, the primer specificity was
verified through PCR and qPCR with strain BE2 and plant
leaves without pathogen. The final DNA concentration was
expressed per 100 ng of total DNA in each sample and data
analysis was performed using CFX-Maestro™ Software v2.2
(BioRad, Hercules, CA, USA).

Potential of strain BE2 to modulate the expression
of plant defense gene markers against Z. tritici
and P. teres

Grain sterilization, pre-germination, inoculation with strain
BE2, and the respective pathogen, as well as plant growth
conditions were carried out as mentioned above. At the fifth
leaf stage, the third leaf was collected at the infection time
(TO). Then, for Z. tritici, the expression of defense genes
was evaluated at 6, 12, and 24 hpi, as well as at 3 and 5 dpi.
In the case of P. teres, the third leaf was collected at 6, 12,
nd 48 hpi, along with 3 dpi. Each sample represents two
leaves of two distinct plants and was promptly placed in lig-
uid nitrogen before being stored at — 80 °C. RNA extraction
was carried out using 100 mg of leaf powder, and the subse-
quent cDNA synthesis utilized EXTRACT-ALL (Eurobio,
Les Ulis, France) and Verso cDNA (Thermo fisher scien-
tific, lllkirch-Graffenstaden, France), following the manufac-
turer’s guidelines. RNA quality and quantity were checked
by agarose gel electrophoresis and the NanoDrop (Thermo
fisher scientific, Illkirch-Graffenstaden, France) respec-
tively. SYBR Green qPCR assays were carried out in 15 pL
reaction mixture, which included 7.5 pL of 2 X gPCRBIO
SyGreen Blue Mix (PCR Biosystems Ltd, London, UK),
1.4 pM of primer mix, 1.1 pL of nuclease-free water, and 5
UL of cDNA. The gPCR conditions were as follows: 3 min at
95 °C, followed by 40 cycles of 5 s at 95 °C and 20 s at 60 °C
with a final step from 60 to 95 °C to confirm primer specific-
ity. Each modality represents 6 plants, and three independent
replicates were performed.
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The target genes are presented in Supplemental Table S1.
The expression levels were normalized using two house-
keeping genes for each plant condition. For the wheat assay,
the two genes used were Act for actin (AB181991) and AP-5
for complex subunit mu-like CJ705892 (XM_044539803.1).
In the barley experimentation, Act (AY 145451) and riboso-
mal protein S4 RP-S4 (NC_042692.1) were selected as the
housekeeping genes.

Root colonization assay

The root colonization assay aimed to assess the coloniza-
tion of wheat and barley roots by strain BE2 using a modi-
fied protocol based on the method described by Issa et al.
(2018). Initially, strain BE2 was rendered resistant to 25 pg/
mL of chloramphenicol through successive transplants on
LB medium with varying antibiotic concentrations. Subse-
quently, wheat and barley grains were subjected to steriliza-
tion and inoculation procedures as previously mentioned in
“Pathogendetection in planta.” Additionally, GramoFlor soil
(FO5) underwent double sterilization to limit the potential
influence of microorganism interactions with strain BE2.
For epiphyte colonization, root samples were retrieved from
the soil and placed in sterile tubes containing 3 mL of ster-
ile PBS, followed by vortexing for 3 min at 240 rpm. The
resulting mixture was serially diluted with sterile H,O in
tenfold dilutions, and then, 100 uL from the appropriated
dilution was cultured in triplicates on LB medium supple-
mented with chloramphenicol (25 ug/mL). To determine the
endophytic colonization, roots and shoot (stem and leaves)
were surface disinfected. This entailed a 3-min immersion
in 70% ethanol (1 min for leaves), followed by a 1% com-
mercial bleach+0.01% Tween 20 solution for 1 min, and
subsequently, three rinses with sterile distilled water. The
samples were then grounded and homogenized with 1 mL of
sterile water. The resulting homogenate was serially diluted
and spread as described earlier. To validate the efficacy of
the sterilization process, 100 puL of the final water rinse
were placed on three LB plates containing chloramphenicol
(25 pg/mL). These plates were then incubated at 28 °C for
48 h, and the colony count was expressed as the mean of
colony-forming units (CFU) per gram of fresh root or shoot
weight (stem and leaves). Both external and internal colo-
nization dynamics were investigated at various time points
post-bacterization (0, 1, 7, 14, and 21 dpi). Each treatment,
including non-inoculated plants and BE2-treated plants,
was conducted in triplicate for both technical and biologi-
cal replicates.

Statistical analysis

Statistical analyses were carried out using Rstudio software
version 4.1.1 (https://cran.r-project.org/bin/windows/base/

old/4.1.1/). The normality of the data was tested via Shapiro
test and Kruskal test used to study the correlation of ben-
eficial bacterium with P. feres MUCL 28818 and Z. tritici
ST38. The graphics were realized using the software Graph-
Pad Prism version 9.0.0 (Boston, MA 02110, USA) (https://
www.graphpad.com/features).

