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Abstract

Durum wheat is increasingly threatened by Fusarium diseases, including Fusarium 

Crown Rot (FCR) and Fusarium Root Rot (FRR), caused primarily by Fusarium 

culmorum, F. graminearum, and F. pseudograminearum. These pathogens reduce yield, 

by causing pre- and post-emergence damping-off and induce symptoms including stem 

and root browning, as well as severe growth stunting. Traditional control methods, 

including agronomic practices and seed treatments with fungicides, face limitations due 

to pathogen resistance and environmental concerns, emphasizing the need for sustainable, 

microbiologically-driven alternatives, particularly in organic farming. This study 

evaluates beneficial bacteria as biocontrol agents for efficacy in controlling Fusarium 

disease in durum wheat. An in vitro screening of 89 bacterial strains against a panel of 

Fusarium isolates, specifically Fusarium culmorum (Fc383, Fc401, Fc820, Fc1126, 

Fc1435, Fc1674), F. graminearum (Fg566, Fg913, Fg919), and F. pseudograminearum 

(Fp1139, Fp1140), identified promising candidates, including Bacillus, Pseudomonas, 

and lactic acid bacteria (LAB). Seed biopriming with Bacillus amyloliquefaciens MA8 

and two strains of Lactiplantibacillus plantarum (5H1 and HB23) effectively suppressed 

Fusarium infection in vitro. Lp. plantarum HB23 demonstrated in vivo the highest 

biocontrol efficacy against Fc1126 and Fc566 strains, reducing disease severity by 44.4% 

and 49.2%, respectively. Metabolomic profiling revealed bacterial production of 

antifungal compounds, including surfactin and fengycin from Bacillus and benzoic and 

hydrocinnamic acids from Lactobacillaceae. This study demonstrates Lp. plantarum as 

an effective biopriming agent against F. culmorum and F. graminearum in durum wheat, 

confirming that seed treatment with BCAs is a viable alternative to chemical fungicides, 

especially in organic agriculture.
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Introduction

Durum wheat (Triticum turgidum ssp. durum (Desf.) Husn.) is an important crop for its 

economic and nutritional value. The European Union is the leading producer of durum 

wheat (Blanco, 2024), with Italy among the main contributors, cultivating over 1.2 

million hectares with average yields up to 3.8 t/ha (ISTAT, 2023; Grosse-Heilmann et al. 

2024). This crop is susceptible to various fungal diseases that present a significant risk to 

the plant's health and could affect the final product's quantity and quality. Specifically, 

different species of Fusarium are responsible for Fusarium Root Rot (FRR), which 

primarily impacts the roots, and Fusarium Crown Rot (FCR), which targets the base of 

the stem. These complex diseases may be caused by a single species but more commonly 

result from the interaction of multiple Fusarium species (Paulitz 2006; Smiley et al. 

2005), such as Fusarium culmorum, Fusarium graminearum, and Fusarium 

pseudograminearum (Paulitz et al. 2002; Summerell et al. 2003; Smiley et al. 2005; Wang 

et al. 2006; Osborne and Stein 2007; Wagacha and Muthomi 2007; Poole et al. 2013). 

FRR/FCR development is favored by several factors, including seeds not treated with 

chemical fungicides, early sowing, high plant density, susceptible cultivars, 

monocropping, poor soil, and abiotic stress. Symptoms include seedling death, reduced 

vigor and yield (Beccari et al. 2018; Mergoum et al. 1998), with losses exceeding 50% in 

severe cases (Hollaway et al. 2013). The incidence of these diseases is expected to 

increase with climate change (Soussana et al. 2010). Furthermore, Fusarium pathogens 

causing FRR and FCR can serve as additional source of inoculum for head contamination, 

as F. graminearum, F. culmorum, and F. pseudograminearum produce mycotoxins such 

as deoxynivalenol (DON), posing risks to human health (Beccari et al. 2018). 

Current defense strategies against FRR/FCR include agronomic practices, such as crop 

rotation and reduced seeding density, and chemical seed treatments. However, the 
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intensive use of synthetic chemicals raises concerns related to environmental impact, 

resistance development, and potential risks to human health (Sevastos et al. 2016; Hellin 

et al. 2017). EU Regulation 2018/1981 promotes reducing synthetic phytosanitary 

products in favor of alternative solutions to minimize soil contamination and protect non-

target organisms.

Biological Control Agents (BCAs) represent a promising strategy for managing Fusarium 

disease, through practices like seed biopriming. BCAs can suppress pathogens through 

multiple mechanisms including antibiosis, nutrient competition, and induction of plant 

systemic resistance (Battilani 2016; Ghorbanpour et al. 2018). Extensive research has 

highlighted the potential of bacterial species as alternatives for controlling Fusarium spp. 

(Wegulo et al. 2015; Tian et al. 2016). In particular, host-associated endophytes offer 

ecological advantages, as they are pre-adapted to the plant environment, ensuring better 

colonization, persistence, and functional compatibility under field conditions (Collinge et 

al. 2019).

Among bacterial BCAs, Bacillus spp. have been extensively studied due to their 

production of antifungal lipopeptides such as surfactins, iturins, and fengycins, effective 

against Fusarium species (Dunlap et al. 2013; Crane et al. 2014; Hutchinson et al. 2017). 

These metabolites act as biosurfactants, directly affecting fungal membranes and 

contributing to a marked reduction of plant diseases (Torres et al. 2016).  In addition to 

Bacillus, other microorganisms have been extensively investigated for Fusarium 

biocontrol, including Pseudomonas spp. (Hu et al. 2014; Wang et al. 2015; Müller et al. 

2016), Stenotrophomonas maltophilia (Dal Bello et al. 2002), and Paenibacillus spp. (Xu 

and Kim 2014; Naing et al. 2015).

Lactic acid bacteria (LAB) have long been used in environmental and food preservation 

due to their ability to produce secondary metabolites that inhibit foodborne pathogens 
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(Banicod et al. 2025; Nakashima et al. 2025). Beyond food applications, LAB show 

potential as biocontrol agents, exhibiting antifungal activity through the production of 

organic acids, phenolic and fatty acids, and peptides that suppress fungal growth and 

reduce mycotoxin accumulation (Gourama and Bullerman, 1995; Plockova et al. 2001; 

Arena et al. 2016; Perczak et al. 2018). In particular, strains such as Lactiplantibacillus 

plantarum have demonstrated in vitro antifungal activity against Fusarium graminearum 

(Krishnan et al. 2025) and Levilactobacillus brevis can suppress Fusarium-related 

diseases in soil (Nakashima et al. 2025), highlighting their potential as BCAs even against 

seed-borne pathogens. However, their application as seed treatments against FRR/FCR 

remains poorly explored. Seed priming technologies can enhance BCAs effectiveness. 

Polyvinyl alcohol (PVA), a biodegradable and non-toxic polymer, improves bacterial 

adhesion, survival, and seed vigor, making it suitable for biological priming strategies 

(Damasceno et al. 2013; Sonjan et al. 2021; Sohail et al. 2022). This study aimed to 

develop a biological strategy for managing FRR/FCR in durum wheat using beneficial 

bacterial strains. From a pool of 89 bacterial isolates, those showing strong antagonistic 

activity against Fusarium spp. in three distinct in vitro assays were selected for in vivo 

evaluation. The selected strains were applied to seeds via a PVA-based priming method 

to evaluate their ability to decrease F. culmorum and F. graminearum infections on durum 

wheat. These strains were also characterized for their secondary metabolite production in 

order to identify compounds potentially involved in Fusarium disease suppression.

Materials and Methods

Sampling of durum wheat plants and isolation of beneficial bacteria

Durum wheat plants were collected from the Agricultural Experimental Station of 

University of Bologna (A.U.B.), Cadriano (Bologna). The study examined five varieties, 
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Odisseo (OD), Claudio (C), Marco Aurelio (MA), Saragolla (S), and San Carlo (SC), all 

susceptible to FRR/FCR. In 2021, five plants of the following varieties: OD, C, and MA 

were sampled during the phenological stage of BBCH 21-31, selecting only symptomless 

ones for bacterial isolation from roots and crowns. This approach follows a niche-based 

approach (Collinge et al. 2019; Bosco et al. 2024), which posits that endophytes isolated 

from healthy plants in their native habitat are more likely to be adapted to the local 

environmental conditions and therefore may be more effective as potential BCAs. For S 

and SC, five spikes per cultivar were collected in 2022 during maximum FHB 

susceptibility, occurring at 30% of ather extrusion (BBCH 61-65), with isolations 

performed from healthy grains. Samples were rinsed with sterile water, placed in 

extraction bags (Bioreba AG, Kanton Reinach, Switzerland) with 5 mL sterile 

physiological solution (0.85% NaCl), and ground using a drill press. Serial dilutions were 

performed up to 10-³ dilution, and 100 μL of the resulting suspension was plated in 

duplicate. Five different media were used for bacterial isolation: Nutrient Agar (NA, 

Difco), De Man, Rogosa, and Sharpe Agar (MRSA, Oxoid), MRSA + cysteine (C) + 

fructose (F), Tryptone Bile X-GLUC Agar (TBXA, Oxoid), and Tryptic Soy Agar (TSA, 

Oxoid). Plates were incubated for one week at 26 and 30 °C under aerobic (AE) and 

microaerophilic (mA) conditions to promote the growth of diverse bacterial species. 

Specific details on the growth conditions for each bacterial colony are provided in Table 

1. Colonies were cultured in liquid medium, incubated for three days, and stored at -80 

°C in a 25% glycerol solution (v/v) (Sigma Aldrich).

Molecular characterization: genomic DNA extraction, primers, and PCR profiling

Total genomic DNA was extracted from the 75 bacterial cultures isolated in this study 

from three different durum wheat cultivars (C, OD, and MA), after growth in Nutrient 
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Broth (NB; Difco) at 30 °C for 48 hours. After incubation, 1.5 mL of each culture was 

centrifuged at 12,000 rpm for 10 minutes, and the pellet was resuspended in 900 µL of 

CTAB (Sigma Aldrich) for DNA extraction, following the protocol by Prodi et al. (2011). 

DNA concentration was measured using Nanodrop1000 (Thermofisher) and adjusted to 

25 ng/µL for PCR analysis. A ~1400 bp segment of the partial 16S rDNA gene was PCR 

amplified using universal primers 27F and 1492R (Lane, 1991) and sequenced to identify 

the strains. The PCR mix included nuclease-free water, 5X buffer, primers, dNTPs, Taq 

polymerase, and DNA sample, for a final volume of 30 μL. Amplification was performed 

with T3 thermocyclers under the following conditions: 95 °C for 3 min, 95 °C for 45 s, 

52 °C for 60 s, 72 °C for 60 s (35 cycles), and a final extension at 72 °C for 5 min. PCR 

products and 1 kb ladder (Promega), at a concentration of 1.0 μg/μL, were separated by 

electrophoresis in a 1 % agarose gel submerged in 1x TBE buffer (54 g Tris base, 27.5 g 

boric acid, 20 mL 0.5 M EDTA pH 8.0), stained with ethidium bromide, and then 

visualized over a UV transilluminator (Spectroline, Model TVL-312°). The amplified 

products were purified using the Wizard® SV Gel and PCR Clean-Up System (Promega 

Corporation) and sequenced with the Mix2Seq Kit (Eurofins MWG). Forward and reverse 

sequences were aligned in Geneious Prime version 2024.0, and the consensus sequences 

were compared with type strain sequences in the NCBI GenBank database using 

BLASTn. The 16S rDNA sequences were submitted to GenBank, with accession numbers 

listed in Table 1.

