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Abstract 69 

Fusarium graminearum, the causal agent of Fusarium head blight, is a devastating pathogen 70 

of cereals worldwide. Biological control using Bacillus species has emerged as a sustainable 71 

strategy to suppress this pathogen, but the molecular basis of antagonism remains poorly 72 

understood. Here, we investigated the interaction between Bacillus velezensis EU07 and F. 73 

graminearum strain K1-4 through morphological assays and RNA-seq profiling. Microscopy 74 

revealed severe hyphal distortions including swelling and branching abnormalities, following 75 

exposure to EU07 cell pellets. Transcriptomic analysis after 6 h of treatment identified 1,264 76 

differentially expressed genes (DEGs), with 732 downregulated and 532 upregulated. Genes 77 

encoding secondary metabolite biosynthesis enzymes, including trichothecene (TRI) cluster 78 

genes, cytochrome P450s, and transporters, were strongly repressed. Key metabolic pathways, 79 

such as amino acid catabolism and mitochondrial transporters (e.g., 2-oxoglutarate/malate 80 

carrier protein), also showed reduced expression. Conversely, genes associated with oxidative 81 

stress responses, detoxification, and membrane transport were induced, reflecting a 82 

compensatory survival strategy. These results demonstrate that EU07 disrupts F. 83 

graminearum both morphologically and at the transcriptional level, suppressing virulence-84 

associated pathways while triggering stress adaptation. This dual impact highlights B. 85 

velezensis EU07 as a promising biocontrol agent and provides candidate fungal genes for 86 

targeted RNAi-based crop protection strategies. 87 

 88 

 89 

Keywords: Fusarium graminearum; Fusarium head blight; phytopathogens; RNA-seq; 90 

Biological control agents 91 
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Introduction 93 

Fusarium head blight (FHB), primarily caused by Fusarium graminearum, is a major disease 94 

of cereal crops worldwide. It leads not only to significant yield losses but also to contamination 95 

of grain with mycotoxins, such as deoxynivalenol (DON), which pose serious threats to food 96 

safety, and human and animal health (Wegulo 2012). Traditional approaches to manage FHB 97 

have relied heavily on chemical fungicides and resistant cultivars. However, the emergence of 98 

fungicide resistance, increasing regulatory restrictions on chemical inputs, and the limited 99 

protection conferred by resistant varieties emphasize the urgent need for sustainable alternative 100 

disease management strategies (Lee et al., 2023). 101 

Biological control agents (BCAs), particularly beneficial microorganisms, offer an 102 

environmentally friendly and sustainable strategy for managing FHB (Gao et al., 2016; Zubair 103 

et al., 2021). These agents suppress pathogens through various mechanisms, including 104 

antibiosis, competition for space and nutrients, and the induction of systemic resistance in host 105 

plants (Blake et al. 2021). Compared to chemical fungicides, BCAs are generally 106 

biodegradable and less likely to induce resistance in pathogens. 107 

Within this group, Bacillus species have shown particular promise due to their ability to form 108 

endospores, produce a wide array of secondary metabolites, and survive under a range of 109 

environmental conditions (Abdel-Aziz et al., 2017). 110 

Species such as B. subtilis, B. amyloliquefaciens, B. licheniformis, and B. pumilus have 111 

demonstrated efficacy against various phytopathogens (Karačić et al., 2024). Their antagonistic 112 

activity is largely attributed to the production of antifungal lipopeptides such as iturins, 113 

fengycins, and surfactins that inhibit fungal spore germination, disrupt hyphal integrity, and 114 

interfere with fungal signalling pathways (Ongena et al., 2008). These compounds not only 115 

inhibit fungal growth but also trigger systemic resistance mechanisms in host plants (Ongena 116 

et al., 2007). Some strains also produce volatile organic compounds and enzymes capable of 117 

degrading fungal cell walls or detoxifying fungal metabolites like fusaric acid (Smaoui et al., 118 

2023; Wadhwa et al., 2024). 119 

 120 

Interestingly, recent studies have pointed to the enhanced efficacy of microbial consortia over 121 

single-strain applications (Comite et al., 2021; Nunes et al., 2024; Pérez-Moncada et al., 122 

2024). Carefully selected bacterial-fungal consortia can broaden the spectrum of disease 123 

suppression and increase the reliability of biocontrol under variable environmental conditions. 124 

Arbuscular mycorrhizal fungi (AMF), for example, have been shown to synergize with bacteria 125 
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in activating plant defense pathways and modulating rhizosphere interactions (Whipps 2001; 126 

Kashyap et al., 2024; Weisany, 2024). Furthermore, root-colonizing strains of Bacillus, 127 

particularly those isolated from plant-associated niches, tend to exhibit superior biocontrol 128 

potential and rhizosphere competence. These strains are increasingly being integrated into next 129 

generation bioformulations. 130 

 131 

Despite these advances, interactions between BCAs and target pathogens remain complex and 132 

occasionally contradictory. While Bacillus strains generally suppress F. graminearum growth 133 

and mycotoxin production, certain metabolites such as bacillomycin D have been reported to 134 

inadvertently stimulate DON production in some cases (Gu et al., 2017). These observations 135 

highlight the need for mechanistic investigations that move beyond phenotypic assays to 136 

explore the molecular and transcriptional dynamics of pathogen-antagonist interactions. 137 

 138 

Transcriptomic approaches have proven instrumental in unraveling these dynamics. RNA-seq 139 

analyses have revealed that pre-treatment of plants with Bacillus strains leads to the 140 

upregulation of jasmonic and salicylic acid pathway genes in the host, as well as pathogenesis-141 

related proteins such as PR-1 and PR-10, upon pathogen challenge (Le Henanff   et al., 2009; 142 