Results

Identification, genomic insights, and secondary
metabolic profiling of strain BE2

Strain BE2 was identified as B. velezensis BE2 based on its
16S rRNA gene sequence and morphological traits. Addi-
tionally, phylogenetic analysis using the whole genome
sequence confirmed its placement within the Bacillus
genus, showing a close relationship to the B. velezensis
clade with a robust bootstrap score of 100% (Fig. 1). The
genome of strain BE2, assembled into 35 contigs with an
N50 value of 622,732 bp, and L50 value of 2, has a total
size of 4,210,155 bp and maintains an average G+ C content
of 45.85% (Fig. 2A). Within this genome, a total of 4254
protein coding genes were identified. Among these, 3420
genes were functionally annotated, while 966 were assigned
as hypothetical proteins. The predicted gene products exhib-
ited an average length of 300.6924 amino acids and a coding
density of 89.1118%. These coding genes were distributed
across 469 subsystems, with a notable presence in functions
related to carbohydrate transport and metabolism (5.35%),
amino acids and derivatives synthesis (6.40%), defense
mechanisms (1.52%), coenzyme transport and metabolism
(2.71%), and the biosynthesis and transport of secondary
metabolites (2.25%). The distribution and counts of genes
in clusters of orthologous groups (COGs) categories for the
genome of strain BE2 are presented in Fig. 2B.

For further insights, a comparative analysis involving
strain BE2 and the three reference Bacillus strains, includ-
ing Bacillus amyloliquefaciens subsp. plantarum AS43.3,
B. velezensis YAU B9601-Y2, and B. velezensis FZB42
was conducted (Fig. 2C). Analysis of the CDSs (cod-
ing sequences) of the four strains revealed a total of 3293
genes that were common to all of them. Additionally, strain
BE2 shared 3509 and 3614 genes with FZB42 and YAU
B9601-Y2, respectively (Fig. 2C).

To gain a deeper understanding of strain BE2’s potential
biocontrol activity, an extensive analysis of its genome was
undertaken to identify the presence of secondary metabo-
lite gene clusters. The analysis pointed out the presence
of 15 different secondary metabolite gene clusters with
diverse potential activities. Figure 3 highlighted the most
similar clusters identified using antiSMASH, while a
comprehensive list of predicted metabolites is available
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Fig. 1 Phylogenetic tree analysis based on the whole-genome
sequence, illustrating the taxonomic position of strain BE2 within the
Bacillus genus. Bootstrap values, indicative of the confidence in the
branching points, are displayed on the tree. The tree was constructed

in Supplemental Table S2. The in silico analysis predicted
the presence of many non-ribosomal peptides (NRPs) and
polyketides (PKs) gene clusters that are likely involved
in the synthesis of various products, including surfactin,
fengycin, iturin, difficidin, rhizocticin, butirosin, macrol-
actin, bacillaene, bacillibactin, and bacilysin.
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with The Bacterial and Viral Bioinformatics Resource Center (BV-
BRC) (https://www.bv-brc.org/) and visualized using ITOL (https://
itol.embl.de/)

Antifungal activity against Z. tritici and P. teres

The antagonism potential of strain BE2 against Z. tritici and
P. teres was evaluated through direct confrontation tests on
PDA medium. Remarkably, strain BE2 significantly reduced
the growth and development of the pathogen P. feres MUCL
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Fig.2 A Circular genome viewer of strain BE2 genome. Starting
from the outmost circle and moving inwards, each ring represents
different genome features, including contigs, forward CDSs, reverse
CDSs, RNA genes, transporters, GC content, and GC skew. The cir-
cular genome visualization was generated using the circular viewer of
the BV-BRC ((https://www.bv-brc.org/). B Clusters of orthologous
groups showing the functional classification of genomic protein of
the BE2 genome. Clusters were predicted using the Eggnog database

28818 by up to 75%. Indeed, within just 4 days, the bacte-
rium completely halted the growth of P. teres. This is evident
when comparing the color of the fungus in Fig. 4A to that on
the control plate. Initially, the fungus appeared pale, transi-
tioning to an orange along the areas where it confronted the
bacterium, and eventually turning a dark orange shade. To
comprehensively investigate the inhibitory effect of strain
BE2, we compared the hyphal growth and morphology of
the pathogen in confrontation with the bacterium to that in
the control. Microscopic observation showed that the hyphae

via MicroScope platform (https://mage.genoscope.cns.fr/microscope/
home/index.php). Letters represent function classes, which are pre-
sented on the right side of the graph. The data on the vertical axis
indicates the number of CDS associated with each functional class.
C The Venn diagram represents the core-genome, variable-genomes,
and strain specific sizes. The values displayed on the figure represent
the number of gene families for each organism intersections

in the control developed across the entire medium without
inducing many ramifications and maintained a relatively
linear structure. Conversely, when the fungus encountered
the bacterium, the hyphae formed significantly more branch-
ing, and a beginning of sporulation were observable at 3 dpi
(Fig. 4B).