Bacterial strains coming from external collections

Several additional strains not derived from wheat were included to increase the diversity 

of the tested BCAs. Fourteen bacterial strains were selected from external collections 

based on their previously demonstrated antagonistic activity against various organisms. 

Page 7 of 58



Eleonora Cappelletti
Plant Disease

8

Strains obtained from the Environmental Microbiology Laboratory collection at the 

Department of Agricultural and Food Science (DISTAL), University of Bologna, Italy, 

included Paenibacillus humicus (SP29), Paenibacillus xylanilyticus (SP42), Bacillus 

aerius (SP12), Bacillus toyonensis (SP27), Bacillus amyloliquefaciens (SP43 and CAAd), 

and Lactiplantibacillus plantarum (HB23) isolated from honeybees. Strains obtained 

from the Spanish Type Culture Collection (CECT) in Valencia, Spain, included a total of 

seven strains: five Lactiplantibacillus plantarum strains, with F16 and F17 isolated from 

feta cheese, BN17 from cherry tomato, and 5H1 and 5L1 from breast milk; and two strains 

isolated from whey, Lacticaseibacillus paracasei subsp. paracasei HA1 and 

Lacticaseibacillus rhamnosus HA2.

Fungal material

Eleven Fusarium spp. strains, previously reported as pathogenic to wheat (Beccari et al. 

2018; Purahong et al. 2014), were selected for the study. The strains were maintained as 

single spore cultures following the procedure described by Leslie and Summerell (2006) 

and deposited in the collection of the Phytopathological Mycology Laboratory at the 

DISTAL. Table 2 presents details regarding the geographical origin, host source, 

symptomatic portion subjected to isolation, and year of isolation for each strain. The 

strains Fp1139 and Fp1140 belong to the F. pseudograminearum species and correspond 

to strains CS3096 and CS3427, respectively, kindly provided by Dr. D. Gardiner 

(University of Queensland, St. Lucia, Brisbane, Australia). 
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Antifungal activity in solid medium

The effect of different bacterial strains on the growth of tested Fusarium strains was 

evaluated using three distinct methods: dual culture, agar well diffusion, and overlay 

assays (Fig. 2). 

In the dual culture assay (Fig. 2A), a modified protocol of South et al. (2020) was applied. 

Mycelial plugs (5 mm diameter) from 7-day-old Fusarium colonies were placed 35 mm 

from the center of Tryptic Soy Agar (TSA) plates (15 mL). Bacterial suspensions were 

prepared in Tryptic Soy Broth (TSB, Liofilchem) at 5% (v/v) and incubated at 30 °C for 

24 h. Ten microliters of each suspension were inoculated at the center of the plate with 

three replicates per treatment. Radial fungal growth was measured daily up to 7 dpi, 

ending when control plates reached 35 mm. Mycelial Growth Inhibition Percentage 

(MGIP) was calculated as MGIP = [(C - T)/C] × 100, where C is the mean radius in 

controls and T in treated plates, subtracting 5 mm to account for the bacterial inoculum. 

All strains except LAB were tested using this method, as LAB are generally non-motile 

and grow more slowly than Bacillus, making dual culture unsuitable. 

Therefore, LAB strains were tested using an overlay assay (Fig. 2B), following a modified 

protocol by Guimaraes et al. (2018). LAB were cultured in de Man, Rogosa, Sharpe Broth 

(MRSB) at 37 °C for 72 h. Ten microliters of LAB suspension were inoculated at the 

center of de Man, Rogosa, Sharpe Agar (MRSA) plates and incubated for 72 h at 37 °C, 

which is the optimal temperature for LAB growth and secondary metabolite production. 

For the preparation of Fusarium inoculum, three agar plugs from a 7-day-old culture 

grown on PDA were transferred into a 1 L flask containing autoclaved V8 vegetable juice 

(Campbell). The cultures were incubated for one week at 25 °C on an orbital shaker set 

at 120 rpm. The resulting suspensions were filtered through two layers of sterile gauze to 

remove mycelial fragments, diluted with sterile water to a final concentration of 10⁶ 
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conidia/mL, and supplemented with 0.1% Tween 20. Plates were then overlaid with PDA 

(Difco) and inoculated with spore suspensions of F. culmorum (Fc383, Fc401, Fc1126, 

Fc1435), F. graminearum (Fg566, Fg913), and F. pseudograminearum (Fp1139, 

Fp1140). After 48 h at 26 °C, inhibition halos were observed and measured. The 

experiment was performed in triplicate. LAB strains were tested against eight Fusarium 

species (Fc383, Fc401, Fg566, Fg913, Fc1126, Fp1139, Fp1140, and Fc1435).

For the agar well diffusion assay (Fig. 2C), cell-free supernatants (CFSs) from a subset 

of 28 bacterial strains (Table 5), selected on the basis of their superior performance in the 

two preceding in vitro assays, were evaluated according to Varsha et al. (2014). Eight 

LAB strains were cultured in 25 mL of MRSB at 37 °C, while the remaining 20 strains, 

representing different genera, were grown in TSB at 30 °C. All cultures were incubated 

72 h before CFS collection. Cultures were centrifuged (4000 rpm, 15 min), supernatants 

frozen at -80 °C for 24 h, lyophilized, stored at -20 °C, and reconstituted in 1 mL sterile 

water prior to use. For each treatment, three PDA plates with 5 mm wells were filled with 

100 µL of CFS and incubated at 26 °C for 48 h. Controls consisted of sterile medium 

treated identically. Inhibition was scored using a semi-quantitative scale (Yépez et al. 

2017): “-” no effect, “+” altered mycelium without inhibition halo (e.g., color), “++” 

inhibition zone <3 mm, “+++” inhibition halo ≥3 mm. All LAB strains were tested against 

Fc383 and Fc1126 (complete screening), while a subset of strains was also tested against 

additional five Fusarium species (Fc401, Fg566, Fc820, Fg913, and Fc1674).

Seed priming with beneficial bacteria in Petri dish

Seed priming tests were first conducted in vitro to evaluate the effectiveness of various 

treatments on durum wheat seeds against FFR/FCR. A germination test was carried out 

with 11 bacterial strains (supplementary material) against the fungal pathogen Fc1126, 
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which was selected for its high pathogenicity on wheat. The bacteria Bacillus 

amyloliquefaciens (CAAd, SP43, MA8), B. thuringiensis (OD50, C16b), B. wiedmannii 

(C9), B. toyonensis (SP27), Priestia aryabhatta (MA36), Pseudomonas brassicacearum 

(MA15), and Lactiplantibacillus plantarum (5H1, HB23) were chosen based on the best 

results from the antifungal activity in solid medium against Fc1126. The test was 

performed according to Djébali (2012), and Mnasri et al. (2017). Briefly, SC seeds were 

surface-sterilized by immersing them in 2% sodium hypochlorite for 3 minutes, followed 

by two 1-minute washes in sterile water, and then air-dried on blotting paper for 3 h. 

Bacterial strains were grown for 48 h under orbital shaking (110 rpm), with LAB strains 

grown in MRSB at 37 °C and Bacillus spp. in TSB at 30 °C. Bacterial suspensions were 

then adjusted after OD600 measurement with a spectrophotometer to a final concentration 

of approximately 107 CFU/mL (Chin et al. 2022; Fiodor et al. 2023), also selected based 

on preliminary experiments showing no phytotoxic effects on seed germination. For 

biopriming, seeds were soaked in the bacterial inoculum with 1 % PVA (Alquesra 

Ciencia) as an adhesive, stirred for 3 h, and dried overnight under a sterile hood. The 

following day, ten seeds per Petri dish, with three replicates for each of the 11 bacterial 

strains tested, were placed on blotting paper soaked in 6 mL of F. culmorum Fc1126 

inoculum at a concentration of 106 conidia/mL, obtained as previously described. Seeds 

were then incubated at 25 ± 1 °C. After one week of incubation, the Germination Index 

(GI) was calculated as the percentage of the number of germinated seeds relative to the 

total number of seeds for each treatment (30 seeds) (Fiodor et al. 2023). Based on GI, the 

four best-performing bacterial strains, two Lactiplantibacillus plantarum (HB23 and 

5H1), and two isolates of Bacillus amyloliquefaciens (MA8 and CAAd), were selected 

for further evaluation. For this second test, seeds were treated in the same way, with ten 

seeds per Petri dish and three replicates. Their antagonistic activity against F. culmorum 
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Fc1126 was assessed at 7 dpi. Seeds treated with Rubin Plus® served as the chemical 

positive control, while sterile water with 1 % PVA was used as the negative control. After 

a one week of incubation, both shoots and roots were measured. Class average based on 

the degree of Fusarium infection was evaluated using a four-grade scale established by 

Yli-Mattila et al. (2018): 0—healthy seed, shoot, and roots; 1—dotted necrotic lesions on 

roots and/or shoots; 2—necrosis of 50% of the tissue; and 3—dead seed.

Seed priming with beneficial bacteria in trays

The FCR test in the climatic chamber was conducted in parallel using one strain of F. 

culmorum (Fc1126) and one of F. graminearum (Fg566), selected for their demonstrated 

aggressiveness on wheat (Purahong et al. 2014; Motallebi et al. 2015). The fungal 

inoculum, prepared as previously described, was adjusted to a concentration of 2×105 

conidia/mL using sterile water. Seed treatments were applied following the same 

procedures described for the Petri dish test. The seed treatments were as follows: i) seeds 

treated with bacterial inocula (B. amyloliquefaciens CAAd and MA8, Lp. plantarum 

HB23 and 5H1) at a concentration of 10⁷ CFU/mL; ii) chemical control, involving Rubin 

Plus® applied at 125 mL/100 kg; iii) an experimental product based on a low amount of 

copper (5%), essential oils, and hydroxyapatite as carrier (1000 mL/100 kg); iv) control 

seeds treated with 1% PVA. In the climatic chamber, following the procedure described 

by Saracoglu et al. (2024), 600 g of soil mixture were added with 120 mL of Fusarium 

inoculum. Sterile water served as the negative control. The soil was dispensed into trays, 

and the durum wheat cultivar SC was sown for each experimental setup. Each treatment 

was conducted in three replicates, with 20 seeds per tray, for a total of 60 seeds. The 

experiment was performed using a randomized block design, with trays rotated weekly to 

minimize positional effects. GI was assessed on the 7th days post inoculation (dpi) and re-
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evaluated on the 21st day. On day 21, plants were carefully extracted, washed with water, 

and dissected with a scalpel to examine symptoms associated with Fusarium-induced 

diseases. The plants were then classified based on the severity of the symptoms: class 0 

indicated healthy plants, symptom-free with normal development; class 1 represented 

symptom-free plants that were underdeveloped or showed slight necrosis at the neck 

level; class 2 was assigned to plants with evident necrosis at the neck level; and class 3 

was given to plants with extensive neck necrosis or death due to necrosis. The Infection 

Rating (IR) was then calculated using the formula expressed as a percentage [∑ (𝑐 ×𝑓)/ 

(𝑛 ×𝑁)]×100 = IR, where c represents the disease class, f is the frequency, n is the total 

number of observations, and N is the highest disease class (Bock et al. 2022). Regarding 

the uninoculated trial, roots and aerial part length (cm), fresh weight (g), and dry weight 

(g) were also measured. The plants were gently removed from the soil, taking great care 

not to break the roots, and then shaken to remove excess soil. For dry weight 

determination, seedlings were oven-dried at 60 ± 5 °C for 48-72 h (Righini et al. 2023). 