Rabari et al., 2023; Gebarowska et al., 2023; Gupta et al., 2024; Zhang et al., 2025). On the 143 

microbial side, transcriptomic profiling has revealed major shifts in  Bacillus metabolic and 144 

regulatory networks during antagonistic interactions, particularly in secondary metabolite 145 

biosynthesis, redox balance, and nutrient metabolism (Medeiros et al., 2011; Wahab et al., 146 

2023). For instance, B. velezensis LZN01 showed significant transcriptional changes when 147 

optimized for antifungal activity against Fusarium oxysporum, with hundreds of genes 148 

involved in primary and secondary metabolism being differentially expressed (Hu et al., 2024; 149 

Assena et al., 2024). 150 

 151 

In our previous work, we identified and characterized the B. velezensis strain EU07, which 152 

exhibited strong antagonistic activity against F. graminearum K1-4 both in vitro antagonism 153 

and in planta infection assays (Jimenez-Quiros et al., 2022). Beyond its antifungal efficacy, 154 

EU07 also promoted plant growth, suggesting its potential as a dual function biopesticide and 155 

plant growth-promoting rhizobacterium (PGPR). Comparative genomic and proteomic 156 

analyses placed EU07 within the B. subtilis species complex and highlighted its unique protein 157 

expression profile relative to commercial strains, indicating distinctive metabolic and 158 

biocontrol capabilities (Baysal et al., 2013; Nikolaidis et al., 2022). 159 
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In the current study, we extend this work by using RNA-seq to profile transcriptomic changes 160 

in F. graminearum K1-4 in response to EU07 treatment. Our aim was to identify differentially 161 

expressed genes (DEGs) associated with key metabolic, regulatory, and virulence pathways. 162 

By characterizing these transcriptional responses, we seek to gain mechanistic insights into the 163 

antifungal activity of EU07 and to pinpoint fungal genes that may serve as candidates for RNA 164 

interference (RNAi)-based control strategies. Understanding how EU07 suppresses F. 165 

graminearum at the molecular level will inform the design of more targeted and effective 166 

biocontrol products.  167 

 168 

Results 169 

Optimising conditions for transcriptomic profiling of F. graminearum treated with B. 170 

velezensis EU07 171 

We conducted a preliminary experiment to identify treatment conditions under which F. 172 

graminearum K1-4 (Fg-K1-4) shows a reproducible physiological response to B. 173 

velezensis EU07, suitable for transcriptomic profiling. 174 

 175 

An exploratory assay was designed to test the effect of different EU07-derived treatments on 176 

fungal morphology. Five conditions were compared: (i) untreated control, (ii) LB broth only, 177 

(iii) whole EU07 culture broth, (iv) cell-free culture supernatant (centrifuged and filtered), and 178 

(v) EU07 bacterial pellet washed and resuspended in sterile water. All treatments were applied 179 

to fungal cultures under identical conditions, each with three biological replicates. 180 

 181 

Morphological changes were assessed 48 h post-treatment. In untreated controls (Figure 1A), 182 

fungal hyphae appeared normal. In contrast, LB broth and all EU07-derived treatments (Figure 183 

1B–E) induced pronounced alterations, including localized swelling and rounded structures 184 

along the hyphae, indicative of stress or disrupted growth. 185 

 186 

Among the tested conditions, washed EU07 cells resuspended in sterile water (E) were selected 187 

for subsequent transcriptomic analysis. This condition (i) consistently elicited a clear 188 

morphological response and (ii) enabled direct bacterial–fungal interactions without 189 

confounding effects from the components of LB broth. 190 

This pilot study established reproducible and biologically relevant conditions for downstream 191 

transcriptomic profiling, providing a robust framework for examining fungal gene expression 192 

during interaction with bacterial cells. 193 
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 194 

DEGs in F. graminearum in response to B. velezensis EU07 195 

RNA sequencing of the six samples generated between 12.4 and 19.0 million clean reads per 196 

library (Supplementary Table 1). The proportion of effective reads exceeded 97% across all 197 

samples, with an error rate consistently below 0.05%. Quality assessment showed that more 198 

than 94% of bases had a Phred quality score above Q30, while the average GC content was 199 

approximately 52%. These metrics confirm that the datasets are of high quality and suitable for 200 

downstream transcriptomic analyses. 201 

Transcriptomic analysis revealed significant differences in gene expression in F. 202 

graminearum exposed to EU07 metabolites (Supplemental Table 2). A number of genes were 203 

significantly downregulated compared to control conditions. Gene Set Enrichment Analysis 204 

(GSEA) indicated consistent suppression of genes across several functional categories (Table 205 

1). 206 

 207 

Heatmap analysis highlighted a clear transcriptomic shift: genes normally downregulated 208 

under control conditions were upregulated following exposure to EU07 metabolites, while 209 

those typically upregulated were suppressed (Figure 2). This pattern suggests a complex 210 

regulatory response, possibly involving compensatory or stress-adaptive mechanisms. 211 

 212 

The 50 most strongly up- and downregulated genes are shown in Figure 3A. Overall gene 213 

expression patterns across treatment replicates are summarised as bar graphs (Figure 3B). 214 