The beneficial bacterium strain BE2 also had a direct
impact on the development of the fungus Z. tritici ST38
(Fig. 4C) and may imply different mechanisms to compete
with this pathogen. When confronted with strain BE2, the
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Fig.3 Biosynthesis gene clusters of different NRPS—PKS second-
ary metabolites predicted in the genome of strain BE2. A: adenyla-
tion domain; C: condensation domain; CP: carrier protein domain; E:
epimerization domain; TE: thioesterase domain; KS: ketosynthetase;
AT: acetytransferase; KR: ketoreductase; DH: dehydratase; M: mod-

fungus exhibited a visible halo, indicative of fungus lysis.
Similarly, to its interaction with P. feres, strain BE2 triggered
the formation of Z. tritici spores (depicted as black spots)
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M10 M1l M12 M13 Mi14 M15 M16

ule. The percentage of identity of each of these metabolites was com-
pared to those produced by other strains, including B. velezensis YAU
B9601-Y2; B. amyloliquefaciens DSM 7T; B. amyloliquefaciens subsp.
plantarum AS43.3 and B. velezensis FZB42

around the inhibition zone, attributed to a stress reaction
from the pathogen occurring after 4 dpi, a phenomenon fur-
ther confirmed through microscopic observations (Fig. 4D).
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Fig.4 Antagonism assay of the beneficial strain BE2 DSM 115797
against Z. tritici and P. teres. A Visual observations of the effect of
strain BE2 on P. teres MUCL 28818 after one week (1. pathogen
alone and 2. pathogen against strain BE2). B Microscopic observa-
tions (X 100) of the interface between P. teres MUCL 28818 and
strain BE2 after one week (1 and 2: P. teres without and with inter-
actions against strain BE2, respectively). C Visual observations of
strain BE2 effect against Z. tritici ST38 after 5 days (1. pathogen
alone and 2. pathogen against strain BE2). D Microscopic observa-
tions (X60) of the interface between Z. tritici ST38 and strain BE2

Consequently, with both pathogens, the bacterium showed
a good capacity to inhibit the growth of both fungi in vitro.

The ability of strain BE2 to control net blotch disease
in barley was also evaluated on detached leaves. As show
in Fig. 4E, the BE2 suspension exhibited a good efficacy
against P. teres. Two days post infection, P. teres-related
necrosis started to be visible in leaves of the positive

after one week (1. pathogen alone and 2. pathogen against strain
BE2). E Visual observations of detached leaves assay inoculated with
strain BE2 one-week post infection with P. teres. Leaves were disin-
fected and injured, and then, 5 uL of a solution containing the ben-
eficial bacterium and 5 pL of P. feres MUCL 28818 were applied to
the injured area. For controls, a reference product named Vacciplant®
was used. A positive control and a negative control were realized with
inoculation of the pathogen alone or with H,O respectively. Plates
were then incubated at 20 °C with a photoperiod of 12 h/12 h and the
length of the necrosis was measured one-week post infection

control, and one week later, the fungus had spread sev-
eral centimeters beyond the leaf wound. Conversely, no
symptoms were observed in leaves treated with the con-
trol product Vacciplant®. Leaves treated with strain BE2
and subsequently infected with P. feres displayed smaller
lesion or, in some cases, no symptoms at all when com-
pared to the product reference control.
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Direct antifungal activity of BE2-free supernatant

The potential of strain BE2 to produce secondary metabo-
lites with antagonistic activities on different pathogens was
evaluated using the BE2-free supernatant against Z. tritici
and P. teres. The supernatant exhibited strong antifungal
activity against both pathogens, displaying a dose-depend-
ent response across all tested percentages (Supplemental
Fig. S1).

Spore germination inhibition was evident in the case of
Z. tritici ST38. While a gradient of inhibition was observed
in relation to the percentage of the supernatant, the bac-
terial supernatant consistently exerted significant interfer-
ence with spore germination. Remarkably, Z. tritici was
almost impaired by the culture supernatant, with germina-
tion reduced by half when the liquid assay medium con-
tained just 1% of the supernatant (Fig. SA). Furthermore,
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Fig.5 A Z. tritici and B P. teres growth in the presence of different
percentages of cell-free BE2 supernatants. The growth was assessed
by measuring the absorbance at 620 nm at every 6 h during incuba-
tion using TECAN® Microplate reader (Infinite F200 PRO, Tecan,
Minnedorf, Switzerland). C Visual observations of detached leaves
assay inoculated with strain BE2-free supernatant one-week post
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the culture filtrates completely inhibited spore germination
in P. teres across all tested concentrations (Fig. 5B). Micro-
scopic observation provided additional confirmation of the
anti-germinative effect of the BE2-free supernatant (Sup-
plemental Fig. S2).

In detached leaf assays, the supernatant from the bacte-
rium was tested against P. feres in detached leaves assays.
The efficacy was comparable to that observed in previous
experiments realized with the culture of strain BE2. Notably,
there was a significant reduction in the size of necrosis arears
when leaves were inoculated with the supernatant (Fig. 5C).

Strain BE2 produces different families of cyclic
lipopeptides potentially involved in biocontrol

Based on molecular ion masses, seven non-riboso-
mally produced families of metabolites were identified

-®- Negative control

- Control with pathogen
Supernatant 0,5%
Supematant 1%

-9~ Supernatant 1.5%

@ Supematant 2%

1 Supematant 3%
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infection with P. feres. Leaves were disinfected and injured, and then,
5 uL of a solution containing the supernatant and SuL of P. teres
MUCL 28818 were applied to the injured area. Plates were then incu-
bated at 20 °C with a photoperiod of 12 h/12 h and the length of the
necrosis was measured one-week post infection
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(Fig. 6A). This analysis highlighted the significant pro-
duction of three very well-characterized cyclic lipopep-
tides families commonly produced by several Bacillus
species (Fig. 6B). Specifically, strain BE2 produced
molecules with m/z values corresponding to analogues
of iturin, fengycin, and surfactin family with various fatty
acid chains. As iturin shares a common mass with other
family members, such as mycosubtilin, structural con-
firmation was performed by targeted MS/MS analyses.
Additionally, strain BE2 was found to produced differ-
ent types of polyketides, including macrolactins (A/D/
malonyl/succinyl), bacillaenes (bacillaene and dihydro-
bacillaene), difficidins (difficidin and oxy-difficidin), and
the siderophore bacillibactin (Supplemental Table S3).
Furthermore, the strain’s capability to produce the iron-
chelator bacillibactin was confirmed with optimal envi-
ronment conditions using CAS medium (Supplemental
Fig. S3).