Data were reported for the total weight of germinated plants and the weight per single 

plant for both fresh and dry weight. In addition, re-isolations were performed on PDA 

from symptomatic tissues to confirm the presence of the inoculated pathogen. Isolates 

were first identified morphologically based on conidial features and subsequently 

confirmed by partial sequencing of the translation elongation factor 1-aplha (TEF) gene 

using primers EF1 and EF2 (O’Donnell et al. 1998).

Determination of organic acids in cell-free supernatant

A high-performance liquid chromatography with diode array detection (HPLC-DAD) 

system (Agilent 1100 Series HPLC System, Agilent Technologies, Palo Alto, CA, USA) 

was used to analyze the organic acids produced by Lp. plantarum HB23 and 5H1 strains. 
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CFSs obtained as described in the agar well diffusion assay were diluted 1:20 (v/v) in 

MilliQ water (<18 MΩ cm resistivity; Millipore Corp), clarified with a 0.22 μm pore 

filter, and injected using a Rezex ROA-Organic Acid column (150 × 7.8 mm). The mobile 

phase consisted of sulfuric acid in water (0.005 N), with a flow rate of 0.8 mL/min. The 

DAD was set to a wavelength of 210 nm. Calibration of the method was performed using 

a standard curve of lactic acid (≥98.0%; Sigma Aldrich), prepared in the concentration 

range of 36 to 500 mg/L. All samples were measured in triplicate. Results were expressed 

in grams per liter.

Determination of lipopeptides and phenolic acids in cell-free supernatant

Lipopeptides and phenolic acids of B. amyloliquefaciens (CAAd and MA8), and Lp. 

plantarum HB23 were analyzed using a UHPLC-MS-TOF (1290 Infinity LC and 6540 

Agilent Ultra High-Definition Accurate Mass), with an Agilent Dual Jet Stream 

electrospray ionization interface (Dual AJS ESI) in positive and negative mode. For 

lipopeptide determination, CFSs were diluted 1:5 (v/v), centrifuged for 10 minutes at 

14000 rpm and 1 mL was transferred into glass vials. Prior to phenolic acid analysis of 

LAB strains, interferences in CFS were removed by the QuEChERS (Phenomenex 

Corporation) method. Ten mL of fermented CFS were extracted with 10 mL of ethyl 

acetate, 4 g of magnesium sulfate, 1 g of sodium chloride, 1 g of sodium citrate tribasic 

dihydrate, 0.5 g of sodium citrate dibasic sesquihydrate, vortexed for 1 min. and then 

centrifuged at 4000 rpm for 10 min. The supernatant was recovered in a Falcon tube, 

evaporated under nitrogen flow using a TurboVap workstation (Biotage, Madrid, Spain), 

resuspended with 1 mL H2O:ACN (90:10 v/v) and filtered on a 0.22-µm filter prior 

injection. Chromatographic separation was performed with an Agilent ZORBAX Rapid 

Resolution HD SB C18 (2.1 × 100 mm, 1.8 μm) maintained at 45 °C. Mobile phase A 
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was composed of MilliQ water and acetonitrile (purity> 99 %; Fisher Scientific) was used 

for mobile phase B (both phases were acidified with 0.1% formic acid), with gradient 

elution, as follows: 0 min, 2% B; 22 min 95% B; 25 min, 5% B. The flow rate was 0.4 

mL/min, and 5 µL of sample was injected. The parameters were the following: capillary 

voltage 3500 V, nozzle voltage 1000 V, skimmer voltage 65 V, drying gas temperature 

200 ºC, sheath gas temperature 350 ºC, fragmentor voltage 175 V, drying gas flow rate 

14 l/min, sheath Gas flow rate 11 l/min, nebulizer pressure 35 psi. MS data were recorded 

across the range of 50− 1700 m/z at 1.5 spectra/s. All raw data extracted and processed 

using Agilent MassHunter Qualitative Analysis B.07.00 software. A list of peak areas, 

retention time and mass to charge (m/z) were obtained and metabolites were identified 

using library PCDL Manager B.08.00. The quantification of samples was performed 

using phenyllactic acid and surfactin C15 (≥98.0%; Sigma Aldrich), as standards, at 

concentrations from 0.016 to 10 mg/L. Measurements for all samples were carried out in 

triplicate. Results were expressed as mg/L. 

Statistical Analysis

Data are presented as mean ± standard deviation. Statistical analyses were performed 

using Statgraphics 2.1 software. The Shapiro–Wilk test was used to assess whether each 

variable followed a normal distribution. Parametric analyses were applied only when 

normality assumptions were met, using one-way analysis of variance (ANOVA) with 

significance set at p < 0.05, followed by Tukey Honestly Significant Difference (HSD) 

post hoc test. When normality assumptions were not met, data were analyzed using the 

Kruskal–Wallis test, and significant differences (p < 0.05) were further evaluated using 

Dunn’s test.
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Results

Identification of bacterial isolates 

During 2021 and 2022, a total of 75 bacterial isolates were collected from five different 

varieties of durum wheat (C, O, MA, S, SC). Details of all isolates characterized in this 

study are presented in Table 1. Sequence analysis revealed that isolated strains are closely 

related to different bacterial genera: Pseudomonas, Bacillus, Stenotrophomonas, 

Microbacterium, Achromobacter, Ochrobactrum, Peribacillus, Paenarthrobacter, 

Agrobacterium, Priestia, Pantoea, and Paenibacillus. In plants of the OD cultivar, 

molecular analysis of 25 selected strains identified eight bacterial genera: 

Stenotrophomonas, Agrobacterium, Achromobacter, Pseudomonas, Microbacterium, 

Bacillus, Peribacillus, and Priestia. Specifically, the most abundant species were 

Microbacterium oxydans (24%) and Stenotrophomonas rhizophila (20%), followed by 

Bacillus aerius, Bacillus thuringiensis, and Peribacillus frigotolerans (8% each). Single 

species (4% each) were detected for Agrobacterium arsenijevicii, Achromobacter 

marplatensis, Pseudomonas koreensis, Pseudomonas brassicacearum, Bacillus 

aerophilus, Bacillus mobilis, and Priestia aryabhattai. From the C cultivar, molecular 

analysis of 21 colonies revealed the presence of five bacterial genera: Bacillus, 

Pseudomonas, Agrobacterium, Ochrobactrum, and Stenotrophomonas. At the species 

level, Bacillus thuringiensis and Pseudomonas orientalis were the most abundant (23.8% 

each), followed by Agrobacterium pusense (14.3%), Bacillus wiedmanni (9.5%), and 

Stenotrophomonas rhizophila (9.5%). At 4.8%, four different species were detected: 

Agrobacterium nepotum, Ochrobactrum quorumnocens, Pseudomonas koreensis, and 

Pseudomonas soli. In the MA cultivar, analysis of 22 colonies included six bacterial 

genera: Pseudomonas, Bacillus, Microbacterium, Peribacillus, Priestia, and 

Paenarthrobacter. Single colonies (4.5% each) were identified at species level as 
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Pseudomonas lactis, Pseudomonas soyae, Pseudomonas thivervalensis, Pseudomonas 

brassicacearum, Peribacillus frigotolerans, Paenarthrobacter aurescens, 

Microbacterium foliorum, Bacillus amyloliquefaciens, and Bacillus licheniformis. 

Additionally, Priestia aryabhattai and Priestia megaterium accounted for 9.1% each, 

while Pseudomonas baetica and Pseudomonas koreensis represented 18.2% and 22.7%, 

respectively. From the S cultivar, only three species were isolated, corresponding to 

Pseudomonas lurida, Paenibacillus chinensis, and Pantoea agglomerans (33.3 % each). 

In SC cultivar, only two species were isolated: Pantoea agglomerans (75%) and 

Pseudomonas poae (25%). In Fig. 1 are reported the diagrams illustrating the isolated 

species for the three cultivars (OD, C, and MA) where isolation was performed at the 

root/crown level. It is possible to observe variability in each of the three varieties. A 

pronounced presence of species belonging to the genera Pseudomonas and Bacillus has 

been noted in all three cultivars. Stenotrophomonas has been detected only in O and C 

cultivars, whereas Microbacterium has been exclusively identified in O and MA.

Antifungal activity in solid medium

Antifungal activity varied among bacterial strains and depended on the screening 

technique employed (Fig. 2). In dual culture, 46 out of 81 strains inhibited F. culmorum 

Fc1126, with 20 strains showing >15% inhibition. These 20 strains were further tested 

against nine Fusarium strains (Table 3). Effectiveness varied across both bacteria and 

Fusarium species. Eleven strains inhibited radial growth >30%, specifically eight 

Bacillus strains (B. thuringiensis C2, C16b; B. amyloliquefaciens SP43, MA8, CAAd; B. 

wiedmannii C9; B. toyonensis SP27), three Pseudomonas (P. brassicacearum MA15, P. 

baetica MA19, P. koreensis OD14), and one Priestia aryabhattai (MA36). Five bacterial 

strains inhibited over 30% of at least eight Fusarium strains, with B. amyloliquefaciens 
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SP43 showing the highest activity, followed by B. thuringiensis C16b, Priestia 

aryabhattai MA36, B. amyloliquefaciens CAAd, and B. amyloliquefaciens MA8, 

underscoring the strong biocontrol potential of Bacillus species.

Overlay assays of LAB against eight Fusarium strains showed inhibition in all samples 

(Table 4). The most effective strain was Lp. plantarum F16, which produced inhibition 

zones >10 mm against all Fusarium strains. Lp. plantarum (BN17 and 5H1) and Lc. 

paracasei subsp. paracasei HA1 showed strong inhibition against seven Fusarium 

strains, with the exception of Fp1139. All bacterial strains effectively inhibited F. 

culmorum Fc1126 and F. pseudograminearum Fp1140 in vitro. In particular, Lp. 

plantarum strain 5H1 showed the highest inhibition against Fc1126 and Fg566, with 

inhibition zones of 16.67 mm and 15.33 mm, respectively.