Categorisation of DEGs by biological process, cellular component, and molecular function 215 

revealed logarithmic changes in expression (Table 2). In addition, relationships among DEGs 216 

in four process categories were visualised using principal coordinate analysis, presented as 217 

heatmaps (Figure 3C). 218 

 219 

Functional categorization of the top DEGs and enrichment analysis 220 

Gene expression profiling of F. graminearum exposed to B. velezensis EU07 revealed 221 

widespread transcriptional reprogramming. Application of EU07 cells suppressed 111 genes 222 

and induced 40 genes among 3355 detected transcripts (Figure 3B). The top most 223 

downregulated genes are listed in Table 2. A complete list of DEGs classified by Gene 224 

Ontology (GO) category is provided in Supplementary Table S2. 225 

 226 
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The transcriptional response of F. graminearum to EU07 treatment extended beyond passive 227 

fluctuations, instead reflecting a coordinated adjustment of functional pathways. Several of the 228 

most strongly induced genes encode proteins implicated in extracellular remodeling, 229 

transcriptional regulation, transport, secondary metabolism, and detoxification. For instance, 230 

FGSG_04649, associated with extracellular component restructuring, was upregulated 6.8-231 

fold, suggesting reinforcement of fungal surface defenses or altered interactions with the 232 

external environment. Similarly, FGSG_09354, encoding a zinc finger transcription factor, 233 

upregulated 6.6-fold, consistent with a role in regulatory reprogramming of downstream gene 234 

networks. 235 

Metabolic remodeling was also evident. FGSG_02852 (glycoside hydrolase) was induced 6.5-236 

fold, potentially contributing to carbohydrate degradation or nutrient acquisition. 237 

FGSG_04583, encoding a polyketide synthase, showed a 5.9-fold increase, pointing to 238 

activation of secondary metabolite biosynthesis. Transporter genes FGSG_02851 (ABC 239 

transporter) and FGSG_04074 (MFS transporter) were induced 5.5- and 5.3-fold, respectively, 240 

consistent with altered metabolite trafficking across membranes. In addition, genes involved 241 

in detoxification and redox balance, such as FGSG_04468 (cytochrome P450 monooxygenase) 242 

and FGSG_06068 (aldo/keto reductase), were upregulated by 5.3- and 5.2-fold. Other genes of 243 

less well-characterized function, including FGSG_06536 (l-pipecolate oxidase) and 244 

FGSG_05803, also showed notable induction (5.1- and 4.9-fold). 245 

 246 

In contrast, several genes were strongly repressed, pointing to targeted downregulation of 247 

transport, metabolic, and signalling pathways. FGSG_08196 and FGSG_12519, likely 248 

involved in cellular transport and cell wall processes, were reduced by ~10- and 9.7-fold, 249 

respectively. FGSG_03111, annotated as an amino acid permease/mitochondrial carrier 250 

protein, was downregulated 8.5-fold. Similarly, FGSG_04662 (oxidoreductase), FGSG_12207 251 

(mitochondrial transporter), and FGSG_08375 (serine protease) showed reductions of 7.9-, 252 

7.6-, and 7.2-fold, respectively, while FGSG_11270 (putative kinase) and FGSG_09072 253 

(calcium-binding protein) were repressed by ~7-fold. Downregulation extended to 254 

transcriptional regulators (FGSG_11164, −7-fold) and membrane-associated proteins 255 

(FGSG_11439, −6.9-fold). Two additional genes of unknown function, FGSG_13802 and 256 

FGSG_11146, were reduced 6.8- and 6.5-fold. 257 

We further examined five genes (FGSG_08196, FGSG_12519, FGSG_04649, FGSG_09354, 258 

and FGSG_02852) with the lowest expression levels and found that they are conserved across 259 

multiple Fusarium species (Supplementary File 1). 260 
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 261 

Together, these patterns indicate that EU07 products elicit a dual strategy in F. graminearum: 262 

strong induction of genes associated with defense, metabolic adaptation, and environmental 263 

interaction, accompanied by repression of genes linked to transport, signalling, and energy 264 

metabolism. This coordinated reconfiguration highlights an adaptive transcriptional program, 265 

balancing the costs of stress responses with the need to maintain cellular homeostasis. 266 

 267 

Gene enrichment and network analysis 268 

Pathway enrichment analysis of DEGs revealed associations with virulence-related functions 269 

in F. graminearum. Interestingly, downregulated genes were enriched in the RmlC-like cupin 270 

domain superfamily, while upregulated genes were enriched in amino acid transporters and 271 

permeases (Table 3). These results suggest that EU07 metabolites modulate fungal 272 

transcriptional programs by suppressing cupin-domain proteins and enhancing transport-273 

related functions. 274 

Network analysis using STRING and Cytoscape identified connections between DEGs and 275 

functional clusters. The STRING database linked DEGs to KOG1339 and KOG1721, which 276 

appear to act cooperatively during the fungal response (Figure 4B). GO classification further 277 

supported functional clustering of DEGs within biological process categories (Figure 4A–B; 278 

Supplementary File S2). 279 

Integration of RNA-seq data with the STRING database enabled visualization of gene–gene 280 

relationships within a network framework related to genes showing down regulation in F. 281 

graminearum (Figure 5A). Cytoscape analysis confirmed coordinated expression patterns, 282 

identifying subsets of genes that interact directly or indirectly. Genes without connections were 283 

considered functionally unlinked under the tested conditions (Figure 6B–C). Collectively, 284 

these analyses demonstrate that EU07 treatment induces a coordinated yet selective 285 

reprogramming of F. graminearum transcriptional networks. 286 

 287 

Molecular docking studies 288 

RNA-seq analysis identified several hypothetical protein-coding genes in F. 289 

graminearum with altered expression in response to EU07. Among these, the apolipophorin 290 

protein, implicated in virulence and membrane function, was significantly downregulated. 291 