Rhizosphere colonization by BE2

In order to gain a deeper understanding of how the ben-
eficial bacterium BE2 interacts with plants, epiphytic
and endophytic colonization of wheat and barley was
carried out at various intervals following bacterization.
The objective of the trial was to ascertain if the internal
tissues of the plant could be penetrated and colonized by
the beneficial bacterium. When the various parts of the
disinfected plant were crushed, it was observed that no
colonies were growing (data not shown), indicating that
the tissues had not been penetrated by the bacterium and
that the bacterium was therefore not endophytic.

Furthermore, following the characterization of the bac-
terium’s endophytic or epiphytic nature, the investigation
of whether the bacterium remained in contact with the
plant during its growth up to the stage of pathogen inocu-
lation was deemed important. The results showed that the
rhizosphere space of wheat and barley was colonized by
the strain, even if it was not present inside the plant tis-
sues. Additionally, the bacterium was found to be capable
of surviving in the soil and at the root interface through
the period of plant infection, spanning the development
and transition of the pathogen to the necrotrophic phase
(Supplemental Fig. S4). Although concentrations gradu-
ally decreased during the trial, declining from 10® CFU/g
to 10° CFU/g of root, the beneficial bacterium was still
detected after 21 dpi, corresponding to the onset and
development of Z tritici symptoms. In parallel, it was
demonstrated through crystal violet assays that the strain
has a good capacity to form a biofilm, thereby enabling
colonization of wheat and barley roots (Supplemental
Fig. S4).

BE2 protects wheat and barley against their
pathogens

To further explore the biocontrol properties and the ability
of strain BE2 to trigger ISR for defending wheat against Sep-
toria tritici blotch, two different application methods (foliar
and drenching) were employed. This allowed for the opti-
mization of strain BE2’s efficacy and a deeper understand-
ing of the protection mechanism in the tripartite interaction
between the plant, the bacterium, and the fungus. Disease
progression was assessed at 25 dpi. Results showed that
strain BE2 significantly protected wheat plants, resulting in
an average 52% reduction in disease symptoms compared to
the disease control (Fig. 7A1).

However, this analysis method was based on visual anno-
tation and did not account for the possibility of the fun-
gus being present in the leaves without inducing visible
symptoms. To mitigate this visual annotation bias, fungal
growth was monitored in planta at 3, 7, 17, 21 and 25 dpi
through qPCR for fungal DNA quantification. Findings indi-
cated that strain BE2 hindered pathogen development, but
the effect depended on the mode of application (Fig. 7A2).
After 25 days, the fungus had developed in all inoculated
modalities with Z. tritici ST38, but an influence of strain
BE2 was still evident. In the initial days, foliar application of
the bacterium was the most effective in curtailing pathogen
proliferation. However, after 14 dpi, the pathogen concentra-
tion increased exponentially, suggesting that the bacterium’s
effectiveness waned. On the contrary, with root application,
the initial pathogen concentration was higher during the
early days, but the increase was more progressive. Finally,
at 21 dpi, coinciding with the appearance of symptoms, the
fungal DNA concentration was significantly lower than in
the control. Thus, strain BE2 manged to reduce the pathogen
load by 40,000 copies of fungal DNA per 100 ng/uL of total
DNA compared to the control.

Regarding the reduction of net blotch symptoms, a similar
in planta assay was conducted, whether by foliar application
or drenching. Visual observations at 10 days after infection
showed that strain BE2 significantly reduced disease symp-
toms on barley leaves (Fig. 7B1). Additionally, the most
effective application was at the root level, resulting in up
to 25% reduction in leaf symptoms. Similar to the Z. tritici
ST38 assay, DNA quantification of the P. teres MUCL 28818
in planta at 3, 5, 7, and 10 dpi illustrated the impact of strain
BE2 (Fig. 7B2). The development of the P. teres pathogen
was notably reduced when plants were inoculated with strain
BE?2 at the root level after 10 dpi. Within three days, the
pathogen concentration was significantly lower compared to
other modalities. Between the fifth and the seventh day after
infection, there was a slight increase in concentration, but a
robust inhibition was observed starting from the first week.
Consequently, strain BE2 exhibited an effect as significant
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«Fig.6 A LC-MS analysis spectra of the free culture supernatant of
strain BE2. The intensity (y-axis) was as a function of the retention
time (x-axis). Secondary metabolites produced by the strain were
identified as follows: surfactins, fengycins, iturins, bacillaenes, dif-
ficidins, macrolactins and bacillibactin. The grey zone represents to
peak area of selected peaks (with the value above the peak). B Chro-
matogram by UPLC-MS of the three main cyclic-lipopeptides. The
signal intensity TIC (y-axis) is plotted as a function of the retention
time (min)

as the reference product but, unlike the registered product,
its effect was stronger after 10 days.