In agar well diffusion tests (Table 5), CFS of 11 out of 24 strains inhibited at least one 

Fusarium strain. Bacillus amyloliquefaciens MA8 inhibited all seven strains tested, 

whereas B. amyloliquefaciens CAAd and SP27 inhibited six strains (including F. 

culmorum and F. graminearum). B. thuringiensis OD50 inhibited five strains (Fc383, 

Fc401, Fc1126, Fc1674, and Fg566), while B. wiedmannii C9, P. aryabhattai MA36, and 

B. thuringiensis C10 each inhibited four strains. Instead, all LAB strains showed strong 

inhibition (diameter ≥ 3 mm) against F. culmorum strains, except for Lp. plantarum F16, 

which did not inhibit Fc383. The strain showing the greatest inhibition was Lp. plantarum 

HB23, with a diameter of 3.7 mm against Fc383 and 4.0 mm against Fc1126 (data not 

shown).

Seed priming in Petri dish

After 7 days in a humid chamber, seeds from each treatment were collected and 

germination was assessed. The non-inoculated seeds showed a GI of 95.56%. Of the 10 
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bacterial strains tested, 6 caused a strong reduction in seed germination, with values 

ranging from 13.33% to 22.22%, similar to 17.88% observed for the Fusarium-inoculated 

control (supplementary material). Only four strains, Lp. plantarum 5H1 (70%), B. 

amyloliquefaciens CAAd (44.44%), Lp. plantarum HB23 (42.22%), and B. 

amyloliquefaciens MA8 (42.22%), showed GI above 40% and were therefore selected for 

subsequent trials, including a seed priming test in Petri dishes evaluating root length, 

seedling length, and fungal infection severity. Table 6 shows that the highest disease class 

was recorded in the Control treatment (2.47), while the chemical control (Ch) had the 

lowest (0.73). The strain B. amyloliquefaciens MA8 and strains of Lp. Plantarum (HB23 

and 5H1) showed average disease classes of 1.33, 1.53, and 1.53, respectively. B. 

amyloliquefaciens CAAd was the only strain associated with higher disease levels (2.27). 

B. amyloliquefaciens MA8 exhibited the best results, with the highest root length (6.29 

cm) and seedling length (4.95 cm), suggesting a positive impact on seed development. 

Treatments Ch and Lp. plantarum HB23 also showed healthy growth, with root lengths 

ranging from 5.02 to 5.55 cm and seedling lengths from 3.23 to 4.44 cm. The Lp. 

plantarum 5H1 strain had increased root length (5.52 cm) but reduced seedling growth 

(1.71 cm). Compared to the control, all treatments outperformed in terms of root and 

seedling growth. Statistical analysis highlighted the strong performance of strains of B. 

amyloliquefaciens MA8, and Lp. plantarum (HB23 and 5H1) in controlling durum wheat 

diseases. 

Seed priming in trays

Twenty-one days after inoculation with F. culmorum Fc1126 and F. graminearum Fg566, 

GI and symptoms were observed on durum wheat seedlings and used to calculate IR (Fig. 

3). Visual differences in plant responses for each treatment are shown in Fig. 4. Infected 
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plants exhibited stem thinning and, in severe cases, extended necrosis leading to 

mortality, while no mycelium was observed in non-inoculated controls. F. culmorum and 

F. graminearum were consistently re-isolated from symptomatic tissues, as confirmed by 

TEF sequencing, while no Fusarium spp. was recovered from non-inoculated control 

plants. With both Fusarium strains, biopriming treatments with BCAs did not negatively 

affect the GI at 21 dpi, showing values comparable to both the control and the chemical 

treatment. In contrast, treatment Bc resulted in the lowest germination, likely due to 

phytotoxicity. Among the BCAs, seeds treated with B. amyloliquefaciens CAAd showed 

the highest GI against Fc1126 (88.33%), while Lp. plantarum 5H1 performed best against 

Fg566 (78.33%).

IR data revealed clear differences among treatments. Chemical control resulted in the 

lowest infection level (3.57% for Fc1126 and 11.75% for Fg566), whereas inoculated 

controls exceeded 45%. B. amyloliquefaciens strains (MA8 and CAAd) showed moderate 

infection, whereas LAB strains significantly reduced disease severity. Specifically, Lp. 

plantarum HB23 performed best, with an IR of 25.42% against Fc1126 and 28.51% 

against Fg566, followed by Lp. plantarum 5H1, which recorded values of 34.41% and 

38.39%, respectively. In terms of relative efficacy, Lp. plantarum HB23 achieved a 

44.4% reduction against Fc1126 and 49.2% against Fg566, compared to 24.7% and 

31.5% for Lp. plantarum 5H1, respectively. In both trials, Lp. plantarum HB23 showed 

a level of disease suppression comparable to the chemical control, without significant 

differences between the two treatments. Seedlings treated with Lp. plantarum HB23 

generally exhibited increased root and shoot growth, along with higher fresh and dry 

biomass per plant, compared to the chemical control in non-inoculated trials, although 

these differences were not statistically significant (supplementary material).
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Microbial secondary metabolites analysis

The UHPLC-MS-TOF analysis showed that the two B. amyloliquefaciens strains (MA8 

and CAAd) produced different concentrations of lipopeptides (Table 7). B. 

amyloliquefaciens MA8 produced higher amounts of most surfactin isoforms, especially 

C12 (16.46 mg/L for MA8 vs. 6.47 mg/L for CAAd) and C14 (15.55 mg/L for MA8 vs. 

7.87 mg/L for CAAd). In contrast, B. amyloliquefaciens CAAd produced more surfactin 

C15 (15.86 mg/L for CAAd vs. 8.77 mg/L for MA8). Strain B. amyloliquefaciens MA8 

also produced higher Fengycin C17, whereas both strains lacked Iturin C16 and 

Bacillomycin F. Trace of Iturin C15 was detected only in B. amyloliquefaciens MA8 (0.04 

mg/L). 

Phenolic acids from Lp. plantarum HB23 were measured (Table 8), with DL-3-

phenyllactic acid being the most abundant (4.73 mg/L), followed by 3-4-

dihydroxyhydrocinnamic acid (3.30 mg/L), benzoic acid (3.29 mg/L), and p-coumaric 

acid (0.53 mg/L), while other acids ranged 0.02–0.06 mg/L. 

Lactic acid production differed among strains (Table 9), with Lp. plantarum HB23 

producing the highest amount (28.7 g/L), followed by strains B. amyloliquefaciens MA8 

(10.5 g/L) and B. amyloliquefaciens CAAd (7.1 g/L). The metabolite profile of the Lp. 

plantarum 5H1 strain grown in MRSB medium was previously analyzed by Luz et al. 

(2021). The strain was found to produce lactic acid at a concentration of 10.24 g/L. In 

addition, the production of phenolic acids was examined, with eight distinct compounds 

quantified: phenyllactic acid (1.45 mg/L), benzoic acid (1.24 mg/L), salicylic acid (0.11 

mg/L), vanillic acid (0.03 mg/L), syringic acid (0.07 mg/L), p-coumaric acid (0.28 mg/L), 

catechol (0.01 mg/L), and hydroxycaffeic acid (1.25 mg/L).
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Discussion

Durum wheat is highly susceptible to FCR and FRR, mainly caused by Fusarium species 

such as F. culmorum, F. graminearum, and F. pseudograminearum (Paulitz et al. 2002). 

Current control strategies rely largely on agronomic practices and chemical seed 

treatments to protect seedlings from early infections (Kardava et al. 2023). However, 

intensive fungicides use may promote fungal resistance and negatively affect the 

environment (Moubark and Abdel-Monaim 2011; Mnasri et al. 2017), highlighting the 

need for integrated and eco-friendly alternatives, particularly in organic systems. 

Biological control products currently available in Italy include different formulations that 

are registered and permitted in organic agriculture, based on species like Pythium 

oligandrum (Polyversum), Trichoderma asperellum and T. gamsii (Remedier), and 

Bacillus amyloliquefaciens (Amylo-X LC). Among these, Polyversum is specifically 

indicated for use against Fusarium spp., while the others are broadly antagonistic 

biological fungicides with general activity against soil-borne pathogens. Accordingly, 

this study aimed to isolate and characterize beneficial bacteria and evaluate their 

antagonistic potential against key Fusarium pathogens of durum wheat. 

The bacterial genera isolated from the three wheat cultivars, at both the root and crown 

levels, included Achromobacter, Agrobacterium, Bacillus, Microbacterium, 

Ochrobactrum, Paenarthrobacter, Paenibacillus, Priestia, Pantoea, Peribacillus, 

Pseudomonas, and Stenotrophomonas (Fig. 1). This composition is consistent with 

previous wheat microbiome studies (Chen et al. 2022; Erman et al. 2024). Although 

variability among cultivars was observed, Pseudomonas and Bacillus were detected in all 

samples, in agreement with earlier reports describing Bacillus as one of the dominant 

culturable genera associated with wheat roots (Palazzini et al. 2007; Yang et al. 2009). 
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Some genera showed a cultivar-dependent distribution; however, broader sampling would 

be required to test statistically robust cultivar–microbiome associations.

Among the isolates, several strains belonging to Bacillus and Pseudomonas displayed 

strong antagonistic activity. In particular, P. aryabhattai (MA36) and B. 

amyloliquefaciens (MA8, SP43, CAAd) strongly inhibited F. culmorum Fc1126, 

achieving MGPI values above 50%, while against F. graminearum Fg913, the inhibition 

exceeded 49%. Additional promising candidates included B. thuringiensis (C2, C16b), B. 

toyonensis (SP27), P. baetica (MA19), and P. koreensis (OD14), which were active 

against F. culmorum, F. graminearum, and F. pseudograminearum. These results align 

with the well-established role of Bacillus spp. and Pseudomonas spp. as BCAs. B. 

amyloliquefaciens has been shown to inhibit F. graminearum both in vitro and under field 

conditions, reducing Fusarium head blight (Baffoni et al. 2015) and FCR (Wang et al. 

2015). Similarly, B. subtilis strains have shown efficacy against F. graminearum both in 

vitro (Comby et al. 2017) and in planta (Palazzini et al. 2009), while synergistic effects 

between Bacillus species have been described following soil application (Zalila-Kolsi et 

al. 2016). Broad in vitro screening studies have further confirmed the biocontrol potential 

of these species against multiple Fusarium-related diseases (Comby et al. 2017). 

Pseudomonas spp. are also widely reported as effective BCAs, including P. fluorescens 

CHA0, which induces systemic resistance against F. graminearum (Henkes et al. 2011), 

P. aeruginosa NF011, which produces phenazine-1-carboxamide and exhibits broad-

spectrum antagonistic activity (Sun et al. 2021), and P. koreensis, which is active against 

multiple Fusarium species while also producing phytohormones such as indole-3-acetic 

acid and cytokinins (Rafikova et al. 2016). Overall, Bacillus and Pseudomonas strains 

can promote plant growth by enhancing nutrient uptake, producing phytohormones, and 

forming protective biofilms on roots, while suppressing pathogens through fungitoxic 
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metabolites and the induction of plant resistance (Archana et al. 2012).  In the present 

work, plant-induced resistance was not directly evaluated; therefore, future studies should 

clarify whether the most effective isolates also suppress disease through host defense 

activation, in addition to direct antagonism. 