Given that EU07 produces the lipopeptide iturin, we performed molecular docking to evaluate 292 

potential interactions between iturin and apolipophorin. 293 

 294 
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Docking simulations predicted a stable interaction with a binding energy of −7.2 kcal/mol 295 

(Figure 5B, Supplementary File S3). The complete docking conformation of iturin with 296 

apolipophorin, characterized by helical structures, was investigated, focusing multiple iturin 297 

compound binding events on the target protein. The highest binding energy between 298 

apolipophorin, (receptor) and iturin (ligand) and its coordinates on receptor shown in Figure 299 

5B, Supplementary File S4). The iturin ligand was predicted to interact with multiple residues 300 

of apolipophorin, including GLU68, GLN264, ASP158, LYS60, ASP57, LYS260, TYR108, 301 

ARG112, THR204, LEU211, ASN212, ALA208, and ARG207 (Figure 5C). All predicted 302 

binding poses of ligand on receptor are also shown in Figure 5D. These results suggest that 303 

EU07-derived iturin may directly target apolipophorin, potentially compromising fungal 304 

membrane-associated virulence functions. 305 

 306 

Gene Ontology (GO) classification and integrated network analysis 307 

To assess the functional consequences of transcriptional changes in F. graminearum exposed 308 

to B. velezensis EU07 metabolites, Gene Ontology (GO) classification and network analyses 309 

were performed. DEGs were assigned to Biological Process (BP), Molecular Function (MF), 310 

and Cellular Component (CC) categories. Enrichment was visualized based on –log(P value), 311 

with significant terms including membrane organization, cellular transport, and oxidoreductase 312 

activity (Figure 6A). These categorised point to disruption of fungal homeostasis by bacterial 313 

metabolites. 314 

Two complementary network analyses were conducted. First, a co-expression network was 315 

generated from the most strongly downregulated genes, revealing tightly clustered nodes 316 

associated with virulence, membrane integrity, and stress responses (Figure 6B). This focused 317 

view highlights functional connections among repressed genes. 318 

Second, an integrated interaction network was built from the full RNA-seq dataset in SIF 319 

format (Supplementary File 2), enriched with STRING interactions and visualized in 320 

Cytoscape (Figure 6B). Nodes were coloured according to fold-change direction and 321 

magnitude, enabling visualization of both induced and repressed genes (Figure 6B). Filtering 322 

highlighted subsets of functionally related DEGs, while unconnected nodes represented genes 323 

with no detectable interactions under the tested conditions (Figure 6C). 324 

Together, these analyses provide both a targeted and a global perspective on the transcriptional 325 

reprogramming of F. graminearum in response to EU07.  326 

 327 

Discussion  328 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 10, 2025. ; https://doi.org/10.1101/2025.10.10.681611doi: bioRxiv preprint 

https://doi.org/10.1101/2025.10.10.681611
http://creativecommons.org/licenses/by/4.0/


 

 

Our study demonstrates that exposure of F. graminearum K1-4 (Fg-K1-4) to B. 329 

velezensis EU07 induces pronounced morphological and physiological changes. After 48 h of 330 

treatment, fungal cultures exhibited swollen hyphae and conglobated structures, in contrast to 331 

untreated controls. Comparable stress responses have been reported in filamentous fungi 332 

exposed to Bacillus strains or their metabolites (Baysal et al., 2013; Gong et al., 2015; Patel et 333 

al., 2024). 334 

 335 

Lipopeptides such as fengycins, surfactins, and iturins are known to disrupt fungal membranes. 336 

Deleu et al. (2008) reported concentration-dependent membrane disruption by these 337 

compounds in a DPPC unilamellar vesicle model, with surfactins exhibiting up to 40-fold 338 

greater effects than fengycins. Patel et al. (2024) demonstrated that simple forms of fengycins, 339 

including agrastatin1 and plipastatin A1, induce pore formation in fungal membranes. Baysal 340 

et al. (2013) showed that volatile organic compounds (VOCs) from Bacillus strains, including 341 

EU07, caused distorted, swollen, and disrupted mycelia of F. oxysporum, consistent with our 342 

observations. VOC analysis of EU07 identified a protein (ID 3835), which shares 99% identity 343 

with SAM-dependent methyltransferases, which are typically involves in the methylation of 344 

small molecules critical for metabolism and secondary metabolite biosynthesis (Sun et al., 345 

2020). 346 

 347 

Gong et al. (2015) further demonstrated that purified iturin A and plipastatin A treatments 348 

caused deformation, lateral expansion, and ultrastructural damage to F. graminearum conidia. 349 

Our experiments with Fg-K1-4 treated with EU07, using both broth and bacterial pellet, 350 

produced similar morphological and ultrastructural changes. These findings guided our choice 351 

of EU07 pellet treatment for transcriptomic analysis, ensuring that observed gene expression 352 

changes reflected direct bacterial–fungal interactions rather than medium-related effects. 353 

Sampling at 6 h post-treatment allowed the capture of early transcriptional responses (Schrey 354 

et al., 2005; Gu et al., 2017; He et al., 2017). 355 

 356 

RNA-seq analysis revealed strong downregulation of genes encoding apolipophorin and 357 

proline dehydrogenase (PRODH). Apolipophorin III proteins are exchangeable 358 

apolipoproteins that play critical roles in lipid transport, membrane structure, and fungal 359 

virulence (Wang et al., 2002). PRODH (EC 1.5.5.2) catalyzes the oxidation of L-proline to Δ¹-360 

pyrroline-5-carboxylate and regulates intracellular proline, an osmoprotectant that contributes 361 

to ROS detoxification, mitochondrial protection, and stress tolerance (Rizzi et al., 2017; Ali et 362 
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al., 2018). Δ¹-pyrroline-5-carboxylate dehydrogenase, a downstream mitochondrial enzyme, 363 

also participates in stress mitigation and immune defense. The coordinated downregulation of 364 

these genes indicates that EU07 metabolites compromise fungal membrane integrity, stress 365 

resilience, and metabolic homeostasis. 366 

 367 

Molecular docking supported this mechanism, indicating that EU07-derived iturin binds 368 

apolipophorin with high affinity (−7.2 kcal/mol), interacting with residues GLU68, GLN264, 369 