BE2 modulates different defense markers against Z.
tritici and P. teres in wheat and barley

Prior experiments established that strain BE2 exhibited a
strong capability to reduce disease symptoms and the devel-
opment of the Z. tritici and P. teres pathogens in wheat and
barley, particularly when applied at the root level. To delve
into strain BE2’s potential to induce defense mechanisms
in plants, the expression of defense-related genes (CHIT,
POX, PRI, GLU, and FLAV for wheat and LOX2, PAL2,
AOC, GSL3, GST, PRI, and PR for barley) was investigated
(Supplemental Table S1). These genes are known to respond
to different signaling pathways. The investigation was con-
ducted at 6,12, and 24 hpi and 3, 5 dpi for Z. tritici and 6,
12, 48, and 72 hpi for P. teres, respectively. As depicted in
Figs. 8 and 9, the expression of these genes displayed sig-
nificant variation in the period following pathogens infec-
tion. When plants were infected with the Z. tritici ST38
fungus, genes were significantly over-expressed compared
to non-infected controls (Fig. 8). However, in plants that
were inoculated with strain BE2 and then infected with the
pathogen, gene expression was significantly higher than in
plants infected with the pathogen alone. The genes PR2 and
PR3, encoding the hydrolytic enzymes of p-1,3-glucanase
(GLU) and chitinase (CHIT), were both over-expressed
during the first hours following infection. However, their
expressions did not significantly differ from the positive con-
trol at other time points. Similarly, the POX gene was also
over-expressed at 12 and 24 hpi. The FLAV gene, respon-
sible for the production of antifungal compounds, showed
overexpression at 6, 12, and 24 hpi. Additionally, at 6, 12,
and 24 hpi, the PRI gene, known to be a marker of SAR and
for its antimicrobial activity (Ali et al. 2018), also displayed
overexpression. Thus, it was evident that the selected five
genes, serving as markers for inducing defense responses in
the plant, were significantly more expressed during the first
hours after pathogen infection compared to other modalities.
Furthermore, controls inoculated with the bacterium alone
did not modulate the gene expression except during the very
early stage (6 hpi).

An increase in gene expression was also highlighted in
the barley assay. As shown in Fig. 9, the expression level
tended to vary when plants were infected with P. teres, espe-
cially when barley plants were exposed to strain BE2. Phe-
nylalanine ammonia-lyase (PAL2), the first enzyme in the
phenylpropanoid pathway crucial for synthesizing special-
ized metabolites used in defense-related responses (Zhang
et al. 2017), was upregulated during the initial hours after
infection with P. feres. However, the expression was signifi-
cantly higher when plants were bacterized with strain BE2.
On the contrary, after 3 dpi, the up-regulation was main-
tained for the control with the pathogen, but the gene was
down-regulated for the conditions with the strain BE2. In the
first hours after infection, the primary response to pathogen
recognition was the hypersensitive response, which leads to
the release of reactive oxygen species (ROS), which induce
localized cell death (Gullner et al. 2018). At 3 dpi, the GST
gene was upregulated when plants were in confrontation
with P. teres. This hypersensitive response could be also a
result from the modification of specific plant tissues. The
GSL3 gene is involve in the cell wall biosynthesis pathway,
contributing to callose deposition in plant tissues (Wang
et al. 2021). This gene was upregulated at 48 hpi in BE2-
treated plants and challenged by the pathogen. Moreover, the
pathogenesis-related proteins are considered good indicators
of plant defense against fungal attacks. In this study, PRI
transcripts peaked at 48 hpi for the modality infected by
P. teres, especially when they were bacterized with strain
BE2. On the contrary, the PR5 gene did not show modula-
tions, except a down-regulation at 3 dpi. Similar results were
observed with LOX2, which did not show significant modi-
fications during the initial hours when plants were infected
by the pathogen, compared to the AOC gene, which was
expressed in all time points. Finally, a down-regulation of
nearly all genes was noticeable in the modalities inoculated
with strain BE2 at 3 dpi.

Discussion

Wheat and barley are among the most widely cultivated
cereal crops globally and serve vital roles in both human
food and livestock feed production. According to the FAO,
as of 2021, the global production of wheat was estimated
at approximately 775 million tons, while barley production
was estimated to be around 144 million tons. These figures
rank wheat and barley as the third and fourth most produced
cereal crops worldwide, respectively, trailing behind maize
and rice (FAOSTAT 2022). Among the different pathogens
that affect these cereals, Z. tritici and P. teres are particu-
larly deleterious, capable of reducing yields by up to 40%.
To mitigate this substantial pathogenic pressure on crops, a
range of control strategies, including chemical, agronomic,
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Fig.7 Visual observations of wheat leaves at 21 dpi (A.1). The nega-
tive control (NC): plants inoculated with MgSO, 10 mM; the positive
control (PC): plants sprayed with a solution of the pathogen Z. tritici
ST38 (concentration 10° spores/mL) at the three leaf growth stage,
the modalities with BE2 root (BE2-R) and foliar (BE2-F) were plants
infected by the pathogen but also inoculated with a solution of benefi-
cial bacterium (concentration 108 CFU/mL) at the root and foliar lev-
els, respectively. Plants were incubated in a grown chamber at 20 °C
(+/-2 °C) with 80% humidity. A.2 Detection of Z. tritici ST38 DNA
in planta by qPCR. Statistical analyses were realized at 25 dpi using
Tukey test (p <0.05). B.1: Visual observations of barley leaves at 10
dpi. The negative control (NC), inoculated with a solution of MgSO,

and genetic methods, have been deployed (Dutilloy et al.
2022). However, in recent years, due to increased regula-
tory scrutiny, there has been a growing interest in new eco-
friendly solutions. These include the utilization of biocontrol
products and, notably, the application of beneficial bacteria,
which are being considered as a better sustainable alternative
(Lahlali et al. 2022).

