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ABSTRACT

Biosynthetic gene clusters (BGCs) are often found in fungal pathogens and encode secondary (or
specialized) metabolites that play crucial roles in host and niche adaptation. However, the regulatory
dynamics and functions of these BGCs during host infection remain largely unknown. To address this gap,
we employed interspecies comparative transcriptomics to identify BGCs involved in host-pathogen
interactions mediated by the Fusarium graminearum species complex (FGSC). We conducted joint
transcriptomic and metabolomic analyses during wheat infection and in vitro experiments with five
members of the FGSC to understand gene regulation during host infection. Our findings revealed that
expression regulation was predominantly species-specific, but we also identified a set of shared upregulated
genes that were common to all five FGSC species showing enrichment for metabolic and pathogenicity-
associated functions. We focused on jointly upregulated BGC during infection and identified a NRPS-like
gene cluster named SM3. The cluster was highly conserved within FGSC and shared by the more distant F.
sambucinum species complex. We show that inactivation of the BGC core gene significantly impairs £
graminearum sensu stricto (s.s.) spore production, reduces fungal spread and Fusarium Head Blight
symptoms on wheat kernels. Our results highlight that comparative infection transcriptomes can reveal

conserved metabolic functions mediating the host infection process of a plant pathogen.
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INTRODUCTION

Secondary or specialized metabolites (SM) play a pivotal role in mediating interactions between fungal
pathogens and their host, fueling an evolutionary “arms race” (Maor & Shirasu, 2005), yet most SM
functions remain largely unknown (Rokas et al., 2020). SMs typically encode metabolic pathways that are
dispensable for basic cellular survival but provide accessory characteristics enabling organisms to more
effectively adapt to ecological pressures (Rokas et al., 2018), promote defense mechanisms (Cordero and
Casadevall 2017; Won et al. 2022), secure nutrition (Harrison et al., 2022) and promote virulence (Kessler
et al., 2020; Patron et al., 2007; Proctor et al., 2018; Yamada et al., 2000). For example, HC-toxin is a cyclic
tetra-peptide that functions as a virulence factor for the fungus Cochliobolus carbonum during maize
infection (Brosch et al. 1995). Similarly, deletion of the metabolites botcinic acid and botrydial significant
hampers infection by Botrytis cinerea in tomato crops (Deighton et al., 2001). Genes involved in SM
biosynthesis are generally clustered as a biosynthetic gene cluster (BGC) with each gene encoding a
specialized biosynthetic function (Niitzmann et al., 2018; Rokas et al., 2020). BGCs encode pathways to
produce primarily four main chemical classes: polyketides (PKS), non-ribosomal peptides (NRPS),
terpenes and indole alkaloids or hybrids thereof. The core biosynthetic gene encodes for the backbone
chemical structure of the metabolite while tailoring genes with diverse enzymatic functions modify, regulate

or transport the secreted metabolite outside the cell (Keller, 2019).

Phylogenetic conservation of metabolic processes facilitates the search for targets with relevant cellular
functions (Ebert et al., 2019; Peregrin-Alvarez et al., 2009). Conserved BGCs often indicate critical
metabolic processes (Arulprakasam & Dharumadurai, 2021; De Jonge et al., 2018; Klassen, 2010; Rank et
al., 2011), that interconnect with the primary metabolism (Garcia-Estrada et al., 2018; J. K. Hicks et al.,
1997; Wilkinson et al., 2004) and play key roles in fungal growth, development and pathogenesis (Calvo et
al., 2002). However, regulation and production of SMs vary significantly among species (Amos et al.,
2017), which can pose challenges for effective metabolite discovery. The activation of BGCs is a

multifaceted process influenced by a complex network of local and master modulators (Keller, 2019). These
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modulators respond to environmental cues such as temperature, light, pH, and nutrient availability (Cervini
etal., 2021; Espeso & Pefalva, 1996; Won et al., 2022). Genetic variation and epigenetic mechanisms often
impact the regulation of metabolic pathways (Atanasoff-Kardjalieff & Studt, 2022). Furthermore, species-
specific and niche adaptations introduce an additional layer of complexity when studying SM activation
under laboratory conditions (Boutigny et al., 2011; Drott et al., 2021; Harris et al., 2016; Takahashi et al.,
2021). Highly conserved BGCs tend to be more expressed than less conserved clusters (Amos et al., 2017).
Under such a scenario, conserved regulation across species during host infection could serve as an effective
method for identifying relevant targets in pathogenic interactions (Amos et al., 2017). Such cross-species
comparative transcriptomics has successful identified genes related with nitrate assimilation in fungi (J. C.
Nielsen et al., 2019), phagosome maturation in plants (Bruno et al., 2021) and oxidative stress in bacteria

(Giraud-Gatineau et al. 2024).

The Fusarium graminearum species complex (FGSC) comprises a major group of 17 fungal pathogen
species affecting small cereals, including wheat, barley, and rice (van der Lee et al., 2015). They can cause
a wide range of diseases, including seedling blight, crown rot, and Fusarium Head Blight (FHB) with F.
graminearum s.s. the most prevalent species within the complex (van der Lee et al., 2015). Despite their
genetic similarity (Wang et al., 2011), species exhibit remarkable diversity in terms of aggressiveness, host
preference, and geographic distribution (de Chaves et al., 2022; Gomes et al., 2015; H. Zhang et al., 2012).
Hence, species of the FGSC provide an ideal model system to investigate shared regulatory elements
involved in the host infection process. FGSC is a major concern for global food safety due to their ability
to produce mycotoxins, toxic SM in food and feed (Johns et al., 2022). Despite ongoing efforts, successful
management of FGSC damage remains challenging. Fungicide resistance has steadily increased over the
years (de Chaves et al., 2022), and some FGSC members remain insensitive to current control treatments
(Yang et al., 2018). SMs play a crucial role in the pathogenicity of FGSC members. Deoxynivalenol, a
member of the trichothecene mycotoxin group, acts as a major virulence factor following initial infection

of wheat plants, facilitating the spread of the fungus within the rachis of wheat spikelets in F. gramineaum
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91  (Walter et al., 2010). Recently, the nonribosomal peptide fusaoctaxin A was identified as contributing to
92  cell-to-cell invasion in F. graminearum s.s. (Jia et al., 2019). Some SM functions remain elusive including,
93  for example, gibepyrone, a highly conserved type I PKS (PKSS8) gene cluster across the Fusarium genus
94  (Brown et al., 2022; Tralamazza et al., 2019). Evidence supports a moderate in vitro antimicrobial and
95  parasitic activity (Barrero et al., 1993; Bogner et al., 2017; Janevska et al., 2016), yet the BGC’s contribution
96  during infection remains poorly explored. Despite the importance of FGSC, research on pathogenicity
97  factors remains predominantly focused on a single species, F. graminearum sensu strico (s. s.) (Brauer et
98 al., 2020; Harris et al., 2016; Stephens et al., 2008; Tu et al., 2023). Furthermore, the majority of SMs
99  encoded among FGSC genomes remain without known functions (Brown & Proctor, 2016; Sieber et al.,

100  2014; Tralamazza et al., 2019).