ASP158, LYS60, ASP57, LYS260, TYR108, ARG112, THR204, LEU211, ASN212, 370 

ALA208, and ARG207 (Figure 5B–D). These interactions suggest that EU07 metabolites may 371 

directly target membrane-associated virulence factors, consistent with the observed 372 

morphological and transcriptomic responses. 373 

 374 

Beyond individual genes, RNA-seq profiling showed coordinated upregulation of genes 375 

involved in amino acid transport, secondary metabolism, and detoxification pathways, 376 

reflecting a multilayered adaptive response to bacterial stress. Functional enrichment and 377 

network analyses confirmed that DEGs cluster in pathways related to virulence, membrane 378 

organization, transport, and stress responses (Figures 5–6). Collectively, these global patterns 379 

highlight the fungal strategy to selectively induce protective pathways while repressing 380 

energetically costly functions, such as mitochondrial transport, serine proteases, and kinases, 381 

under bacterial challenge. 382 

 383 

Spray-induced gene silencing (SIGS, Bilir et al, 2022) has emerged as a promising strategy for 384 

managing F. graminearum and reducing Fusarium head blight (FHB) severity. Field trials 385 

demonstrated that naked aqueous dsRNA sprays targeting core fungal regulatory genes such 386 

as CHS3b and MGV1 significantly reduced both FHB incidence and deoxynivalenol (DON) 387 

accumulation, with two applications achieving over 90% control in some cases (Feng et al, 388 

2025). Similar success has been reported in controlled environments: dsRNA targeting TRI6, 389 

a key transcriptional regulator of trichothecene biosynthesis, reduced gene expression, disease 390 

spread, and DON accumulation on wheat heads under greenhouse and growth chamber 391 

conditions (Hao et al., 2021). Together, these studies confirm the feasibility of SIGS for both 392 

disease and toxin suppression. 393 

Our findings extend this field by identifying novel candidate targets that have not yet been 394 

explored in SIGS applications. Several strongly downregulated genes, including apolipophorin 395 

and PRODH, were functionally linked to virulence and stress responses. These genes, revealed 396 
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through integrated morphological, transcriptomic, and docking analyses, represent previously 397 

untested but potentially valuable targets for RNA-based silencing strategies. Importantly, the 398 

overlap between genes suppressed by EU07 metabolites and those considered viable SIGS 399 

targets suggests complementary avenues for intervention. In line with previous proposals for 400 

engineering plants to express dsRNAs or hairpin RNAs (Morozov et al., 2019), our results 401 

provide a rational framework for prioritizing functionally critical genes. Coupling such 402 

candidate targets with advances in SIGS delivery platforms may accelerate the development of 403 

durable, environmentally sustainable RNA-based strategies for FHB and DON management. 404 

Potential limitations include the use of broth cultures, which may not fully mimic plant-405 

pathogen interactions, and the early time point (6 h) for transcriptomic sampling, which may 406 

not capture longer-term responses. Additionally, some downregulated genes remain 407 

hypothetical, requiring functional validation. Future studies should therefore validate candidate 408 

targets via gene knockouts or RNAi, assess EU07 effects under plant-pathogen conditions, and 409 

evaluate the combined effects of VOCs, lipopeptides, and dsRNA strategies to maximize 410 

biocontrol efficacy. 411 

 412 

In summary, B velezensis EU07 induces profound morphology changes and transcriptional 413 

reprogramming in F. graminearum K1-4. The upregulation of genes linked to secondary 414 

metabolism, transport, and stress adaptation, alongside downregulation of membrane- and 415 

metabolism-related genes, highlights a coordinated fungal defense program under bacterial 416 

metabolites. Molecular docking results suggest that EU07 lipopeptides may directly target 417 

fungal virulence proteins. These insights reveal key mechanisms of bacterial–fungal interaction 418 

and identify candidate genes for targeted RNAi-based control, supporting the potential of EU07 419 

as a sustainable biocontrol agent against FHB. 420 

 421 

Material and Methods  422 

Fusarium graminearum and Bacillus strains 423 

The F. graminearum isolate K1-4 (Fg-K1-4) used in this study was maintained as previously 424 

described by Jimenez-Quiros et al. (2022). The fungus was cultured on potato dextrose agar 425 

(PDA) at 22-24°C and was periodically subcultured on spezieller-nährstoffarmer agar (SNA) 426 

or on 25% strength PDA to reactivate macroconidia production. The B. velezensis strain EU07 427 

used in this study was previously characterized at the genome level by Baysal et al. (2024). 428 