In contrast, isolates belonging to Microbacterium and Stenotrophomonas showed limited 

inhibition, while Achromobacter and Ochrobactrum strains did not suppress fungal 

growth. Peribacillus frigoritolerans, although reported as a plant growth-promoting 

rhizobacterium (Manetsberger et al. 2023), showed only weak antagonism against F. 

culmorum. Pantoea and Paenibacillus isolates were obtained exclusively from seeds, but 

exhibited low or no inhibition, despite previous reports of antifungal activity in vitro 

(Herrera et al. 2016; Quartana et al. 2022). These observations further support that 

antagonistic potential is strongly strain-dependent and not uniformly distributed across 

plant-associated genera.

A key outcome of this study was the strong inhibitory performance of LAB against all 

tested Fusarium strains. Overlay assays showed strong inhibition against both F. 

culmorum and F. graminearum. Among the strains, F. culmorum Fc1126 and F. 

graminearum Fg913 were the most strongly affected, while lower efficacy was observed 

against F. pseudograminearum Fp1139. Moreover, CFS obtained from Lp. plantarum 

strains (F17, 5H1, 5L1, and HB23) inhibited mycelial growth with halos ≥ 3 mm, 

indicating the antifungal properties of secreted metabolites. Notably, Lp. plantarum 

HB23, isolated from the honeybees’ gut microbiome, showed strong antagonistic activity, 

producing halos >10 mm against F. culmorum (Fc383, Fc1126, and F1674), F. 

graminearum Fg913, and F. pseudograminearum Fp1140.
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The biopriming assays further supported the potential of selected strains in planta. In Petri 

dish assays, both LAB and Bacillus strains were the most effective in reducing disease 

and promoting seed germination. In particular, B. amyloliquefaciens MA8, Lp. plantarum 

HB23, and Lp. plantarum 5H1 were among the best-performing strains against the highly 

aggressive pathogen Fc1126, and all three promoted seedling development. In artificial 

soil inoculation trials, Lp. plantarum HB23 consistently outperformed other strains in 

disease suppression, suggesting a strain-specific effect potentially linked to metabolite 

production and/or colonization efficiency. 

To explore the biochemical basis of these effects, metabolomic profiling was performed. 

Bacillus strains primarily produced lipopeptides such as surfactin and fengycin, whereas 

LAB strains produced antifungal compounds including benzoic acid, hydrocinnamic acid, 

phenyllactic acid, and lactic acid. The strain Lp. plantarum HB23 produced 13 

metabolites, including several phenolic acids and phenyllactic acid. It is documented that 

phenolic acid is an antimicrobial compound with activity against various bacteria and 

fungi, including species such as Aspergillus and Penicillium (Mu et al. 2012). In addition 

to this, also benzoic acid has been shown to reduce fungal growth in vitro (Peyer et al. 

2016).

Both LAB and Bacillus strains produced lactic acid, with LAB reaching >28 g/L in 

MRSB, while Bacillus strains produced lower amounts (7.1–10.5 g/L). Since organic 

acids are effective inhibitors of phytopathogenic fungi, these compounds likely 

contributed substantially to the observed in vitro inhibition (Hamed et al. 2011; López-

Seijas et al. 2019). In addition, B. amyloliquefaciens MA8 and CAAd strains produced 

multiple surfactin variants and fengycin, while only MA8 produced iturin A. Although 

surfactin is mainly associated with root colonization (Masmoudi et al. 2023) and indirect 
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antimicrobial effects, iturin and fengycin are known for stronger fungitoxic activity, and 

synergistic interactions between lipopeptides may enhance antifungal efficacy (Jacques, 

2011; Kim et al. 2020; Li et al. 2023).

The strong performance of LAB is indeed consistent with previous studies reporting the 

family Lactobacilaceae, and particularly Lp. plantarum, as effective antifungal agents 

(Laitila et al. 2002; Smaoui et al. 2023). LAB antifungal activity is commonly associated 

with the production of organic acids, phenolic acids, fatty acids, and bacteriocins (Gaggia 

et al. 2011; Peyer et al. 2016; Nazareth et al. 2019). In particular, Lp. plantarum produces 

phenyllactic acid, which is active against several fungal pathogens including Fusarium 

spp. and may reduce mycotoxin production (Nazareth et al. 2019; Izzo et al. 2020). To 

our knowledge, while Lp. plantarum has been reported to exhibit antagonistic activity 

against F. culmorum and F. graminearum in durum wheat when applied at spike level 

(Baffoni et al. 2015), there are no previous reports of Lp. plantarum being used as an 

effective biopriming agent on seeds against these pathogens in durum wheat.

Although host-associated endophytes are often considered to have an ecological 

advantage due to their adaptation to the plant environment (Collinge et al. 2019), in the 

present study several of the most effective strains were not isolated directly from wheat. 

These results indicate that strong antifungal activity and effective disease suppression can 

also be achieved by non-host-derived bacteria, likely due to the production of potent 

antifungal metabolites and efficient rhizosphere or seed surface colonization. To address 

this, ongoing research, partly within the PRIN 2022 PNRR – BICONTRARIUM project, 

is to investigate the ability of seed-applied antagonistic bacteria to persist and 

systemically colonize wheat, as demonstrated for Streptomyces sp., which reaches the 

spike and acts as an endophyte (Mattei et al. 2022). Given that several isolated strains 
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originated from the same cultivar and that some showed limited individual efficacy, 

interactions among strains in planta may contribute to the control of soil-borne pathogens 

(Niu et al. 2020). Microbial consortia comprising multiple strains with diverse 

mechanisms of action can enhance biocontrol efficacy and stability through 

complementary mechanisms, resource competition, and antimicrobial production 

(Maciag et al. 2023). Overall, this study supports biological seed priming as a promising 

strategy to control FCR/FRR in durum wheat. While several bacterial antagonists 

inhibited Fusarium growth in vitro, LAB strains showed the strongest performance in 

growth chamber assays. In particular, Lp. plantarum HB23 reduced disease severity by 

up to 49.2% and promoted plant growth compared to chemical control, representing a 

novel and eco-friendly candidate for Fusarium management. Importantly, both B. 

amyloliquefaciens and Lp. plantarum are included in EFSA’s Qualified Presumption of 

Safety (QPS) list, reflecting their long history of safe use and the absence of safety 

concerns, and both are also recognized as Generally Recognized As Safe (GRAS) by the 

U.S. Food and Drug Administration (FDA).  Field trials are currently ongoing to validate 

these findings under open-field conditions. These studies are also addressing the use of 

multi-strain consortia to exploit complementary mechanisms and aim to optimize 

formulation stability and scalability for potential commercial application.
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Tables

Table 1. Data of the 75 bacterial isolates obtained from durum wheat samples in 2021 

and 2022 in Cadriano (BO), Italy. OD= Odisseo; C= Claudio; MA=Marco Aurelio; S= 

Saragolla; SC= San Carlo; mA=microaerophilia; AE= aerobic; NA= Nutrient Agar; 

MRSA= De Man, Rogosa, and Sharpe Agar; TSA= Tryptic Soy Agar; TBX: Tryptone 

Bile X-GLUC Agar; C+F= cysteine and fructose.

Isolates code Isolation details Year Wheat cultivar Species Accession 
number

C2 C-37 °C-mA-MRSA+C+F 2021 C Bacillus thuringiensis PX452226

C3 C-30 °C-AE-TBXA 2021 C Pseudomonas orientalis PX452227

C4 C-30 °C-AE-TBXA 2021 C Bacillus thuringiensis PX452228
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C5 C-30 °C-AE-TBXA 2021 C Pseudomonas orientalis PX452229

C6 C-36 °C-mA-MRSA 2021 C Agrobacterium pusense PX452230

C7 C-36 °C-mA-MRSA 2021 C Bacillus thuringiensis PX452231

C8 C-36 °C-mA-MRSA 2021 C Bacillus wiedmannii PX452232

C9 C-30 °C-AE-TBXA 2021 C Bacillus wiedmannii PX452233

C10 C-30 °C-AE-TBXA 2021 C Bacillus thuringiensis PX452234

C10b C-30 °C-AE-TBXA 2021 C Agrobacterium nepotum PX452235

C11 C-30 °C-AE-TBXA 2021 C Pseudomonas orientalis PX452236

C12 C- 30 °C-AE-TBXA 2021 C Pseudomonas orientalis PX452237

C13 C- 30 °C-AE-TBXA 2021 C Ochrobactrum quorumnocens PX452238

C14 C- 30 °C-AE- TBXA 2021 C Pseudomonas koreensis PX452239

C16 C- 36 °C-mA-MRSA 2021 C Agrobacterium pusense PX452240

C16b C- 36 °C-mA-MRSA 2021 C Bacillus thuringiensis PX452241

C18 C- 36 °C-mA-MRSA 2021 C Agrobacterium pusense PX452242

C20 C-30 °C-AE-TSA 2021 C Stenotrophomonas rhizophila PX452243

C21 C-30 °C-AE-TSA 2021 C Pseudomonas orientalis PX452244

C23 C-30 °C-AE-TSA 2021 C Pseudomonas soli PX452245

C24 C-36 °C-mA-MRSA 2021 C Stenotrophomonas rhizophila PX452246

MA1 MA-26 °C-mA-NA 2021 MA Pseudomonas lactis PX452247

MA4 MA-26 °C-mA-NA 2021 MA Pseudomonas baetica PX452248

MA6 MA-26 °C-AE-NA 2021 MA Pseudomonas soyae PX452249

MA8 MA-26 °C-AE-NA 2021 MA Bacillus amyloliquefaciens PX452250

MA8b MA-26 °C-AE-NA 2021 MA Microbacterium foliorum PX452251

MA9 MA-37 °C-mA-NA 2021 MA Pseudomonas thivervalensis PX452252

MA10 MA-37 °C-mA-NA 2021 MA Pseudomonas baetica PX452253

MA11 MA-37 °C-mA-NA 2021 MA Pseudomonas koreensis PX452254

MA12 MA-37 °C-mA-NA 2021 MA Pseudomonas koreensis PX452255

MA13 MA-37 °C-mA-NA 2021 MA Pseudomonas koreensis PX452256

MA14 MA-37 °C-mA-NA 2021 MA Pseudomonas koreensis PX452257

MA15 MA-37 °C-AE-NA 2021 MA Pseudomonas brassicacearum PX452258

MA17 MA-37 °C-AE-NA 2021 MA Peribacillus frigoritolerans PX452259

MA18 MA-37 °C-AE-NA 2021 MA Pseudomonas baetica PX452260

MA19 MA-37 °C-AE-NA 2021 MA Pseudomonas baetica PX452261

MA20 MA-37 °C-AE-NA 2021 MA Pseudomonas koreensis PX452262

MA21 MA-37 °C-AE-NA 2021 MA Priestia aryabhattai PX452263

MA22 MA-37 °C-AE-NA 2021 MA Paenarthrobacter aurescens PX452264

MA28 MA-26 °C-AE-MRSA 2021 MA Priestia megaterium PX452265

MA30 MA-26 °C-AE-MRSA 2022 MA Bacillus licheniformis PX452266
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MA35 MA-37 °C-AE-MRSA 2021 MA Priestia megaterium PX452267