101  Here, we used comparative transcriptomics in standardized environments across five FGSC members to
102  determine the degree of co-regulation of SMs during host infection. We then focused on co-regulated BGCs
103  across species as a strategy to uncover most likely candidates for BGCs associated with disease
104  development. We tested the impact of the metabolite gibepyrone (PKS8/SM20) on virulence of F
105  cortaderiae and found no evidence of any infection impairment. Our approach led to the discovery of a
106  NRPS BGCs named SM3. The BGC deletion significantly impaired F. graminearum s.s. spore production,

107  markedly reduced fungal spread and Fusarium Head Blight symptoms in wheat kernels.

108

109 METHODS

110  FGSC genome annotation

111  We performed comparative genomics analyses with 16 FGSC species and three sister species belonging to
112 the Fusarium sambucinum species complex (Supplementary Table S1). We annotated the genomes of the
113 FGSC species, except for the previously annotated F. graminearum s.s. (PH1 - NRRL 31084) (King et al.,

114 2017), F. meridionale (Fmerl52), F. cortaderiae (Fcor30FRS), F. austroamericanum (Faus154) and F.
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115  asiaticum (NRRL 6101) genomes (Tralamazza et al., 2019). Genes were predicted with Augustus v.2.5.5
116  (Stanke & Morgenstern, 2005) based on the pretrained gene prediction database for the F. graminearum s.s.
117  genome. Functional gene prediction was performed with Predector v.1.2.7 tool (Jones et al., 2021).
118  Biosynthetic gene clusters (BGC) were predicted with antiSMASH v.7.0 (Blin et al., 2023) and a BGC
119  pangenome was constructed based on the mapping of the biosynthetic-core gene (backbone) against all
120  other genomes. BLASTp v.2.8 (Camacho et al., 2009) local alignment search (Blastp with default

121  parameters) was performed and matches with the highest bitscores were retrieved.

122

123 FGSC phylogenomic analyses

124 We used single-copy orthologs conserved among all strains to build a phylogenomic tree. Orthology
125  analyses across species were performed with Orthofinder v.2.2 (Emms & Kelly, 2019). Orthologues
126  sequence alignment was performed using MAFFT v.7.3 (Katoh et al., 2017) with parameters —maxiterate
127 1000 —localpair. We used RAXML v.8.2.12 (Stamatakis, 2014) to construct a maximum-likelihood
128  phylogenetic tree for each alignment with parameters -m PROTGAMMAAUTO and bootstrap of 100
129  replicates). The final phylogenomic tree was constructed using Astral III v.5.1.1 (C. Zhang et al., 2017)
130  which uses the coalescent model and estimates a species tree given a set of unrooted gene trees. Figtree

131  v.1.4.0 was used for tree visualization (Rambaut A., 2009).

132

133 Seedling infection assay

134  RNA-seq and metabolome analyses were performed on fungal mycelium grown in vitro and in planta for
135  five species of the FGSC (F graminearum s.s., F. meridionale, F. cortaderiae, F. asiaticum and F.
136  austroamericanum). Each species was grown in a Petri dish containing V8 agar rich medium (10g agar, 30
137  mM CaCOs, 20%, v/v, vegetable juice; Campbell Food, Puurs, Belgium) for four days at 25°C. After

138  culturing, the mycelium was transferred to a 100 ml mung bean liquid mediumClick or tap here to enter
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139  text. and agitated at 170 rpm for five days at 25°C. Next, the medium was filtered, and spores counted using
140  ahemocytometer. A 10° per ml spore solution was prepared for the following infection procedure. For RNA-
141  seq in culture strains were inoculated from spore solutions in yeast sucrose agar medium for 72h at 25°C
142 until RNA extraction. For in planta assays, wheat coleoptiles with intermediate susceptibility to FHB
143 (cultivar CH Combin, harvest 2018-2019) were infected with each strain individually according to (Zhang
144 et al. 2012). Briefly, wheat seeds were soaked in sterilized water for germination in a culture chamber at
145  25°C with a 12h white light cycle and 93% humidity. After 3 days of germination, the tip of the coleoptile
146 was cut and 10pul of the spore solution was used for inoculation. Coleoptiles were collected 96h after
147  inoculation (approximately 0.4 mm lesion size) and processed for RNA and metabolome extraction. All in
148  planta assays were performed in triplicates and each replicate was composed of a pool of 24 infected
149  seedlings to obtain sufficient material and homogenized infection conditions.

150

151  RNA extraction and sequencing

152  RNA analyses were performed previously (Tralamazza et al. 2022). Briefly, RNA extraction was performed
153  using the NucleoSpin RNA Plant and Fungi kit (Macherey-Nagel GmbH & Co. KG, Diiren, Germany)
154  according to the manufacture’s recommendation. The RNA quality was assessed using a Qubit
155  (ThermoFisher Scientific, Waltham, USA) and an Agilent Bioanalyzer 2100 (Agilent Technologies). The
156 NEB Next® Ultra™ RNA Library Prep kit based on the polyA method was used for RNA library
157  preparation. Samples were sequenced on a NovaSeq 6000 system (Illumina Inc.) and 150 bp paired-end
158  reads were generated. Library preparation and sequencing was performed by Novogene Inc. [llumina raw
159 reads were trimmed and filtered for adapter contamination using Trimmomatic v. 0.32 (parameters:
160 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36) (Bolger et al., 2014). Filtered reads
161  were aligned using Hisat2 v. 2.0.4 with default parameters (Kim et al., 2019) to the Fusarium graminearum
162  PH-1 reference genome (King et al., 2017). Mapped transcripts were quantified using HTSeq-count (Anders
163  etal., 2015). Next, reads counts were processed as counts per million (CPM) and normalized by the TMM

164  method using the calcNormFactors function in the R package edgeR (Robinson et al., 2010). To account
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165  for gene length, we calculated reads per kilobase per million mapped reads (RPKM) values. Differential
166  gene expression (DGEs) was assessed based on the decideTests function with the default options of the
167  limma v. 3.42.0 R package (Ritchie et al., 2015). DGE was defined as transcripts with a fold-change in
168  expression level greater than 2.0 RPKM and a g-value < 0.05. To compare DGEs among FGSC for effects
169  on host infection, we used the curated PHI-base and selected F. graminearum s.s. as the focal species.
170  Duplicated gene targets were removed. Pathogenicity-affected phenotypes included increased/reduced

171  virulence, loss of pathogenicity, and lethality.