The present study explored the capacity of the plant asso-
ciated B. velezensis BE2 to protect wheat and barley from
pathogens. In vitro analyses revealed that this bacterium had
the ability to significantly inhibit the growth of two notable
pathogens, Z. tritici and P. teres. When directly confronted,
strain BE2 not only inhibited spores germination but also
induced faster sporulation in the fungus. These results are in
line with previous reports, which have shown that members
of Bacillus can display antagonistic activity against septoria
and net blotch diseases (Mejri et al. 2018; Chemitei et al.
2019; Platel et al. 2021; Dutilloy et al. 2022). The antifungal
activity appears to be associated with the production of a
wide range of secondary metabolites involved in biocontrol.
Indeed, an in silico analysis of strain BE2’s genome pointed
out the presence of many biosynthetic gene clusters involved
in the synthesis of different secondary metabolites. Notably,
the genome contained several gene clusters responsible for

@ Springer

B.2

©
1

Legend

Control treated with MUCL 28818

[
1
o

Non-treated control
Vacciplant

BE2 + MUCL 28818 (foliar)
BE2+ MUCL 28818 (root)

-
1

Log starting quantity (copy count)

=

T T T
5 7 10

Time of sampling (dpi)

w

10 mM; the positive control (PC), plants were sprayed with a solution
of the pathogen P. teres MUCL 28818 (concentration 5000 spores/
mL) at the three leaf growth stage, the modalities with strain BE2
root (BE2-R) and foliar (BE2-F) are plants infected by the pathogen
and inoculated with a solution of beneficial bacterium (concentration
108 CFU/mL) at the root and foliar levels, respectively. Plants were
incubated under the same conditions as the wheat plants. B.2 Detec-
tion in planta of the P. teres MUCL 28818 DNA by qPCR. Statis-
tical analyses were realized at 10 dpi using Tukey test (p <0.05). In
both qPCR assays, the final concentration was normalized per 100 ng
of total DNA in each sample. The values presented are the means of
three biological replicates

non-ribosomal peptides and polyketides, rendering strain
BE2 among the Bacillus members known for producing
these kinds of metabolites. These findings are in agreement
with previous assays realized on Bacillus species, where
several mechanisms have been identified for their efficacy
against pathogens. These mechanisms encompass the syn-
thesis of various secondary metabolites known to actively
engage in direct antagonistic interactions and the induction
of systemic resistance against phytopathogens (Jacobsen
et al. 2004; Kildea et al. 2008; Gong et al. 2015; Dimki¢
et al. 2022).

Different strains of B. velezensis have received remark-
able attention as promising sources of several biologically
active compounds, including lipopeptides capable of sup-
pressing phytopathogens (Rabbee et al. 2019). Our results
showed that the supernatant from strain BE2 exerts a sub-
stantial inhibitory effect on both spore germination and
mycelium growth of the two pathogens, even at very low
concentrations. UPLC-MS analysis unveiled the production
of seven distinct families of metabolites by the strain under
in vitro conditions. Notably, among these metabolites, the
three main families of cyclic lipopeptides including iturin,
fengycin, and surfactin were identified, with their iso-
forms differentiated based to the length of their acyl chains
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(Anckaert et al. 2021). Previous studies have reported the
inhibitory effect of Bacillus lipopeptides on Z. tritici (Mejri
et al. 2018; Platel et al. 2021). However, to the best of our
knowledge, no available information exists regarding the
role of lipopeptides on P. feres.

Members of the iturin and fengycin families are mainly
known for their antifungal properties affecting the cell mem-
branes and causing the death of fungi. Iturin disturbs the
cytoplasmic membrane causing K* ions leaching and thus
the membrane osmotic imbalance causing cell death. They
have been reported to be effective even at low concentrations
with activity on a broad spectrum of pathogens (Yu et al.
2002; Romero et al. 2007; Crane et al. 2012; Gong et al.
2015; Mejri et al. 2018). The fengycin lipopeptides interact
with lipid layers of the plasma membrane and modify cell
membrane permeability resulting in high concentrations of
pore formation, allowing the complete efflux of intercellu-
lar contents of affected cells (Kim et al. 2004; Wang et al.
2007). The surfactin produced by the Bacillus can act syn-
ergically with iturin and fengycin and enhance the effect in
the inhibition of fungal development (Mejri et al. 2018).