MA36 MA-37 °C-AE-MRSA 2021 MA Priestia aryabhattai PX452268

OD1 OD-26 °C-mA-NA 2021 O Stenotrophomonas rhizophila PX452269

OD5 OD-26 °C-mA-NA 2021 O Stenotrophomonas rhizophila PX452270

OD7 OD-26 °C-AE-NA 2021 O Stenotrophomonas rhizophila PX452271

OD8 OD-26 °C-AE-NA 2021 O Stenotrophomonas rhizophila PX452272

OD9 OD-26 °C-AE-NA 2021 O Stenotrophomonas rhizophila PX452273

OD10 OD-37 °C-mA-NA 2021 O Agrobacterium arsenijevicii PX452274

OD13 OD-37 °C-mA-NA 2021 O Achromobacter marplatensis PX452275

OD14 OD-37 °C-mA-NA 2021 O Pseudomonas koreensis PX452276

OD15 OD-37 °C-mA-NA 2021 O Pseudomonas brassicacearum PX452277

OD18 OD-37 °C-AE-NA 2021 O Microbacterium oxydans PX452278

OD19 OD-37 °C-AE-NA 2021 O Microbacterium oxydans PX452279

OD20 OD-37 °C-AE-NA 2021 O Microbacterium oxydans PX452280

OD21 OD-37 °C-AE-NA 2021 O Achromobacter marplatensis PX452281

OD31 OD-26 °C-AE-MRSA 2021 O Microbacterium oxydans PX452282

OD32 OD-26 °C-AE-MRSA 2021 O Microbacterium oxydans PX452283

OD35 OD-26 °C-AE-MRSA 2021 O Microbacterium oxydans PX452284

OD36 OD-26 °C-AE-MRSA 2021 O Bacillus aerophilus PX452285

OD37 OD-26 °C-AE-MRSA 2021 O Bacillus aerius PX452286

OD42 OD-37 °C-AE-MRSA 2021 O Bacillus aerius PX452287

OD43 OD-37 °C-AE-MRSA 2021 O Bacillus mobilis PX452288

OD45 OD-37 °C-AE-MRSA 2021 O Peribacillus frigoritolerans PX452289

OD46 OD-37 °C-AE-MRSA 2021 O Bacillus thuringiensis PX452290

OD48 OD-37 °C-AE-MRSA 2021 O Peribacillus frigoritolerans PX452291

OD50 OD-37 °C-AE-MRSA 2021 O Bacillus thuringiensis PX452292

OD51 OD-37 °C-AE-MRS 2021 O Priestia aryabhattai PX452293

S2 S-26 °C-AE-NB 2022 S Pseudomonas lurida PX452294

S4 S-26 °C-AE-NB 2022 S Paenibacillus chinensis PX452295

S6 S-26 °C-AE-NB 2022 S Pantoea agglomerans PX452296

SC2 SC-26 °C-AE-NB 2022 SC Pseudomonas poae PX452297

SC3 SC-26 °C-AE-NB 2022 SC Pantoea agglomerans PX452298

SC4 SC-26 °C-AE-NB 2022 SC Pantoea agglomerans PX452299

SC6 SC-26 °C-AE-NB 2022 SC Pantoea agglomerans PX452300

Page 44 of 58

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=470868


Eleonora Cappelletti
Plant Disease

45

Table 2. List of Fusarium spp. strains analyzed in the present work.

Pathogenic species Isolate code Georaphical origin Host Portion Cultivar Year
Fusarium culmorum Fc383 Italy (Basilicata) maize / / /
F. culmorum Fc401 Italy (Umbria) wheat crown / 2006
F. culmorum Fc820 / wheat / / 2008
F. culmorum Fc1126 Italy (Sicily) durum wheat caryopsis K26 2011
F. culmorum Fc1435 Italy (Emilia-Romagna) wheat crown / 2016
F. culmorum Fc1674 Italy (Emilia-Romagna) wheat crown / 2021
F. graminearum Fg566 Italy (Emilia-Romagna) durum wheat spike San Carlo 2005
F. graminearum Fg913 Italy (Umbria) durum wheat / AVISPA 2009
F. graminearum Fg919 Italy (Marche) durum wheat rachids Colosseo 2009
F. pseudogramineaum Fp1139 (CS3096) Australia soft wheat / / /
F. pseudogramineaum Fp1140 (CS3427) Australia soft wheat / / /
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Table 3. Results obtained from the dual culture assay after 7 days of incubation. The Mycelial Growth Inhibition Percentage (MGIP) of 20 selected 

bacterial strains against ten Fusarium strains is reported with standard deviation. In bold are highlighted results of MGPI > 30%.

Fusarium strainsa

Strain Bacterial species Ctrl (TSA)
Fc1126 Fc383 Fc401 Fg566 Fc820 Fg913 Fg919 Fp1140 Fc1435 Fc1674

C2 Bacillus thuringiensis 0 33.3 ± 2.4 21.7 ± 1.7 32.2 ± 1.0 33.3 ± 1.7 29.4 ± 6.3 29.4 ± 1.0 42.2 ± 5.4 33.9 ± 1.0 33.3 ± 1.7 32.2 ± 2.5

C10 B. thuringiensis 0 23.3 ± 4.7 19.4 ± 1.9 11.1 ± 2.5 13.9 ± 1.0 15.6 ± 1.0 14.4 ± 1.0 12.8 ± 1.0 22.2 ± 2.5 12.2 ± 1.0 13.3 ± 5.0

C16b B. thuringiensis 0 35.8 ± 1.2 33.3 ± 1.7 36.1 ± 3.5 38.9 ± 3.5 32.8 ± 1.0 32.8 ± 1.9 34.4 ± 3.5 35.0 ± 0.0 26.1 ± 1.0 35.6 ± 1.0

OD46 B. thuringiensis 0 25.0 ± 2.4 18.9 ± 2.5 28.3 ± 1.7 24.4 ± 11.1 13.3 ± 4.4 8.3 ± 1.7 10.0 ± 1.7 13.9 ± 1.0 16.7 ± 11.7 11.1 ± 2.5

OD50 B. thuringiensis 0 20.0 ± 2.4 16.1 ± 3.5 23.9 ± 2.5 20.0 ± 2.9 16.7 ± 1.7 13.9 ± 1.0 17.8 ± 1.0 25 ± 2.9 16.7 ± 10.1 13.3 ± 2.9

MA8 B. amyloliquefaciens 0 59.1 ± 2.9 36.7 ± 3.3 30.0 ± 0.0 22.8 ± 3.8 35.0 ± 1.7 50.0 ± 7.3 43.9 ± 1.0 43.9 ± 2.5 23.9 ± 1.0 31.1 ± 2.5

SP43 B. amyloliquefaciens 0 51.7 ± 2.4 36.7 ± 4.4 34.4 ± 1.0 36.7 ± 0.0 43.3 ± 0.0 49.4 ± 1.9 57.8 ± 1.0 51.1 ± 2.5 45.6 ± 2.5 44.4 ± 1.0

CAAd B. amyloliquefaciens 0 51.4 ± 3.4 40.0 ± 2.9 28.3 ± 3.3 33.9 ± 3.5 41.1 ± 4.2 56.7 ± 1.7 50.0 ± 1.7 58.3 ± 1.7 41.1 ± 2.5 42.2 ± 1.0

OD36 B. aerophilus 0 15.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 29.4 ± 1.9 8.9 ± 3.5 3.9 ± 5.4 0.0 ± 0.0 2.2 ± 2.5 0.0 ± 0.0 0.0 ± 0.0

C9 B. wiedmannii 0 32.5 ± 3.5 12.2 ± 3.8 13.3 ± 2.9 16.1 ± 1.0 18.3 ± 2.9 22.2 ± 3.5 15.0 ± 1.7 26.7 ± 8.7 20.0 ± 5.0 13.9 ± 1.9

MA30 B. licheniformis 0 15.0 ± 2.4 10.0 ± 1.7 7.8 ± 2.5 12.8 ± 1.0 6.7 ± 1.7 25.0 ± 5.8 13.9 ± 1.0 13.9 ± 1.9 8.3 ± 2.9 7.2 ± 1.0

SP27 B. toyonensis 0 15.0 ± 2.4 32.8 ± 3.5 23.9 ± 3.5 34.4 ± 22.1 20.6 ± 1.9 23.9 ± 2.5 23.3 ± 1.7 25.6 ± 1.9 20.0 ± 2.9 21.7 ± 1.7

MA36 Priestia aryabhattai 0 62.5 ± 10.6 39.4 ± 2.5 34.4 ± 4.8 38.3 ± 3.3 51.1 ± 6.3 52.8 ± 7.7 58.3 ± 5.8 45.0 ± 1.7 40.6 ± 3.5 27.2 ± 2.5

MA20 Pseudomonas koreensis 0 18.3 ± 0.0 6.7 ± 1.7 11.7 ± 1.7 11.1 ± 1.9 23.3 ± 7.6 11.1 ± 1.0 15.0 ± 1.7 19.4 ± 1.0 11.7 ± 2.9 11.7 ± 1.7

OD14 P. koreensis 0 16.7 ± 2.4 16.1 ± 1.9 12.8 ± 2.5 3.9 ± 1.0 38.3 ± 3.3 28.3 ± 0.0 32.8 ± 1.0 42.2 ± 3.5 10.6 ± 1.0 11.1 ± 2.5

C23 P. soli 0 25.0 ± 0.0 5.0 ± 2.9 15.6 ± 1.0 11.7 ± 1.7 17.8 ± 1.0 16.7 ± 1.7 8.9 ± 4.8 18.3 ± 1.7 6.7 ± 1.7 10.6 ± 1.9

MA9 P. thivervalensis 0 15.8 ± 1.2 0.0 ± 0.0 0.0 ± 0.0 7.2 ± 1.0 0.0 ± 0.0 12.2 ± 2.5 0.0 ± 0.0 18.3 ± 1.7 0.0 ± 0.0 0.0 ± 0.0

MA15 P. brassicacearum 0 32.5 ± 1.2 20.6 ± 4.2 22.8 ± 1.9 22.2 ± 4.2 26.1 ± 1.9 22.8 ± 3.8 23.9 ± 5.1 26.7 ± 2.9 25.6 ± 1.0 25.6 ± 2.5

MA19 P. baetica 0 23.3 ± 2.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 26.1 ± 3.5 26.1 ± 2.5 33.3 ± 1.7 34.4 ± 1.0 6.7 ± 1.7 21.7 ± 3.3

S2 P. lurida 0 16.7 ± 0.0 5.0 ± 1.7 17.8 ± 1.0 15.0 ± 1.7 21.1 ± 1.9 15 ± 1.7 20.6 ± 4.2 18.3 ± 2.9 13.9 ± 3.5 15.0 ± 1.7
aCtrl – Control plate; TSA – Tryptic Soy Agar; Fc1126, Fc383, Fc401, Fc820, Fc1435, Fc1674 - Fusarium culmorum; Fg566, Fg913, Fg919 – F. graminearum; Fp1140 – F. pseudograminearum.
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Table 4. Overlay assay results of 7 different LAB strains against 8 Fusarium strains. Inhibition halos >10 mm are highlighted in bold, reported 

together with standard deviation. Letters indicate statistically significant differences using one-way ANOVA Tukey HSD post hoc test (p < 0.05) 

in the comparison of the efficacy of each bacterium for the same fungal strain.