172

173 Metabolome extraction

174  We performed an untargeted metabolome analysis of the five FGSC species under in vitro culture and in
175  planta condition. For in vitro conditions, isolates were grown on YSA medium plates (Sigma Aldrich) in
176  triplicates for 4 days at 25°C. For in planta analyses, we performed the seedling coleoptile infection assay
177  as previously described with 3-6 biological replicates per isolate. Extractions were performed with 15 mg
178  of material (mycelia or plant coleoptile) in 2 ml screw tubes with two metal beads (3.2mm) each and kept
179  at -80°C. The material was ground in a Qiagen Tissue Lyser at 30Hz for 10 sec. Then, 0.15 ml solution of
180  H;O:methanol:formic acid (20:80:0.1, v/v) was added and shaken for 3 min at 30Hz. Tubes were
181  centrifuged at 12°000 g for 2.5 min and the supernatant was collected. Centrifugation was repeated and 100

182  pL of the supernatant was placed in an HPLC vial for metabolomic analysis.

183

184  Untargeted metabolite profiling

185  Metabolome analyses were carried out by UHPLC-HRMS using an Acquity UPLC coupled to a Synapt G2
186  QTOF mass spectrometer (Waters). An Acquity UPLC HSS T3 column (100x2.1mm, 1.8 um; Waters) was
187  employed at a flow rate of 500 pl/min and maintained at a temperature of 40°C. The following gradient

188  with 0.05% formic acid in water as mobile phase A and 0.05% formic acid in acetonitrile as mobile phase
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189 B was applied: 0-100 % B for 10 min, holding at 100% B for 2.0 min, re-equilibration at 0% B for 3.0 min.
190  The injection volume was 2.5 pul. The QTOF was operated in electrospray positive mode using data-
191  independent acquisition (DIA) alternating between two acquisitions functions, one at low and another at
192  high fragmentation energies. Mass spectrometry parameters were as follows: mass range 50-1200 Da, scan
193  time 0.2 s, source temperature 120°C, capillary voltage 2.5 kV, cone voltage 25V, desolvation gas flow and
194  temperature 900 L/h and 400°C, respectively, cone gas flow 20 L/h, collision energy 4 eV (low energy
195  acquisition function) or 15-50 eV (high energy acquisition function). A 500 ng/ml solution of the synthetic
196  peptide leucine-enkephaline was infused constantly into the mass spectrometer as internal reference to
197  ensure accurate mass measurements (<2ppm). Standards for deoxynivalenol, zearalenone and nivalenol
198  were used as reference (Sigma Aldrich, Inc.). Data was recorded by Masslynx v.4.1 (Waters, Inc.). Marker
199  detection was performed using Markerlynx XS (Waters, Inc.) with the following parameters: initial and
200 final retention time 1.5 and 10.0 min, mass range 85-1200 Da, mass window 0.02 Da, retention time window
201  0.08 min, intensity threshold 500 counts, automatic peak width and peak-to-peak baseline noise calculation,
202  deisotoping applied. Data was mean-centered and Pareto scaled before applying multivariate analyses.
203  Markers of interest were characterized using the mass spectral database spectra database MassBank

204 (https://massbank.eu) and PubChem database.

205

206  Biosynthetic gene cluster deletion assay

207  F graminearum and F. cortaderiae were grown for 4 days in 20 mL in potato-dextrose broth. Genomic
208  DNA was extracted from 100 mg lyophilized tissue applying the FastDNA SPIN Kit for Soil (MP
209  Biomedicals) with the Lysing Matrix E and a Bead Mill 24 Homogenizer (Fisher scientific). For the targeted
210  genes, flanking sequences of between 810-1463 nucleotides were PCR-amplified by the Phusion Hot Start
211  II DNA Polymerase (ThermoFisher, Inc.) following the manufacturer’s guidelines using primers
212 comprising additional 20-nucleotide tails for plasmid assembly. Primers for vector construction Eurofins

213 Genomics (Ebersberg, Germany) were designed using Primer3Plus (Supplementary Table S2). For plasmid
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214 construction, primers FO71 and FO72 were used for amplification of the Aph gene from pRF-HU2 (Frandsen
215 et al. 2012) comprising the hygromycin resistance gene (4ph) under control of the Aspergillus nidulans
216  trpC promoter and terminator. Primers FO73 and F074 were used to amplify the plasmid backbone from
217  pSHUT3-32 (M. R. Nielsen et al., 2019) comprising replication origins for bacteria (oriV, trfA) and yeast
218  (CEN/ARS) together with kanamycin resistance gene (kan) for selection in bacteria and the auxotrophic
219  selection marker URA3 for selection in yeast. Up and Down fragments were evaluated by 1% gel
220  electrophoresis and purified using the QIAquick PCR purification Kit (Qiagen). The Aph cassette and vector
221 backbone PCR reactions were treated with Dpnl (ThermoFisher ER1701) following the manufacturer’s
222  instructions. For vector assembly, 0.2 pmol of each of the four fragments (backbone, hph cassette, Up,
223 Down) were mixed for every construct and transformed into competent spheroplasts of S. cerevisiae
224 BY4743 using the LiAc/ssDNA/PEG method (Gietz & Schiestl 2007). Overhangs included in primers used
225  for PCR amplification of Up and Down fragments comprised nucleotides identical to the 5°- and 3’-ends
226  of both plasmid backbone and Aph fragments and acted as template for in vivo homologous recombination.
227  The transformation mix was selected for 2 days at 30 °C on Yeast Synthethic Drop-out agar without uracil
228  (Sigma Aldrich Y1501) with added yeast nitrogen base without amino acids (Sigma Aldrich Y0626) and 2
229 % glucose. From each transformation reaction plate single colonies were inoculated in 5 mL YEPD medium
230 (1 % Yeast extract, 2 % peptone, 2 % glucose) and grown overnight at 30 °C, 180 rpm. The yeast cells were
231  centrifuged, and the pellets resuspended in 250 ul P1 buffer (50 mM Tris-HCI, 10 mM EDTA, 100 pg/mL
232 RNase A), added 5 pl Zymolase solution (10 mg/mL Zymolase 20T from Arthrobacter luteus MP
233 Biomedicals, 25 % glycerol, 50 mM Tris-HCl) and incubated at 37 °C for one hour before purifying the
234 plasmid using the QIAprep Spin Miniprep Kit, following the manufacturer’s guidelines. All plasmids were
235  transformed into chemically competent E. coli XL-1 Blue cells by heat shock transformation and selected
236  on LB agar containing 50 pg/mL kanamycin. Single colony isolates were streaked on fresh selective plates
237  and the isolated constructs were validated using PCR with primers G056 / G057 to test for presence of the
238  hph gene, and C090/G058 and G059/C093 to confirm the intended recombination between the four