In addition to their antifungal properties, several lipopep-
tides have been described in the literature for their capac-
ity to induce ISR during plant protection assays. The effect
of cyclic lipopeptides, particularly surfactin and fengycin,
in inducing ISR have been thoroughly studied in various
plant-pathogen system, including Botrytis cinerea in bean
and tomato (Ongena et al. 2007), Rhizoctonia solani in let-
tuce (Chowdhury et al. 2015), Podosphaera fusca in melon
(Garcia-Gutiérrez et al. 2013), Penicillium digitatum in cit-
rus fruit (Waewthongrak et al. 2014), and Plasmopara viti-
cola in grapevine (Li et al. 2019). In specific cases, iturin has
also showed a similar role (Han et al. 2015; Yamamoto et al.
2015; Lam et al. 2021). Recently, several reports have high-
lighted the ISR mechanism mediated by cyclic lipopeptides
in wheat against Z. tritici (Khong et al. 2013; Le Mire et al.
2018; Mejri et al. 2018). Additionally, surfactin has been
demonstrated to stimulate biofilm formation by inducing
potassium leakage in cells, which acts as a quorum-sensing
signal triggering biofilm formation (L6pez et al. 2009). Con-
cerning the peptide/polyketide bacillaene, it plays a role in
interspecies interactions (Miiller et al. 2014). Recent studies
have also demonstrated that bacillaene serves as an antibiotic
and modulates biofilm formation, contributing to the bacte-
rium’s protection (Li et al. 2021; Erega et al. 2021). Lastly,
the production of bacillibactin siderophore was observed
and confirmed with CAS assay. While many studies have
highlighted correlations between siderophore production
and plant growth promotion, new research suggested that
siderophore can potentially serve as biocontrol agent against
pathogens (Dimopoulou et al. 2021).

The beneficial bacterium strain BE2 exhibited a strong
protective effect on both barley and wheat in planta. As

indicated by fungal DNA detection and visual observations,
the bacterium effectively reduced the development of both
pathogens. However, the effectiveness of this protection
depended on the mode of application. After quantifying Z.
tritici, strain BE2 seemed to be more effective when applied
foliar during the first days following pathogen inoculation.
However, an opposite trend was observed after several days.
It is suggested that strain BE2 may directly inhibit pathogen
development when it comes into direct contact with the path-
ogen, likely through the secretion of lipopeptides. However,
this effect was not long-lasting because the bacterium did
not survive in the phyllosphere, as it is a thizosphere bac-
terium. On the opposite, a significant and constant decease
in fungal DNA was observed when drenching applications
were realized to limit the development of Z. tritici or P.
teres. Additionally, in case of barley protection, a significant
decrease in P. teres concentration was observed from 3 dpi.
It is possible to assume that strain BE2 was able to establish
a close relationship with the plants roots and induce plant
defense mechanisms during the first hours after infection.
Strain BE2 efficiently forms biofilm, which is essential for
bacteria colonization and acts as both a protective bound-
ary and a physical barrier. This robust biofilm formation
might facilitate the bacterium’s survival in the rhizosphere
for several days, allowing it to establish a close symbiotic
relationship with the plant, which is crucial for pathogen
suppression. Moreover, the presence of the beneficial bac-
teria at the root level can lead to higher local concentra-
tions of secondary metabolites, which directly enhance plant
defense mechanisms (Bais et al. 2004). Consequently, the
bacterium’s ability to establish a symbiotic relationship and
colonize the plant may explain its effectiveness in reducing
disease when applied at the root level.

In this work, several genes of interest, recognized as good
markers of the induction of resistance by Z. tritici, were
tracked following previous study of Samain et al. (2019).
Gene expression analysis showed that when wheat and bar-
ley were treated with strain BE2 alone, all the tested genes
in the wheat experiment and several in the barley assay were
up-regulated at 6 hpi compared to the control. However, by
12 hpi, these genes were no longer induced when plants were
treated solely with strain BE2. These results suggested that
this beneficial bacterium initiated a plant defense response
during the first hours after inoculation but actively blocked
the immune plant response in order to establish a compat-
ible interaction with the host. In contrast, an over-expression
of these genes occurred when plants were in contact with
the pathogen. Furthermore, the relative genes expression
was significantly higher when plants had been previously
bacterized at the root level with strain BE2, a characteristic
feature of ISR and priming (Conrath et al. 2002). As a result,
there was an increase in the expression of genes encoding
B-1,3-glucanase and chitinase in the first few hours after
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«Fig.8 Time course of the relative expression of wheat defense genes
in the cultivar Lennox after at 6, 12, 24 hpi, as well as 3 and 5 dpi
with Z. tritici infection. Plants were inoculated with strain BE2, by
immersing the pre-germinated grains in a suspension of 10.8 CFU/
mL. Gene expression was assessed in various experimental con-
ditions, as represented by different bar colors in the chart: blue bar
chart: plants not inoculated with either the beneficial bacterium or the
pathogen; purple bar chart: plants inoculated with the pathogen (Z.
tritici); pink bar chart: plants inoculated with the beneficial bacterium
strain BE2; green bar chart: plants inoculated with the strain BE2 and
subsequently challenged with the pathogen. Statistical analyses were
realized according to the Tukey test (p <0.05)