Lactic Acid Bacteria (LABs)a

Strain Fusarium species  Ctrl (MRSB)

HB23 F16 F17 BN17 5L1 5H1 HA1 HA2

Fc383 Fusarium culmorum 0 10.33 ± 0.58b 11.67 ± 1.53ab 5.00 ± 1.00c 14.00 ± 1.00a 11.67 ± 0.58ab 10.33 ± 0.58b 10.00 ± 1.00b 6.67 ± 1.53c

Fc401 F. culmorum 0 5.00 ± 1.00c 12.33 ± 0.58ab 11.33 ± 1.15b 15.33 ± 2.08a 10.00 ± 1.00b 15.00 ± 1.73a 13.00 ± 1.00ab 12.00 ± 0.00ab

Fc1126 F. culmorum 0 14.33 ± 1.15ab 16.00 ± 1.00ab 12.00 ± 1.00ab 11.67 ± 1.15ab 11.00 ± 1.00b 16.67 ± 4.04a 13.67 ± 1.15ab 15.67 ± 1.53ab

Fc1435 F. culmorum 0 2.67 ± 1.15d 11.33 ± 0.58bc 10.67 ± 1.15bc 16.33 ± 1.53a 8.00 ± 2.00c 13.33 ± 0.58ab 13.00 ± 1.00ab 14.00 ± 3.00ab

Fg566 F. graminearum 0 8.33 ± 0.58d 13.33 ± 1.53ab 9.67 ± 0.58cd 13.33 ± 1.53ab 13.67 ± 0.58ab 15.33 ± 0.58a 12.00 ± 1.00bc 12.33 ± 1.53abc

Fg913 F. graminearum 0 13.00 ± 1.00ab 12.67 ± 0.58ab 10.33 ± 0.58bc 13.67 ± 1.15a 11.33 ± 1.15abc 13.00 ± 1.00ab 10.67 ± 0.58bc 9.67 ± 1.53c

Fp1139 F. pseudograminearum 0 6.33 ± 2.31abc 10.00 ± 1.00a 2.67 ± 0.58c 8.67 ± 0.58ab 6.67 ± 0.58abc 9.33 ± 2.08ab 8.67 ± 2.08ab 5.33 ± 2.08bc

Fp1140 F. pseudograminearum 0 14.67 ± 0.58abc 17.00 ± .002ab 10.67 ± 1.53c 18.67 ± 2.08a 12.00 ± 1.00bc 10.67 ± 0.58c 15.00 ± 3.61abc 13.67 ± 1.53abc

aCtrl – Control; MRSB - Man Rogosa and Sharpe broth; HB23, F16, F17, BN17, 5L1, 5H1 - Lactiplantibacillus plantarum; HA1 - Lacticaseibacillus paracasei subsp. paracasei; HA2 - Lacticaseibacillus rhamnosus.
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Table 5. Agar diffusion well test of twenty-four cell-free supernatants (CFS) of 20 different bacterial isolates and 8 lactic acid bacteria (LABs) 

against 7 Fusarium strains in the diffusion agar test. The antifungal activity was represented as follows: (-) no effects, (+) alteration of mycelium 

color, (++) measurable inhibition halo (< 3 mm), (+++) measurable inhibition halo (≥ 3 mm). TSB and MRSB media were used as controls.

CFS of different bacterial generaa

Strains Fusarium species Ctrlb

SP27 MA19 MA30 C16b MA15 C2 MA9 OD50 SP43 C10 C23 OD36 MA20 OD14 MA36 S2 C9 OD46 CAAd MA8

Fc383 Fusarium culmorum - ++ + - - + + - ++ - - + - - - ++ - ++ + + ++

Fc401 F. culmorum - ++ + - - + + - ++ + ++ - - - - - - + - ++ ++

Fc820 F. culmorum - ++ - - - + - - + ++ + + - - - ++ + + + ++ ++

Fc1126 F. culmorum - ++ - + - + - - ++ ++ ++ - - - - ++ - ++ ++ ++ ++

Fc1674 F. culmorum - + - + + + - - ++ + ++ - - - + ++ + - - ++ ++

Fg566 F. graminearum - ++ ++ + - + ++ - ++ + ++ - - - - + - ++ ++ ++ ++

Fg913 F. graminearum - ++ + + + + + - + - + - - - - + - ++ ++ ++ ++

CFS of Lactic Acid Bacteria (LABs)c  
Strains Fusarium species Ctrlb

F16 F17 BN17 5H1 5L1 HA1 HA2 HB23

Fc383 Fusarium culmorum - + +++ ++ +++ ++ ++ ++ +++

Fc1126 F. culmorum - ++ ++ ++ +++ +++ ++ ++ +++

aSP27 - Bacillus toyonensis, MA19 - Pseudomonas baetica, MA30 - Bacillus licheniformis; C2, C10, C16b, OD46, OD50 - Bacillus thuringiensis, MA15 - Pseudomonas brassicacearum, MA9 - 

Pseudomonas thivervalensis, SP43, MA8, CAAd - Bacillus amyloliquefiens, C23 - Pseudomonas soli, OD36 - Bacillus aerophilus, MA20, OD14 - Pseudomonas koreensis, MA36 – Priestia 

aryabhattai, S2 - Pseudomonas lurida, C9 - Bacillus wiedmannii; bCtrl: Control (TSB); c F16, F17, BN17, 5H1, 5L1, HB23 – Lactiplantibacillus  plantarum; HA1 - Lacticaseibacillus paracasei 

subsp. paracasei; HA2 - Lacticaseibacillus rhamnosus; dCtrl: Control (MRSB).
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Table 6. Results obtained regarding root length, seedlings length, and average class based on the degree of fungal infection in the seed priming 

test performed in Petri dishes inoculated with the Fusarium strain Fc1126. Letters indicate statistically significant differences using one-way 

ANOVA Tukey HSD post hoc test (p < 0.05).

Seed priming in Petri dishes with Fusarium culmorum strain Fc1126
Treatments Description

Roots lenght (cm) Seedlings length (cm) Class average

Ch Rubin Plus (125 mL/100 kg) 5.55 ± 1.60ab 4.44 ± 0.98a 0.73 ± 0.23a

MA8 Bacillus amyloliquefaciens (107 CFU/mL) 6.29 ± 1.07a 4.95 ± 1.38a 1.33 ± 0.12ab

CAAd B. amyloliquefaciens (107 CFU/mL) 2.86 ± 0.83b 1.81 ± 0.39bc 2.27 ± 0.12c

HB23 Lactiplantibacillus plantarum (107 CFU/mL) 5.02 ± 0.80ab 3.23 ± 0.46ab 1.53 ± 0.31b

5H1 Lp. plantarum (107 CFU/mL) 5.52 ± 1.31ab 1.71 ± 0.56bc 1.53 ± 0.31b

Control Steriale water + 1% of polyvinyl alcool (PVA) 2.71 ± 0.81b 0.25 ± 0.43c 2.47 ± 0.31c
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Table 7. Quantification of lipopeptides (mg/L) obtained from two strains of Bacillus amyloliquefaciens (MA8 and CAAd). Data are means ± 
standard deviation. Letters indicate statistically significant differences using one-way ANOVA Tukey HSD post hoc test (p < 0.05).

Lipopeptides (mg/L)

Surfactin Surfactin Surfactin Surfactin Iturin Iturin Bacillomycin Fengycin Strains Bacillus species

C12 C13 (A) C14 (B) (C15) (C) C15 (A) C16 F C17

MA8 Bacillus amyloliquefaceins 16.46 ± 0.9a 7.20 ± 0.25a 15.55 ± 1.57a 8.77 ± 0.43b 0.04 ± 0.01a nda nda 2.40 ± 0.38a

CAAd B. amyloliquefaceins 6.47 ± 0.56b 6.18 ± 0.19b 7.87 ± 0.16b 15.86 ± 0.17a ndb nda nda 1.64 ± 0.26b
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Table 8. Quantification of phenolic acids (mg/L) produced in CFSs by the strain HB23 
Lactiplantibacillus plantarum. Data are means ± standard deviation. Letters indicate 
statistically significant differences using one-way ANOVA Tukey HSD post hoc test (p 
< 0.05).

Phenolic acids mg/L

3-(4-hydroxy-3-methoxyphenyl) propionic 0.04 ± 0.01a

Caffeic acid 0.06 ± 0.04a

Syringic acid 0.05 ± 0.01a

Vanillin 0.03 ± 0.01a

p-Coumaric acid 0.53 ± 0.01b

Ferulic acid 0.06 ± 0.01a

Salicylic acid 0.05 ± 0.02a

Vanillic acid 0.06 ± 0.01a

Hydroxycinnamic acid 0.02 ± 0.01a

Sinapic acid 0.05 ± 0.01a

Benzoic acid 3.29 ± 0.05c

3-4-Dihydroxyhydrocinnamic 3.30 ± 0.03c

DL-3-Phenyllactic acid 4.73 ± 0.17d

Table 9. Quantification of lactic acid (g/L) produced in CFSs by three bacterial strains 
(HB23, MA8, and CAAd). Data are means ± standard deviation. Letters indicate 
statistically significant differences using one-way ANOVA Tukey HSD post hoc test (p 
< 0.05).

Strains Bacterial species Lactic acid (g/L)

HB23 Lactiplantibacillus plantarum 28.7 ± 0.8a

MA8 Bacillus amyloliquefaciens 10.5 ± 0.1b

CAAd B. amyloliquefaciens 7.1 ± 0.1c
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Figure Descriptions 

Fig. 1: Diagram showing the bacterial species isolated during the study from the roots 

and culms of different durum wheat varieties. The figure illustrates the percentage of 

isolates obtained from Odisseo, Claudio, and Marco Aurelio varieties, relative to the total 

number of isolates.
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Fig. 2: Example of inhibition profiles of Fusarium culmorum strain Fc1126 observed 

using different antagonism assays on PDA at 25 °C. (A) Dual culture with 

Lactiplantibacillus plantarum HB23: A1, control (Fc1126 alone); A2, co-culture showing 

antagonistic interaction. (B) Overlay assay with Lactiplantibacillus plantarum 5H1: B1, 

front view; B2, reverse view. (C) Agar well diffusion assay: Fc1126 exposed to cell-free 

supernatants loaded into wells. C1, front view; C2, reverse view, where well labels (F, 

G, H, I, and L) are visible. These correspond respectively to HA1 (Lacticaseibacillus 

paracasei subsp. paracasei), HA2 (Lacticaseibacillus rhamnosus), HB23 

(Lactiplantibacillus plantarum), MRSB medium (negative control), and MA8 (Bacillus 

amyloliquefaciens).
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Fig. 3: Seed priming trials performed in trays under controlled climatic chamber 

conditions. For each pathogen (Fusarium culmorum Fc1126 and F. graminearum Fg566), 

both non-inoculated (NI) and the corresponding inoculated (I) theses are presented. 