239  fragments (Supplementary Figure S1A).
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240

241  Agrobacterium tumefaciens-mediated transformation (ATMT) was performed as described previously
242 (Malz et al., 2005) with modifications according to (Frandsen et al., 2012). Agrobacterium strains carrying
243  pKO-X vectors were inoculated in 10 mL IMAS medium (40 mM MES, 0.2mM acetosyringone, 0.2%
244 glucose, 0.5% glycerol, 11 mM KH,POs, 12 mM KoHPO4, 2.6 mM NaCl, 2 mM MgSO,-7H>0, 0.44 mM
245  CaCly'2H>0, 0.01 mM FeSO4-7H,0, 3.8 mM (NH4)2SO4) from overnight cultures in selective LB and
246 grown at 28 °C while shaking at 100 rpm until an OD600 of 0.6-0.7 was reached. 1 mL of IMAS culture
247  was diluted 1:1 with fungal macroconidia resulting in a final concentration of 10° spores /mL. This co-
248  cultivation mix was spread on top black filter papers placed on top of 10 IMAS agar plates, resulting in
249  2*10° spores per plate. The co-cultivation was incubated at 25 °C in darkness for 3 days before the filters
250  were transferred carefully to fresh Defined Fusarium Medium agar containing 300 pg/mL cefoxitin and
251 150 pg/mL hygromycin B using sterile tweezers. Filters were transferred to Czapek Dox agar containing
252 150 pg/mL hygromycin B. All putative transformants were isolated on individual plates and re-streaked
253  twice on selective agar before performing colony PCR evaluating the integrity of the T-DNA inserts
254  (Supplementary Figure S1B).

255
256  Mutant phenotyping assays

257  Isolates were pre-grown on V8 culture plates for 3 days at 30°C. For in vitro mycelia radial growth assays,
258 5 mm agar plugs were inoculated in rich media (Fusarium complete medium (FCM, (Pontecorvo et al.
259  1953), V8 and in Minimal medium (Synthetic ICI supplemented with 6 mM glutamine (Geissman et al.,
260  1966) in duplicate. For in vitro spore radial growth assays, 5 mm agar plugs were inoculated in 50 mL mung
261  bean broth in the case of Fc and Fg was cultivated in liquid carboxymethyl cellulose (CMC) (Cappellini &
262 Peterson, 1965) in 300 mL Erlenmeyer flasks with baffles were incubated at 160 rpm, at 30 °C for four
263  days. A total of a thousand conidia were inoculated in V8, FCM and ICI media for 4 days at 30°C in the

264  dark. For conidiospore counting, we inoculated two 5 mm agar plugs in 50 mL mung bean broth or CMC
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265  for Fc and Fg, respectively in 300 mL Erlenmeyer flasks with baffles at 160 rpm shaking at 30 °C for four

266  days.

267

268  Fusarium Head Blight assay

269  For the infection assay we used dwarf hard red spring wheat USU Apogee wheat (Triticum aestivum cv.
270  USU-Apogee; Reg.no CV-840, PI592742) susceptible to FHB. Infection assays were performed as
271  previously described (Studt et al., 2017). Briefly, during the anthesis phase two spikelets of at least five
272  individual wheat heads were inoculated with 1,000 conidia each. As a control, at least three individual wheat
273 ears were treated with sterile water only. After inoculation the treated plantlets were covered with a
274  moistened plastic bag for 24 h to retain high humidity and incubated for 14 days at 20°C, 70 % humidity
275  for 18 h light and 6 h darkness. Infection progress was monitored from third day up to 14 days and FHB

276  symptoms on wheat head were counted.

277

278  RESULTS

279  Comparative genomics of the FGSC and gene cluster diversity

280 We performed integrative analyses to identify major regulatory elements involved in the infection
281  process of species within the FGSC (Supplementary Figure S1C). To establish baseline phylogenetic
282  relationships within the FGSC, we performed phylogenomic reconstruction and comparative genomic
283  analyses based on 16 representatives FGSC genomes and three close members within the F. sambucinum
284  species complex (FSAMSC). Genome assemblies ranged in size from 35.8-41.9 Mb (Supplementary Table
285  S1). Orthologues analyses based on BUSCO showed completeness above 98.6% for all assemblies
286  (Supplementary Table S1). We performed phylogenomic reconstruction of the species complex based on

287 7278 single-copy orthologues (Supplementary Table S3) and conserved within FSAMSC species based on
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288  a coalescent model (Figure 1A). Members of the FSAMSC F sambucinum, F. culmorum and F.
289  pseudograminearum were used as outgroups. Members of the FGSC grouped together as a monophyletic
290  clade (Figure 1A). Within the FGSC, tree topologies revealed species falling into three clades consistent
291  with previous multi-locus analyses (Yli-Mattila, 2009). Gene count varied between 11,484-14,145 genes
292 (Figure 1A, Supplementary Table S1), with F. graminearum s.s. displaying the highest gene set, at least in
293  part due to the highly complete genome assembly. We found that 71.1% of all orthologues were conserved
294  among FGSC strains (i.e. core) and 28.9% were shared among fewer species (i.e. accessory) (Figure 1B,

295  Supplementary Table S3).

296  Gene function analyses supported a conserved virulence toolbox within FGSC species with 60.4%, 69.9%
297  and 82.1% of effector, secretion and CAZyme gene functions, respectively, shared among all species
298  (Figure 1B, Supplementary Table S4). We exhaustively searched for BGCs across all species and found 67
299  predicted BGCs within the FGSC (Supplementary Table S5). Interestingly, the majority of BGCs (71.64%)
300 are shared among all FGSC species (fixed category, Figure 1C), while 4.48% are found in less than 15% of
301  isolates (rare category, Figure 1C). We found 14.9% of BGCs to be absent in the F. graminearum s.s
302  reference genome. The FGSC encoded a functionally diverse set of BGCs, with NRPS-PKS hybrid (n = 13)
303  and terpenes (n = 12) among the most frequent BGC classes identified (Figure 1D). We also found six
304  fungal RIPP-like BGCs within the group. RIPP are a recently discovered class of BGCs, with a potential to
305 reveal exploitable drugs (Vogt & Kiinzler, 2019), yet their functions within the FGSC remain elusive. The
306  high diversity of BGCs within the FGSC and their conserved nature suggest that the SM machinery may

307 play a conserved role in the host infection process on the small cereal hosts.