 429 

Dual culture assay for transcriptomics 430 
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To determine the optimal conditions for assessing the effect of Bacillus EU07 on F. 431 

graminearum, 50 mL of potato dextrose (PD) broth was inoculated with 100 µL of 432 

macroconidia adjusted to 106 conidia/ml and incubated at 24°C with agitation (150 rpm) for 433 

two days. Once the fungal cultures exhibited homogeneous growth, they were treated with 434 

either sterile H₂O (control) or Bacillus EU07. Briefly, bacterial broths were grown for 24 hours 435 

at 28˚C (OD600 of 1), and 4 mL aliquots were centrifuged at 4000 rpm for 10 minutes to obtain 436 

a pellet. The supernatant was discarded, and the pellet was resuspended in 4 mL of sterile H₂O 437 

before being added to the fungal cultures. Sterile H2O was used as control. The bacterial-fungal 438 

interaction was allowed to proceed for 6 hours. Following incubation, 2 mL samples were 439 

collected from each flask, transferred into cryogenic tubes, flash-frozen in liquid nitrogen, and 440 

stored at -80°C for further analysis. Three independent biological replicates per treatment were 441 

used (six flasks in total) (Van den Berge et al., 2019). 442 

 443 

RNA isolation and sequencing 444 

Fungal mycelium treated with control and Bacillus was ground in liquid nitrogen using a mortar 445 

and pestle. Total RNA was isolated using TRIzol reagent (Invitrogen, UK) according to the 446 

manufacturer’s instructions. RNA integrity was assessed using an Agilent 2100 Bioanalyser. 447 

RNA samples with RIN ≥7 from treated and untreated Fg-K1-4 were sequenced at Novogene 448 

(UK) on an Illumina platform, with poly-A-captured cDNA libraries (250–300 bp inserts) and 449 

paired-end reads (Q30 ≥ 80%). Quality control was conducted at all stages including sample 450 

assessment, library preparation, and sequencing. The resulting raw reads were used for 451 

subsequent analyses.  452 

 453 

Differential Gene Expression Analysis 454 

The paired-end reads for each sample were imported into the Galaxy software platform (The 455 

Galaxy Community, 2022) and mapped to the reference genome of F. graminarium 456 

(NC_026474.1) using default parameters, except for adjustment of the maximum insert size of 457 

the paired-end library. FastQ data were first processed with optimized trimmomatic tools 458 

(adjusted parameters for MINLEN, LEADING, CROP and HEADCROP settings) to remove 459 

adaptor sequences and low-quality bases (Chen 2023). Subsequently, RNA STAR was used to 460 

generate BAM files from pair-end sequences after MultiQC analysis and then visualized using 461 

Tablet (Hutton Institute ver. 1.21.02.08; Milne et al., 2011). Raw count data from multiple 462 

samples were retrieved and merged into a single matrix using featureCounts. Differential 463 
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expression analysis was performed using the limma-voom pipeline in R (via Sambomics tools) 464 

to estimate gene expression changes and log2 fold-change (logFC) values. The data were 465 

submitted to the iDEP platform for visualization of heatmaps and other gene count-based 466 

analyses (Ge et al., 2020). To identify WP values corresponding to gene IDs, BLAST analyses 467 

were performed. For gene annotation, BLASTx searches (E-value < 1e-3) were conducted 468 

against the NCBI nr database using unigenes as queries. The BLAST results were then 469 

imported into Blast2GO for GO term assignment and functional categorization (Conesa et al., 470 

2005). Genes were considered differentially expressed if they exhibited a fold change of ≥2 or 471 

≤−2, with a false discovery rate (FDR)-adjusted p-value ≤ 0.05. The protein sequences of five 472 

genes with the lowest expression levels were retrieved from the GenBank database. BLASTp 473 

analyses were then performed using the Fusarium taxid to determine whether these genes are 474 

conserved across other Fusarium species. A phylogenetic tree was constructed using the 475 

neighbour-joining method. Gene enrichment analysis was performed using ShinyGO v0.741 476 

(Ge et al., 2020) with the F. graminearum STRINGdb as the reference, and results were 477 

visualized accordingly. 478 

 479 

Enrichment gene interaction map and network analysis 480 

An enrichment map was generated from RNA-seq output data using ShinyGO (Ge et al., 2020), 481 

an open-source platform for functional enrichment and network visualization. In the 482 

enrichment map pathways were represented as nodes, with edges representing shared genes 483 

between pathways, thereby illustrating functional relationships. To investigate gene-gene 484 

interactions both within and across pathways, selected genes were annotated using the STRING 485 

database (http://string-db.org; Szklarczyk et al., 2011). Interaction networks were constructed 486 

and visualised in Cytoscape (Shannon et al., 2003). RNA-seq expression values and 487 

corresponding .SIF files were integrated into Cytoscape to visualize and validate interaction 488 

networks.  489 

 490 

Molecular docking-based virtual screening for protein-ligand interactions   491 

The experimental X-ray diffraction structure of Iturin A and its corresponding protein model, 492 

identified as Apolipophorin based on FASTA sequence translation into amino acids using 493 

ExPASy (www.expasy.org/; Berman et al., 2003), were used for docking studies. Missing 494 

residues were added with PyMOL’s builder plugin (v2.5.0), and loop regions containing these 495 

residues were refined using MODELLER (v10.1) (Webb and Sali, 2016; PyMOL Molecular 496 

Graphics System, 2023). The structure was further processed by removing all heteroatoms 497 
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except those associated with cofactors, introducing polar hydrogen atoms as required, and 498 

assigning Kollman charges (Morris et al., 2009). 499 

A grid box (17 Å × 24 Å × 24 Å) was defined to cover the predictive active site of the modelled 500 

structure. Virtual screening was then performed to assess interactions between the Iturin A 501 

ligand and the target protein within the predefined grid. Docking simulations were conducted 502 

with an exhaustiveness level of 64 using AutoDock Vina (v1.1.2) (Trott and Olson, 2010). 503 