infection when the fungus adhered to the leaf surface. The
expression of these two genes is crucial for wheat resist-
ance, as they encode enzymes capable of breaking down
the fungal cell wall and releasing elicitors that activate other
resistance mechanisms in the plant (Ray et al. 2003; Shetty
et al. 2009; Somai-Jemmali et al. 2020). Peroxidases are
induced in host plant tissues after pathogen infection. These
enzymes increase the production of ROS, which is one of
the first responses to Z. tritici (Almagro et al. 2009). ROS
acts as a toxic agent for the pathogen, limiting its spread.
Additionally, peroxidases can contribute to the formation
of a physical barrier, such as lignin deposition, which helps
to prevent the pathogen from penetrating deeper into the
plant tissue. Furthermore, in line with Shetty et al. (2003),
the increased expression of the POX2 gene at 12 and 24 h
after infection serves as a mechanism to curtail the devel-
opment of Z. tritici during its biotrophic phase, which lasts
approximately 9 to 15 days. The initial peak of expression
corresponds with the early recognition of the pathogen by
the host, leading to the non-specific accumulation of H,0, at
3 and 6 h after infection. Lastly, the PRI, closely related to
H,0, and callose production, was primed in bacterized and
infected conditions (Pastor et al. 2013). This protein can play
an important role in resistance against Z. tritici, particularly
in association with other resistance proteins linked to the
phenylpropanoid and ROS pathways. The results obtained in
the controlled experiments align with the results of Samain
et al. (2017) and Adhikari et al. (2007), which reported that
the PRI gene serves as a reliable indicator of wheat protec-
tion against Z. tritici.

The results obtained from wheat plants exposed to strain
BE2 and Z. tritici were compared with those from barley
plants. Gene expression analysis revealed the upregulation
of several genes associated with plant defense when con-
fronted with P. teres, including AOC, PAL2, PRI, and GSL3.
These results were in line with previous data (Backes et al.
2021a). Furthermore, the induction of the genes was more
pronounced in plants that had been previously bacterized
before infection with P. teres. The induction of ISR is often
linked to the expression of genes involved in the synthe-
sis of jasmonic acid (Pieterse et al. 2014), with the AOC
gene being a key marker of this pathway. In this study, the

expression of AOC gene was upregulated at 2 and 3 dpi when
plants were infected with P. teres. However, a higher and
earlier regulation was observed when plants were previously
bacterized with strain BE2, indicating the ability of strain
BE2 to induce a priming response in the plant during the
first hours of infection when the pathogen is still in its biotic
phase. To limit the proliferation of the pathogen within
the leaves, plants can modulate the deposition of callose,
thereby enhancing the physical barrier between infected
cells and adjacent ones (Wang et al. 2021). This defense
mechanism is particularly important for protecting against
P. teres because this pathogen initially develops through the
mesophyll without causing visible symptoms during the first
hours. However, once penetration is achieved, the adjacent
cells, as well as the ten contiguous cells, show an accumula-
tion of phenolic compounds involved in mechanisms leading
to programmed cell death (Lightfoot and Able 2010). The
capacity of strain BE2 to induce an upregulation of GSL3 at
48 hpi, during the transition to the necrotrophy phase of the
pathogen, can significantly contribute to reducing pathogen’s
impact on leaves. Similar to the results in wheat assays, the
expression of the PRI gene was higher when plants were
exposed to both strain BE2 and P. teres compared to plants
infected with P. feres alone. Furthermore, an upregulation
of the PAL gene, involved in the phenylpropanoid pathway
(Backes et al. 2021a), was observed during the first hours
after infection when plants were bacterized at the root level.
Flavonoids, including anthocyanins, flavones, and flavonols,
are plant secondary metabolites that play an important role
in the plant defense response against various pathogens.
Notably, low expression of the PAL gene during P. feres
interaction is considered beneficial for pathogen growth and
colonisation, whereas a significant increase in its expression
inflicts serious damage to the pathogen (Santana Silva et al.
2020; Pandey et al. 2021). These results confirmed those
obtained by Pandey et al. (2021) who showed that genes
involved in pathogen stress conditions were up-regulated
in susceptible and resistance barley cultivars following P.
teres infection under biotic stress conditions. Additionally,
there was a down-regulation of almost all genes at 3 dpi in
plants exposed to strain BE2, even if they were not subse-
quently infected with P. feres. These observations may result
from gene expression modulation by the plants when the
pathogen transitions to the necrotrophy phase. Consequently,
although the priming effect was less pronounced compared
to wheat plants, it was evident that the beneficial bacterium
can induce barley defense, especially during the first hours
after infection.

In conclusion, the present study has successfully demon-
strated the effectiveness of the plant-associated B. velezensis
BE2 in controlling two cereal pathogens Z. tritici and P.
teres, through both direct and ISR mechanisms. Through
in vitro and in planta assays, we have shown that the
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beneficial bacterium can supress pathogen development and
alleviate disease symptoms. UPLC-MS analysis has revealed
the production of different families of cyclic lipopeptides
by strain BE2, which may play a role in modulating plant
defense genes, as previously reported (Touré et al. 2004;
Ongena and Jacques 2008; Han et al. 2015; Yamamoto et al.
2015; Mejri et al. 2018). Our study suggests that the pres-
ence of strain BE2 either directly or indirectly disrupts the
pathogenicity of Z. tritici and P. teres. This opens up new
perspectives for utilizing B. velezensis BE2 as a biocontrol
agent against septoria tritici blotch and net blotch diseases.
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