308

309  FGSC regulatory strategies during host infection

310 We performed transcriptomic analyses during wheat coleoptile infection (Figure 2A) and on a

311  nutrient-rich growth medium of five FGSC species (F. graminearum, F. meridionale, F. cortaderiae, F.
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312 austroamericanum and F. asiaticum) that reflect the phylogenetic breadth of the FGSC (Supplementary
313  Table S6). For each sample, 5-55M RNA-seq clean reads were obtained and aligned to the reference
314  genome of F graminearum s.s. Mapped reads varied between 5-23 million among replicates and
315  conditions. A transcriptome-wide principal component analysis (PCA) showed clear separation among
316  FGSC members (Figure 2B, Supplementary Figure 2A). In planta replicates of F. austroamericanum, F.
317  meridionale and F. cortaderiae clustered more closely together than the other species (Figure 2B), likely
318 reflecting the phylogenetic signal and possibly adaptation to their shared habitat (i.e., Southern Brazilian
319  wheat crops). F. asiaticum showed the most divergent profile, which could be linked to the original host

320 adaptation (i.e. maize) compared to the other strains with an original wheat host.

321 We found that the mean expression of core genes (in planta mean = 102.0 RPKM, in vitro mean =
322 99.5 RPKM) was higher compared to accessory genes (in planta mean = 41.0 RPKM, in vitro mean = 48.2
323  RPKM; Wilcoxon test, p-value <0.00001; Supplementary Figure 2B). All analyzed FGSC members
324  exhibited upregulation of predicted effectors during infection with F. cortaderiae displaying the largest
325  variation (fold change = 4.45) among the group members (Figure 2C). We performed differential gene
326  expression (DGE) analyses to identify infection-upregulated genes compared to the culture condition. To
327  robustly analyze joint gene regulation patterns, we focused on single-copy orthologues conserved across
328  the FGSC (n = 7278). We first investigated the degree of shared regulation across FGSC members. We
329  found that 2,993 and 3,446 genes were differentially regulated during infection among some species (i.e.
330 shared category) or a single species only (i.e. singleton category), respectively (Figure 2D-E). The majority
331  of genes showed no significant infection upregulation among species (mean share = 78.8%; FDR > 0.05).
332  Interestingly, a small proportion of genes (n = 155) were differentially regulated in planta across all species.
333  This subset of genes showed also among the strongest significant infection upregulation among species
334  (mean = 3.2 -loglO(FDR)) compared to other gene categories (Figure 2D; Supplementary Figure 3A).
335  Functional prediction showed that infection-upregulated genes shared among species were particularly

336  enriched for metabolic functions (Supplementary Figure 3B, Supplementary Table S7). We also searched
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337  the pathogen—host interaction (PHI)-base database for mutant line reports of F. graminearum genes. We
338  found 429 differentially expressed genes of FGSC members with database reports for pathogenicity
339  association (Supplementary Table S8). Most of the shared upregulated genes or singleton upregulated genes
340  were not associated with a PHI-base entry linked to pathogenicity. In contrast, jointly upregulated genes
341  shared among all analyzed FGSC members were 1.8 times more likely to be annotated with a PHI-base
342  pathogenicity association than not (Supplementary Figure S3C). Taken together, our results show that
343  FGSC members share a small core set of shared and jointly upregulated genes with likely pathogenicity

344 contributions.

345

346  Shared metabolic processes during wheat infection within the FGSC

347 We investigated the BGC expression profiles of all analyzed FGSC species during infection in
348  contrast to culture conditions. We found that the majority of BGCs were actively transcribed (82.1%) in at
349  least one condition and/or species (Supplementary Figure 4A). Clustering analyses showed four dominant
350 BGC gene expression profiles within the FGSC (Figure 3A). A small portion of BGCs (4.9%) were
351  upregulated during in vitro conditions compared to in planta (i.e. profile I; Figure 3A). Approximately 23%
352  of BGCs were highly expressed in both conditions (i.e. profile II; Figure 3A), which included the
353  siderophores ferricrocin and triacetylfusarinin. The majority of BGCs (55.7%) show high interspecies

354  variation (profile IV), suggesting species-specific regulation and adaptation.

355 We focused on highly active BGCs during the infection process across all species (i.e. profile I11I;
356  Figure 3A), as the produced SMs could play a role as virulence factors. We identified nine BGCs (16.5%)
357  matching this profile, including frugalin, the mycotoxin fusarin C, culmorin and the known virulence factor
358  fusaoctaxin A. SM42 (PKS15) is known to produce fungal decalin-containing diterpenoid pyrones (FDDPs)
359  (C.Hicks etal., 2023) and showed one of the strongest DGE signals during wheat infection. Among profile

360 III, we found SM3 (C37; Sieber et al 2014) and SM6 (C62), two non-canonical NRPS-like BGCs. To
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361  potentially match BGC upregulation with candidate SMs, we performed untargeted metabolomic analyses
362  under the same conditions as the transcriptome analyses (Supplementary Table S9). We found that the
363  overall metabolomic profiles of FGSC species matched their expression profile leading to clustering of
364  phylogenetic closer species (i.e. F. cortaderiae, F. austroamericanum and F. meridionale; Figure 3B,
365  Supplementary Figure S4B). Hence, transcriptional regulation and SM production both likely share a
366 common phylogenetic signal. Next, we focused on BGCs and associated virulence factors. We found that
367 SM37 deoxynivalenol (DON) was most abundantly produced by F. graminearum s.s. followed by F
368  austroamericanum. No production was detected in the other FGSC members (Figure 3D). Fusaoctaxin A
369  (NRPS5/NRPS9) showed the highest metabolite peak intensities across samples together with F. asiaticum
370  (Figure 3C). The strong intensity of fusaoctaxin A is likely explained by the condition used (i.e. coleoptile
371  infection process), since the metabolite is required for proper cell-to-cell invasion of wheat by F
372 graminearum. In contrast, DON is required for successful mature wheat spikelet infection (Bai, Desjardins,
373  and Plattner 2002). Our data suggest that fusaoctaxin A is likely a key metabolite not only for £
374  graminearum s.s. but several additional FGSC members during host infection. Based on the same infection-
375  upregulation profiling (i.e. profile III; Figure 3A) and DGE signal (Figure 2D), we identified SM42
376  (PKS15), the uncharacterized SM3 (C37) and SM6 (C62) as strong candidates for contributing to

377  pathogenicity.