Ligands with the highest binding affinity scores were selected for further evaluation under the 504 

same docking configuration. 505 

 506 

Protein-ligand interaction profiling 507 

The best docking pose of the ligand was loaded with the simulated protein structure into 508 

PyMOL, and all residues within 4 Å of the compound were visualized to identify potential 509 

hydrophobic interactions, hydrogen bonds, and ionic interactions. Predicted interactions were 510 

cross-validated using TU Dresden’s Protein–Ligand Interaction Profiler (PLIP) webserver, and 511 

only interactions confirmed by both manual inspection and PLIP analysis were considered 512 

(Salentin et al., 2015). 513 

 514 
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 722 

FIGURE LEGENDS 723 

Figure 1. Morphological effects of B. velezensis EU07-derived treatments on F. 724 

graminearum. Cultures were treated under four different conditions: A) Control-no treatment, 725 

B) LB broth only, C) Whole EU07 culture broth, D) Cell-free EU07 supernatant (centrifuged 726 

and 0.22 µm-filtered), and E) EU07 bacterial pellet washed and resuspended in sterile water. 727 

Scale bars = 50 µm. Circles indicate thick, rounded hyphal regions. 728 

 729 

Figure 2. Heatmap of DEGs in F. graminearum treated with B. velezensis EU07. The 730 

heatmap shows genes significantly up- or downregulated in F. graminearum following 731 

exposure to metabolites secreted by B. velezensis EU07. Rows represent genes and columns 732 

represent biological replicates. Colour intensity reflects normalized expression levels (red: 733 

upregulated, blue: downregulated). Hierarchical clustering highlights co-expression patterns. 734 

Only genes with ≥2-fold change and false discovery rate (FDR) < 0.05 are shown. 735 

 736 

Figure 3. Transcriptomic responses of F. graminearum to metabolites of B. velezensis 737 

EU07. A) Heatmap showing the most variably expressed genes in F. graminearum following 738 

exposure to EU0-derived metabolites. B) Bar chart summarizing the number of DEGs, 739 

categorized by upregulation and downregulation. C) Principal Coordinate Analysis (PCoA) 740 

displaying clustering of metabolic processes associated with DEGs in F. graminearum upon 741 

exposure to EU07-derived metabolites.  742 

 743 

Figure 4. Functional categorization of DEGs in F. graminearum in response to B. 744 

velezensis EU07 metabolites. A) GO classification of DEGs associated with biological 745 

process.  The bar plot displays enriched GO terms, categorized by process type (e.g., metabolic 746 

process, cellular process, response to stimulus). Bars are color-coded: blue for upregulated 747 
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genes, red for downregulated genes. The enrichment significance threshold was set at p ≤ 0.05 748 

with a false discovery rate (FDR) < 0.05. The number of genes contributing to each GO 749 

category is indicated on top of each bar. B) KOG functional classification of DEGs, derived 750 

from STRING database annotation and validated by RNA-seq expression data. Functional 751 

categories are represented by bars, with color codes indicating expression direction: green for 752 

upregulated, orange for downregulated. Statistical significance was assessed using adjusted p-753 

values (Benjamini-Hochberg correction, q < 0.05).  754 

 755 

Figure 5. Molecular interaction between B. velezensis EU07-derived Iturin and F. 756 

graminearum virulence-associated proteins.  A) Gene co-expression network of the top 10 757 

most significantly downregulated genes in Fusarium graminearum exposed to EU07 758 

metabolites, indicating hub genes potentially involved in virulence suppression. B) 3D 759 

molecular docking model showing the binding of Iturin (ligand) to the Apolipophorin protein 760 

(receptor). C) 2D interaction diagram illustrating the key amino acid residues (GLU68, 761 

GLN264, ASP158, LYS60, ASP57, LYS260, TYR108, ARG112, THR204, LEU211, 762 

ASN212, ALA208, ARG207) involved in the Iturin- Apolipophorin binding interface. D) 3D 763 

visulasation of all possible ligand conformations, showing the flexibility and binding hotspot 764 

regions of Iturin on the Apoliphorin surface.  765 

 766 

Figure 6. Functional classification and gene network analyses of F. graminearum DEGs 767 

following exposure to B. velezensis EU07 metabolites A) GO classification of DEGs in F. 768 

ggraminearum following treatment with the B. velezensis EU07 metabolites. Categories 769 

include Cellular Component (CC), Biological Process (BP), and Molecular Function (MF). 770 

Bars represent enrichment significance as – log (P value). B) Co-expression network of the 771 

most significantly down-regulated genes, illustrating gene clustering and potential functional 772 

interactions.  C) Integrated gene interaction network constructed using RNAseq data (SIF 773 

format) and String database annotations, visualized via Cytoscape. The colour changes on each 774 

node represents the specific expressed gene folding (up/down regulated) of F. graminearum 775 

upon exposure to EU07 metabolites. 776 

 777 

 778 

 779 

 780 

 781 
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List of Tables 786 

 787 

Table 1. Enriched pathways among DEGs in F. graminearum exposed to B. velezensis EU07 788 

metabolites. 789 

Direction adj. P-value nGenes Enriched pathway/domain 

Downregulated 1.2 × 10⁻³ 5 RmlC-like cupin domain superfamily 

Upregulated 4.8 × 10⁻⁴ 3 Amino acid transporter, transmembrane domain 

Upregulated 1.0 × 10⁻² 2 Amino acid permease / SLC12A domain 

 790 

 791 

Table 2.  Genes downregulated in F. graminearum upon exposure to B. velezensis EU07 792 

products and their associated protein families. 793 

Protein Domain Family  EU07 vs Control 

(Fold Change)  