Germination Index (GI) at 21 days post-inoculation (dpi) and Infection Rating (IR) at 21 

dpi are shown. In NI treatments, GI is represented by green bars and IR by purple bars; 

in I treatments, GI is shown in blue and IR in orange. Bars represent mean values ± 

standard deviation. Different letters above bars indicate statistically significant 

differences among treatments according to one-way ANOVA followed by Tukey HSD 

post hoc test (p < 0.05).
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Fig. 4: Efficiency of seed priming treatments against FRR/FCR under fungal attack. (A) 

Water + polyvinyl alcool (Control); (B) Rubin Plus (Chemical); (C) Strain HB23 

Lactiplantibacillus plantarum. Plants were classified based on the severity of Fusarium 

symptoms: Class 0: healthy, symptom-free plants; Class 1: symptom-free but 

underdeveloped plants or with slight necrosis at the neck level; Class 2: evident necrosis 

at the neck level; Class 3: extensive neck necrosis or death due to necrosis. Fungal strains 

tested: Fusarium culmorum (Fc1126) and F. graminearum (Fg566).
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Supplementary material

Supplementary Table 1. Germination Index (GI) of durum wheat seeds treated with eleven bacterial strains was assessed in Petri dish 7 days post 

inoculation (dpi) with the pathogenic fungi Fusarium culmorum Fc1126. Values are reported as mean ± standard deviation. Data did not meet 

normality assumptions (Shapiro–Wilk test) and were analyzed by Kruskal–Wallis test followed by Dunn’s test (p < 0.05). 

Strains Bacterial species GI at 7 dpi (%)

Control - nia  95.56 ± 3.85*
Control - ib  17.78 ± 3.85
CAAd Bacillus amyloliquefaciens 44.44 ± 7.70*
SP43 B. amyloliquefaciens 13.33 ± 0.00
MA8 B. amyloliquefaciens 42.22 ± 3.85*
OD50 B. thuringiensis 15.56 ± 3.85
C16b B. thuringiensis 22.22 ± 3.85
C9 B. wiedmannii 15.56 ± 3.85
SP27 B. toyonensis 17.78 ± 3.85
MA36 Priestia aryabhatta 17.78 ± 3.85
MA15 Pseudomonas brassicacearum 15.56 ± 3.85
5H1 Lactiplantibacillus plantarum 70.00 ± 10.00*
HB23 Lp. plantarum 42.22 ± 3.85*

aControl – ni: not inoculated control, durum wheat seeds treated with sterile water.
bControl - i: inoculated control with the strain F. culmorum Fc1126, durum wheat seeds treated with sterile water.
*Data statistically different from the inoculated control (Control- i).
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Supplementary Table 2. Data on the seed priming trials performed in trays in a climatic chamber. The Germination Index (GI) at 7 and 21 days 

post inoculation (dpi), and Infection Rating (IR) at 21 dpi, are reported for both inoculated (I) theses with Fusarium culmorum Fc1126 and F. 

graminearum F566, and the corresponding non-inoculated (NI) theses. Letters indicate statistically significant differences using one-way ANOVA 

Tukey HSD post hoc test (p < 0.05).

Seed priming in trays inoculated with the Fusarium culmorum strain Fc1126  Seed priming in trays inoculated with the Fusarium graminearum Fg566

GI at 7 dpi (%) GI at 21 dpi (%) IR (%) GI at 7 dpi (%) GI at 21 dpi (%) IR (%)Treatments Description

I NI I NI I NI I NI I NI I NI

Ch Rubin Plus (125 mL/100 kg) 81.67 ± 10.41a 90.00 ± 5.00a 85.00 ± 15.00a 90.00 ± 5.00a 3.57 ± 4.29a 4.22 ± 3.81a 45.00 ± 15.00ab 63.33 ± 7.64b 73.33 ± 16.07a 86.67 ± 7.64ab 11.75 ± 3.41a 7.44 ± 4.28a

Bc

Experimental product with 
copper (5%), essential oils, 
and hydroxyapatite (1000 
mL/100 kg)

70.00 ± 17.32a 91.67 ± 2.89a 60.00 ± 20.00b 91.67 ± 2.89a 37.50 ± 12.50b 2.47 ± 4.28a 30.00 ± 8.66b 71.67 ± 15.28ab 23.33 ± 2.89b 88.33 ± 2.89ab 73.33 ± 11.55d 6.94 ± 4.70a

MA8 Bacillus amyloliquefaciens 
(107 CFU/mL) 91.67 ± 2.89a 88.33 ± 7.64a 85.00 ± 5.00a 86.67 ± 10.41a 37.65 ± 7.48b 3.39 ± 3.33a 70.00 ± 13.23a 68.33 ± 5.77ab 70.00 ± 8.66a 71.67 ± 11.55b 45.37 ± 9.76bc 4.73 ± 5.18a

CAAd B. amyloliquefaciens (107 
CFU/mL) 90.00 ± 10.00a 98.33 ± 2.89a 88.33 ± 10.41a 98.33 ± 2.89a 41.58 ± 19.12b 2.28 ± 1.98a 58.33 ± 10.41ab 88.33 ± 10.41a 63.33 ± 2.89a 95.00 ± 5.00a 43.02 ± 6.53bc 1.76 ± 0.09a

HB23 Lactiplantibacillus 
plantarum (107 CFU/mL) 86.67 ± 7.64a 90.00 ± 5.00a 76.67 ± 2.89ab 90.00 ± 5.00a 25.42 ± 2.17ab 1.79 ± 1.76a 65.00 ± 5.00ab 75.00 ± 5.00ab 66.67 ± 2.89a 76.67 ± 7.64ab 28.51 ± 7.24ab 9.79 ± 8.05a

5H1 Lp. plantarum (107 

CFU/mL) 88.33 ± 5.77a 88.33 ± 2.89a 80.00 ± 5.00ab 88.33 ± 2.89a 34.41 ± 8.64b 2.58 ± 3.01a 76.67 ± 20.21a 80.00 ± 5.00ab 78.33 ± 18.93a 81.67 ± 2.89ab 38.39 ± 11.20bc 8.13 ± 3.45a

Control Steriale water + 1% of 
polyvinyl alcool (PVA) 93.33 ± 7.64a 90.00 ± 5.00a 95.00 ± 5.00a 90.00 ± 5.00a 45.70 ± 3.99b 2.44 ± 2.84a  60.00 ± 15.00ab 88.33 ± 7.64a 65.00 ± 13.23a 91.67 ± 5.77a 56.08 ± 2.40cd 4.16 ± 1.91a
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Supplementary Table 3. Data related to roots length average (cm), aerial part length average (cm), total fresh weight (g), fresh weight per single 

plant (g), total dry weight (g), and dry weight per single plant (g) for non-inoculated theses. Data that met normality assumptions (Shapiro–Wilk 

test) are reported with letters indicating significant differences (p < 0.05) according to one-way ANOVA Tukey HSD post hoc test. Data not 

meeting normality assumptions were analyzed using the Kruskal–Wallis test with Dunn’s multiple comparison test (p < 0.05), which showed no 

significant differences.

Not inoculated trials (Fusarium culmorum Fc1126 trial)  Not inoculated trails (Fusarium graminearum Fg566 trial)

Treatments Description Roots lenght 
(cm) 

aerial part 
lenght
(cm) 

total fresh 
weight
(g) 

fresh weight 
single plant
(g)

total dry 
weight
(g) 

dry weight 
single plant
(g) 

 

roots lenght 
(cm) 

aerial part 
lenght
(cm)  

total fresh 
weight
(g) 

fresh weight 
single plant
(g)

total dry 
weight
(g) 

dry weight 
single plant
(g) 

Ch Rubin Plus (125 mL/100 kg) 14.75 ± 2.75a 26.82 ± 2.87 9.53 ± 2.84 0.53 ± 0.19 5.53 ± 1.97 0.31 ± 0.13  23.10 ± 4.77a 25.02 ± 2.09b 9,87 ± 0,42a 0,59 ± 0,08a 4,97 ± 1,46 0,29 ± 0,08a

Bc

Experimental product with 
copper (5%), essential oils, 
and hydroxyapatite (1000 
mL/100 kg)

28.65 ± 7.20a 30.38 ± 1.20 13.13 ± 4.57 0.71 ± 0.22 5.33 ± 1.00 0.30 ± 0.07 16.35 ± 1.70a 32.52 ± 5.97b 8,30 ± 0,89a 0,48 ± 0,04a 4,67 ± 1,29 0,27 ± 0,07a

MA8 Bacillus amyloliquefaciens 
(107 CFU/mL) 14.43 ± 2.64a 29.92 ± 0.57 11.63 ± 3.85 0.66 ± 0.18 4.77 ± 1.22 0.28 ± 0.07 22.72 ± 2.82a 30.30 ± 1.57ab 10,00 ± 2,01a 0,76 ± 0,16a 6,53 ± 0,76 0,50 ± 0,07a

CAAd B. amyloliquefaciens (107 
CFU/mL) 15.89 ± 3.81a 25.64 ± 2.82 10.27 ± 1.46 0.52 ± 0.09 4.50 ± 0.87 0.23 ± 0.04 20.70 ± 5.02a 30.20 ± 0.75ab 12,50 ± 3,16a 0,67 ± 0,19a 7,00 ± 4,07 0,38 ± 0,23a

HB23 Lactiplantibacillus 
plantarum (107 CFU/mL) 21.96 ± 6.81a 30.24 ± 1.20 12.00 ± 2.90 0.67 ± 0.19 6.50 ± 2.34 0.38 ± 0.14 20.81 ± 4.58a 31.08 ± 0.77ab 10,63 ± 3,84a 0,74 ± 0,13a 5,80 ± 1,97 0,43 ± 0,17a

5H1 Lp. plantarum (107 CFU/mL) 22.34 ± 12.46a 30.00 ± 0.87 9.23 ± 2.41 0.53 ± 0.16 5.97 ± 2.37 0.34 ± 0.15 18.78 ± 5.45a 30.23 ± 1.74ab 8,73 ± 0,81a 0,61 ± 0,07a 4,03 ± 0,46 0,28 ± 0,03a

Control Steriale water + 1% of 
polyvinyl alcool (PVA) 20.80 ± 7.44a 29.60 ± 1.72 12.30 ± 2.11 0.69 ± 0.16 7.87 ± 3.51 0.45 ± 0.22  20.46 ± 2.24a 29.37 ± 1.14ab 10,90 ± 0,79a 0,59 ± 0,01a 5,57 ± 1,01 0,31 ± 0,07a
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