378

379  Gibepyrone impact on host infection

380  Gibepyrone (SM20 - PKS8) marginally falling into profile II shows a largely consistent upregulation during
381 infection except for F. asiaticum where culture medium induces the highest transcription (Figure 3A). To
382  test the potential role of the metabolite , we deleted the core gene PKSS of the gibepyrone cluster in £
383  cortaderiae (FcWT) (Supplementary Figure S1AB). We found no apparent growth (Supplementary Figure
384  S5) or macromorphological anomalies between mutants lacking PKSS (APKSSFCT1 and APKSSFCT?2)

385  compared to the wild-type strain (FCWT) in the three tested culture media (i.e. FCM, ICI and V8). Next,
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386  we examined the impact of gibepyrone production defects during wheat infection. Based on the coleoptile
387 infection method, we found that the mutant APKSSFCTI caused a larger lesion area (mean = 5.5 mm, p <
388  0.05) than the wild-type strain (mean = 5.0 mm; Figure 4A). However, no significant difference between
389  mutants and wild-type was found based on the wheat spikelet method, which mimics FHB disease (Figure
390  4B). Spore production counts showed that the mutant APKS8FCT2 produced more spores (mean = 3x10’
391  spores, p-value <0.05) compared to the wild type (mean = 2x10’ spores). Taken together, our results indicate
392  that gibepyrone has no direct impact on cell-to-cell or spikelet wheat infection in F. cortaderiae. The larger
393  lesion symptoms and increased spore production displayed by the inactive BGC may be a reflection of the

394  avoided costs of producing the metabolite.
395
396  An infection role for SM3 in the FGSC

397  Next, we focused on SM3 BGC shared among all FGSC members (Figure 1B). SM3 is encoded on
398 chromosome 4 with a predicted size of 59.8 kb comprising 23 genes. Our transcriptomic analyses showed
399  that SM3 was one of the top shared and jointly upregulated BGCs during host infection (Figure 2D, 3A).
400  Synteny analyses across FGSC showed that SM3 shares a conserved region among all members comprising
401  five genes, including the core-biosynthetic FGRAMPHI1 G22333 (FGSG_06462) and a transporter
402 FGRAMPHI_G22337 gene (Figure 5A, Supplementary Table S10). Flanking regions showed overall high
403  synteny across species, with some segregating structural variation (i.e. duplications and translocations).
404  Rearrangements were particularly apparent in F. mesoamericanum and F. acaciae-mearnsii species (Figure
405  5A). Mean gene expression among FGSC members during infection showed active transcription mostly in
406  the conserved syntenic region, which could indicate that the functional BGC is smaller than predicted in
407  silico (Figure 5B). We investigated SM3 for links to pathogenicity during wheat infection. The non-
408  canonical BGC encodes a NRPS-like biosynthetic core FGRAMPH1 (22333 constitued by a single AMP-
409  Dbinding and PP-binding domain module (Figure 6A). We deleted the core gene FGRAMPH1 (G22333

410  (Figure 6A, Supplementary Figure S1AB) of F. graminearum s.s. (mutants ASM3FgT1 and ASM3FgT?2).
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411  Morphology of ASM3Fg mutants showed a denser aerial mycelium (Figure 6B). We assessed radial hyphal
412  growth based on conidia and mycelia under rich culture media (i.e. V8 and FCM) and minimal medium
413  (i.e. ICI; Figure 6B). We found that under nutrient starvation (i.e. minimal medium) mutants grow faster
414  than the wild-type strain FgWT, while on rich media no difference was observed (Figure 6B). We found
415  that production of conidiospores was strongly hampered in the ASM3Fg mutants (mean = 1x10° spores; p-
416  value <0.00001; Figure 6C) compared to wild-type (mean = 4x107 spores). We then investigated the impact
417  of SM3 on host infection. We found that during coleoptile infection the mutants significantly lost (mean =
418 0.5 mm; p-value < 0.0001) the ability to produce lesions compared to the wild strain (mean = 4 mm)
419  (Supplementary Figure 6A). We also observed a significant loss of pathogenicity in the mutants (mean at
420 14 dpi = 6.4 infected heads) compared to the wild type (mean = 10.1 infected heads) during wheat spikelet
421  infection (Figure 6D). Untargeted metabolomics analyses (Supplementary Table S11) revealed overall
422  distinct metabolic profiles of the mutants compared to the wild-type (Figure 6E, Supplementary Figure 6).
423  We found no significant differences between the major virulence factors deoxynivalenol and fusaoctaxin A
424  under the tested conditions (Figure 6E, Supplementary Figure 6). This indicates that the loss of
425  pathogenicity is independent of previously characterized virulence factors. Taken together, we discovered
426  ashared BGC with a strong impact on pathogenicity on wheat, morphological differentiation and significant

427 decrease of asexual conidiation.
428

429
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430 DISCUSSION

431  We performed comparative genomics and transcriptomics in the major fungal pathogen group Fusarium
432  graminearum species complex to assess shared and species-specific regulatory dynamics during host
433  infection. We exhaustively identified the regulatory landscape of SMs and shared modulation across
434  species, which allowed us to functionally characterize a new BGC acting as a virulence factor during wheat

435 infection.

436  Comparative transcriptomics studies often focus on different conditions in a single species (Gay et al., 2021;
437  Kazan & Gardiner, 2018). Here, we analyzed the regulatory landscape of five species of the FGSC during
438  host infection and in vitro conditions. We found that closely related species (i.e. F. austroamericanum, F.
439  cortaderiae and F. meridionale) displayed more similar genome-wide regulation and metabolite production
440  than other species, reflecting the phylogenetic signal within the group (J. C. Nielsen et al., 2019). We show
441  that most conserved orthologues undergo species-specific transcription regulation. The polymorphic
442  regulation among FGSC member is potentially a consequence of adaptation by individual species
443  geographic (van der Lee et al., 2015) and host niches (Amarasinghe et al., 2019; Machado et al., 2021; H.
444  Zhang et al., 2012). In contrast, the small percentage of orthologues jointly upregulated during the infection
445  process (i.e. common DGE category) may represent an ancestral trait shared by FGSC members to infect
446  cereal hosts (Blasdel et al., 2017; Miguel-Rojas et al., 2023). The common set of DGE was enriched for
447  metabolic processes and included several BGCs consistent with expectations for many other molecular
448  host-pathogen interactions (Li et al., 2020). Integrating functional studies reported in the PHI-base revealed
449  that jointly upregulated genes more likely play a role in pathogenicity in contrast to genes upregulated in a
450  species-specific manner. Our results indicate that FGSC member retained a conserved toolbox of infection-

451  regulated genes.