Number of 

genes  

Adjusted P-

value 

Major Facilitator Superfamily -4.3179 120 8.3e-04 

Enoyl Acyl carrier protein reductase -4.1489 57 1.2e-03 

Short chain dehydrogenase -3.9078 63 1.8e-03 

KR domain -3.4256 47 8.1e-03 

Sugar and other transporter -3.2979 52 8.1e-03 

Fungal Zn 2 Cys 6 binuclear cluster domain -3.2788 70 8.1e-03 

Fungal specific transcription factor domain -3.0362 60 1.5e-02 

Fungal specific transcription factor domain -2.6606 26 4.7e-02 

NADP binding Rossmann like domain -2.3874 32 8.0e-02 

Cytochrome P450 -2.2888 35 9.1e-02 

FAD binding.domain -2.1502 23 1.2e-01 

NADPH binding. -2.036 23 1.4e-01 
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ABC transporter -1.9986 23 1.4e-01 

Heterokaryon incompatibility protein HET. -1.9432 33 1.5e-01 

 794 

 795 

Table 3. Gene enrichment analysis of F. graminearum in response to B. velezensis EU07 796 

metabolites and associated functional pathways based on RNA-seq data.  797 

Enrichment 

FDR n Genes 
Pathway 

Genes 
Fold 

Enrichment Pathway 
Gene 

IDs    

0.005894478 2 11 119.6363636 Proline metabolic process FG03073.1 FG03076.1 

0.042333332 1 11 59.81818182 
Tyrosine catabolic process, and xylose 

isomerase-like tim barrel FG02852.1   

0.042333332 1 11 59.81818182 
Mixed, incl. ammonia transport, and amino acid 

permease, fungi FG03111.1   

0.042333332 1 11 59.81818182 Mitochondrial carrier protein, and Jlp2/Ccd25 FG08375.1   

0.042333332 1 11 59.81818182 
Mixed, incl. peptidase m43, pregnancy-

associated plasma-a, and asexual sporulation FG03706.1   

0.054293131 1 15 43.86666667 
Mixed, incl. sporocarp development involved in 

asexual reproduction, and ccdc97-like FG04074.1   

0.054293131 1 16 41.125 
Amino acid permease/ SLC12A domain, and 

Ammonia transport FG03111.1   

0.008423838 2 34 38.70588235 
Glutamine family amino acid biosynthetic 

process, and ureohydrolase FG03073.1 FG03076.1 

0.054293131 1 17 38.70588235 
Mostly uncharacterized, incl. peptidase m43, 

pregnancy-associated plasma-a, and hydrophobin FG03706.1   

0.054293131 1 17 38.70588235 
Mixed, incl. sarcosine oxidase activity, and 

threonine aldolase activity FG06536.1   

0.063125941 1 22 29.90909091 
Mixed, incl. mitochondrial carrier protein, and 3-

hydroxyacyl-coa dehydrogenase activity FG08375.1   

0.063125941 1 23 28.60869565 
Fumarylacetoacetase-like, C-terminal, and 

tyrosine catabolic process FG02852.1   

0.063125941 1 24 27.41666667 
Mixed, incl. velvet factor, and peptidase m43, 

pregnancy-associated plasma-a FG03706.1   

0.063125941 1 24 27.41666667 
Mixed, incl. aminotransferase class-iii, and 

pyridoxal phosphate-dependent decarboxylase FG09723.1   

0.063520185 1 25 26.32 
Peptidase family A1 domain, and Serine 

carboxypeptidase FG11164.1   
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0.064540527 1 28 23.5 
Mixed, incl. nucleoid, and mitochondrial carrier 

protein FG08375.1   

0.006373754 3 90 21.93333333 
Glutamine family amino acid metabolic process, 

and pyridoxal phosphate-dependent transferase 
FG03073.1 FG09723.1 

FG03076.1 

0.025851639 2 68 19.35294118 
Amino acid permease, and ubiquitin protein 

ligase binding FG03111.1 FG06551.1 

0.006373754 3 119 16.58823529 
Mixed, incl. amino acid permease, and 

mitochondrial carrier protein 
FG03111.1 FG06551.1 

FG0875.1 

0.086211684 1 40 16.45 

Mostly uncharacterized, incl. sporocarp 

development involved in asexual reproduction, 

and protein of FG04074.1   

 798 
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Figure 1. Morphological effects of B. velezensis EU07-derived 


treatments on F. graminearum. 
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Figure 2. Heatmap visualization of gene expression

levels of the genes showing up- down regulation 

in F. graminearum upon treatment with B. velezensis EU07. 
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A B C

Figure 3. Transcriptomic responses of F. graminearum to metabolites of B. velezensis EU07. A) Heatmap showing the most variably expressed genes in F. graminearum following exposure to EU0-derived metabolites.  
B) Bar chart summarizing the number of DEGs, categorized by upregulation and downregulation. C) Principal Coordinate Analysis (PCoA) displaying clustering of metabolic processes associated with DEGs in  
F. graminearum upon exposure to EU07-derived metabolites.  
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A B

Figure 4. Functional categorization of DEGs in F. graminearum in response to B. velezensis EU07 metabolites. 
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Figure 5. Molecular interaction between B. velezensis EU07-derived Iturin and F. graminearum virulence-associated proteins.   
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CC: Cellular component, BP: Biological Process, MF: Molecular Function

A C

B

Figure 6. Functional classification and gene network analyses of F. graminearum DEGs following exposure to  
B. velezensis EU07 metabolites 
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