452  Fungal genomes often encode diverse sets of BGCs, yet metabolic products and functions remain largely
453  unknown (Rokas et al., 2020). Species-specific BGCs or silenced biosynthetic pathways can pose

454  significant challenges for functional discovery (Keller, 2015). BGCs encoded by FGSC members were
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455  following four distinct expression profiles. We found that upregulation in culture medium compared to host
456  infection presented the rarest BGC expression profile across species. Under laboratory conditions,
457  epigenetic silencing and lack of stimuli are likely factors rendering BGCs transcriptionally silent (Keller,
458  2019). In contrast, BGCs constitutively expressed across conditions were more abundant and underpin
459  production of gibepyrone and the siderophores ferricrocin and triacetylfusarinin (Oide et al., 2015).
460  Siderophores play critical roles microbial development and pathogenicity under nutrient limitation
461  (Miethke & Marahiel, 2007) and manipulation of siderophores can offer opportunities for pathogen
462  management (Somu et al., 2006). Mutant analyses of gibepyrone BGC deletions revealed no noticeable
463  effects on the infection process. Little is known about the metabolite cellular function apart from moderate
464  antimicrobial (Barrero et al., 1993) and parasitic activity (Bogner et al., 2017). In vitro analyses showed
465  that the metabolite is toxic for the producer F. fujikuroi (Janevska et al., 2016) yet more detailed

466  investigations of gibepyrone effects are needed.

467  We also focused on SMs produced by infection-upregulated BGCs. Among these clusters, our strategy
468  identified multiple BGCs associated with known metabolies. Culmorin is a mycotoxin able to repress
469  deoxynivalenol detoxication in plants (Woelflingseder et al., 2019). The BGC underpinning production of
470  fusarin C, which is a metabolite with unknown function during infection is linked though to esophageal and
471  breast cancer progression (Sondergaard et al., 2011). Frugalin (PKS2) is an upregulated polyketide BGC
472  with deletion mutants showing decreased mycelial growth (Gaffoor et al. 2005) and sporulation, with no
473  effect on FHB symptoms (Severinsen et al., 2023). Yet the highly expression of the BGC during coleoptile
474  infection suggests that the SM could be linked to other form of infection. Similarly to the strongly
475  upregulated fusaoctaxin A (NRPS5/NRPS9) virulence factor, essential for host cell-to-cell penetration in F.
476  graminearum (Jia et al., 2019). SM42 (PKS15) is linked to FDDP production (C. Hicks et al., 2023), yet
477  the BGC function remains elusive. Our DGE analyses suggest that the PKS15 plays a significant role during
478  the infection process of FGSC. We found that the NRPS-like SM3(C37) and SM6(C62) were among the

479  most conserved upregulation profiles in the FGSC consistent with an important role during infection. Taken
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480  together, the comparative infection transcriptome analyses of the FGSC clarified expression profiles of

481  known virulence factors and new, non-canonical metabolic targets for further investigation.

482  We found that the biosynthetic gene cluster SM3 can act as a virulence factor of F. graminearum s.s. during
483  plant infection. The BGC was first identified in F. graminearum s.s. (Sieber et al., 2014) and showed high
484  conservation (>90% amino acid identity) within the FGSC and the related FSSC (Tralamazza et al. 2019).
485  The core-biosynthetic gene of the cluster is highly expressed during host infection and co-regulated across
486  multiple species within the FGSC while inactive in vitro culture supporting the involvement of SM3 in
487  virulence functions. Metabolic synthesis can be costly (Rokas et al., 2018) and exhibits high variability
488  within and between species at the level of regulatory control (Niehaus et al., 2017). We found that deletion
489  of the core NRPS gene of BGC SM3 significantly impaired the pathogenicity process during wheat
490  coleoptile and FHB infection. The SMs deoxynivalenol and fusaoctaxin A play a key role in virulence of F.
491  graminearum on wheat (Jia et al., 2019; Walter et al., 2010). We show that production of these metabolites
492  was not affected by the inactivation of the SM3-key enzyme suggesting regulatory independence between
493  different BGCs conferring virulence (Bergmann et al., 2010). Beyond the impact of pathogenicity, deletion
494  of the SM3 NRPS core gene also hampered asexual spore production in the pathogen. Pleiotropic effects
495  Dbetween specialized metabolism and development are likely factors in this and are consistent with
496  observations in other fungi (Calvo et al., 2002). The close relationship between virulence and fungal
497  development after the inactivation of SM3 core gene may be due to a shared regulatory pathway between
498  the two processes (Shimizu & Keller, 2001). This may be similar to how the regulator /b4 controls the
499  production of the carcinogenic SM sterigmatocystin and asexual sporulation in A. nidulans (Tsai et al.,
500 1998). In Chaetomium globosum the gene CgXppl acts as a negative regulator of the antitumor
501 chaetoglobosin A metabolite and positive regulator of spore production and cell attenuation (Zhao et al.,
502  2022). Another possibility is that SM3 might stimulate the sporogenic process in FGSC. In F. graminearum

503 the estrogenic mycotoxin zearalenone enhances perithecial production during in vitro growth (Mirocha &
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504  Swanson, 1983; Wolf & Mirocha, 2011) although no direct impact on pathogenicity has been established

505  for this mycotoxin.

506  Our comparative infection transcriptome and gene cluster analyses of the FGSC represent an important step
507  towards a fuller understanding of SMs mediating cereal infections by Fusarium species. The SMs described
508  here may also serve in future toxin screenings. We expect that comparative transcriptomics is a fruitful
509  approach to unravel yet unknown pathogenicity factors in other plant-pathogen systems. Pathosystems with
510  similar or identical hosts colonized by a group of related fungal pathogens are particularly suited given the
511  recent diversification of virulence functions. Dissecting both conserved gene functions as well as joint

512  regulation should be an effective approach to identify core pathogenic toolboxes employed by pathogens.
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902  Figure 1. A) Phylogenomic tree of the Fusarium graminearum species complex (FGSC). F. sambucinum,
903 K culmorum and F. pseudograminearum were used as outgroups. The tree was inferred from a coalescence-
904  based analysis of 7278 single-copy orthologues conserved within thh Fusarium sambucinum species
905  complex. Bars correspond to the total gene number. B) Frequency of core and accessory genes within
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FGSC. Colors correspond to the gene classification based on the Predector tool. C) Biosynthetic gene
cluster (BGC) frequency based on conservation shared across FGSC members. D) Heatmap of all predicted
BGCs within FGSC. Colors refer to amino acid identity percentage against F. graminearum s.s. Top colored
bars identify the BGC class. Gray boxes on the right identify members of the FGSC. * refers to Sieber et al
(2014) BGC nomenclature.


https://doi.org/10.1101/2025.01.24.634825
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.24.634825; this version posted January 25, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

’—4 i g:':i'::f"”’" { Wheat coleoptile
st . gel it . .
= F. boothii infection
F. louisianense Spore solution
O Q,
F. menmonare
8 —| F. brasilicum C{<§ .
[T F curtadenas E‘ —)
F. austroamericanum (154) € 4dpi
F i (151)
F. nepalense .
e F. asiaticum ‘ ¥ [lesion
-L"”i}? ussurianum £
| F. vorasii :
I_iF aethiopicum a b
F. acaciae-meamsii
Faug1
Fau:
0.25- Fai i
Fmer. i
Fripr2 : . i !
H p i t i
Fgram1 10/ 11 i P P
Fmer ] ; . i N i H
g x . Gene category
m2 c
Fcorl E other
0.00- Fcor2 - - —_— - -
7 oor? Foord 2 0 | [ secreted
3 S ! 1 : M effector
= ] l 1 e HAH [l CAZyme
? Fgram3 o2 | i ! 1
1 ! ]
-10
-0.25-
Fasil Fgram  Fmer Fcor Faus Fasi
“le FGSC species
Fasi2
0.50- 0 g " .
-0.50 -0.25 0.00 025
PC1 (61.77%)
D Fasi | I Faus I [ Fcor I | Fgram | I Fmer
10.0 - .
t.
. N . DGE in planta
- - & commaon
7.5 o . o shared
. . ® singleton
® unchanged
14
[a]
s
©
=)
o
T

logzFC common shared singleton
DEG in planta

911

912  Figure 2. A) FGSC transcriptomic analyses in planta and in vitro. The leaf symbol indicates species used
913  for the analysis. Left box outline the coleoptile infection procedure used for RNASeq and metabolomic
914  analyses. Dpi refers to days after infection. B) Transcriptomic profiles of FGSC species during host
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infection based on principal component (PC) analysis. Colors refer to the species (Fgram: F. graminearum
s.s, Fmer: F. meridionale, Fcor: F. cortaderiae, Faus: F. austroamericanum and Fasi: F. asiaticum). Numbers
refer to the number of replicates. C) Gene expression fold-change differences between in planta and in vitro
conditions. Values above 1 indicate higher transcription during host infection. Colors refer to gene types.
D) Differential gene expression (DGE) between in planta and in vitro conditions. Red dotted line outline
FDR values < 0.05. Colors indicate DGE genes shared between FGSC species. The common category refers
to DGEs in all species, shared refers to DGEs shared in less than five species except singletons. Unchanged
are genes not differentially expressed between conditions. E) Gene count of each DGE category.
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924  Figure 3. A) BGC expression profiles among FGSC species were analyzed during in planta and in vitro
925  conditions. The heatmap color represents the RPKM values. The numbers I, 11, III, and IV to the right
926  indicate the hierarchical clustering of BGC expression profiles. * refers to Sieber et al (2014) BGC
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927  nomenclature. B) Metabolomic profiles of FGSC species during host infection were analyzed based on
928  principal component (PC) analysis. Colors refer to the species (Fgram: F. graminearum s.s, Fmer: F.
929  meridionale, Fcor: F. cortaderiae, Faus: F. austroamericanum and Fasi: F. asiaticum). C) Metabolomic
930 chromatogram of a representative sample (¥ graminearum s.s during plant infection) highlighting the major
931  virulence factors deoxynivalenol, fusaoctaxin A and analog. D) Metabolite intensity of deoxynivalenol,
932  Fusaoctaxin A and analog across FGSC species during host infection. Different letters above the boxplot
933  identify significantly different groups according to an ANOVA and Tukey test.
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936  Figure 4. Evluation of gibepyrone effects in F. cortaderiae. A) Representative images of wheat seedlings
937  at 4 days after coleoptile inoculation with F. cortaderiae wild-type strain (FcWT) and PKS8 core gene
938  deletion mutants (APKS8Fc). The control was inoculated with water. The right boxplot refers to the
939  distribution of lesion sizes produced by the different genotypes. B) Representative images of wheat spikes
940  at 14 days after inoculation with F cortaderiae wild-type strain (FCWT) and PKS8 core gene deletion
941  mutants (APKS8Fc). The control was inoculated with water. The right plot refers to the number of infected
942  wheat heads per condition. C) Number of conidiospores produced by the tested strains. Wilcoxon tests with
943  adjusted p-values (Holm method). ns: p > 0.05, *p < 0.05, **p < 0.01, ***p <0.001, **** p <0.0001.
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Figure 5. Synteny plot of the BGC SM3 chromosomal region contrasted between FGSC species. Colored
arrows identify genes. The gray scale indicates the degree of amino acid identity. B) Mean expression values
of the genes encoded by the BGC SM3 among FGSC species during host infection.
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Figure 6. SM3 deletion hampers F. graminearum pathogenicity on wheat. A) The biosynthetic-core gene
FGRAMPHI1 G22333 (SM3) and adjacent genes possibly comprising the SM3 biosynthetic gene cluster
based on in silico prediction. On the right, the predicted module domains of the biosynthetic NRPS-like
gene are shown. "A" refers to AMP-binding and CP to PP-binding domain. B) Representative images of 5-
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day old cultures of the F. graminearum wild-type strain (FgWT) and ASM3Fg deletion mutants. The right
plot refers to the relative fungal growth in each tested culture medium. C) Number of conidiospores
produced by the tested strains. D) Representative images of wheat spikes at 14 days after inoculation with
FE graminearum wild-type strain (FgWT) and PKS8 deletion mutants (ASM3Fg). The control was
inoculated with water. The right plot refers to the number of infected wheat heads per condition. Wilcoxon
tests with adjusted p-values (Holm method). Ns: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, **** p
<0.0001. E) Metabolomic profile of wild-type (FgWT) and deletion mutant strains (ASM3Fg) during host
infection based on a principal component (PC) analysis. Colors refer to the different strains. F) Metabolite
intensity of deoxynivalenol, fusaoctaxin A and analog in the wild-type (FgWT) and mutant strains
(ASM3Fg) during host infection. Wilcoxon tests with adjusted p-values (Holm method). Ns: p> 0.05.
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