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Highlight 17 

This study proposes a method based on in silico and in vivo screens to identify interacting pairs 18 
between core pathogenicity effectors localized in the nucleus and susceptibility factors in plants.  19 

 20 

Abstract 21 

Effectors are small molecules secreted by microbial pathogens that disrupt host basal functioning 22 
and responses during infection by targeting various plant susceptibility factors. This study reports 23 
a candidate selection approach for identifying novel, potential plant nuclear localized effectors 24 
from Fusarium graminearum secretory proteins. From a dataset of core secretory proteins 25 
conserved across several Fusarium strains, candidates were selected based on predicted nuclear 26 
localization, structural characteristics, and expression profiles during infection. Transient 27 
expression in Nicotiana benthamiana confirmed accumulation in the plant nucleus, that were 28 
further confirmed in wheat protoplasts. One of these proteins was selected for yeast two-hybrid 29 
(Y2H) screening to identify wheat protein targets, using a Fusarium-infected wheat spike cDNA 30 
library specifically generated for this study. The screening identified a high confident interaction 31 
with a nuclear-localized wheat beta-amylase 2. The structural modeling of the protein complex 32 
between beta-amylase 2 and the putative effector was used to predict interacting amino acid 33 
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residues and informed a deletion analysis to disrupt the interaction. This research identifies a 1 
Fusarium graminearum secretory core protein that interacts with a conserved wheat beta-amylase 2 
2, showcasing a method to select pathogenicity factors conserved across multiple pathogens and 3 
host plants, with implications for developing broad-spectrum resistance strategies. 4 
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Position-Specific Iterated BLAST (RPS-BLAST) 1 

Sucrose non-fermenting-1-related protein Kinase 1α (TaSnRK1α) 2 

Synthetic defined (SD)  3 

Yeast two-hybrid (Y2H) 4 

 5 

Introduction 6 

Effectors are small molecules produced by microbial pathogens that interfere with a wide array of 7 

host cellular responses to promote conducive conditions for pathogen development and enhance 8 

infection processes. Secreted and then released into the host tissues, the effectors reach precise 9 

subcellular targets to achieve their roles through direct or indirect interactions with molecular 10 

functions and/or cellular components, the so-called plant susceptibility factors (Zhang et al., 2022). 11 

In plant-pathogen interactions, these targets are remarkably diverse, depicting the need of the 12 

pathogen to control multiple specialized host functions at specific stages of the infection process 13 

(Deslandes and Rivas, 2011). The nucleus is a prime target for many effectors due to its central 14 

role in regulating plant cell functions and responses. Accordingly, a wide range of plant pathogens, 15 

including bacteria, viruses, nematodes, fungi, and oomycetes, produce effectors that specifically 16 

localize to the nucleus (Harris et al., 2023). Many studies have demonstrated their remarkable 17 

actions in manipulating plant cell responses, especially through direct or indirect effects on the 18 

expression of a diverse set of host genes to manipulate plant immunity, to suppress the activation 19 

of genes responsible for plant defense, and even to interfere with generic and specific pathogen 20 

recognition signals (Jiang et al., 2007; Zhang et al., 2022; Cai et al., 2023). For instance, in 21 

Nicotiana benthamiana (N. benthamiana), the bacterial effector Pi23226 from Phytophthora 22 

infestans has been proven to accumulate in the nucleus and to interfere with the 25S rRNA 23 

biogenesis. This ultimately results in the disruption of protein translation and promotes cell death, 24 

thereby enabling the pathogen to circumvent the plant's defensive mechanisms and facilitate its 25 

proliferation within the plant (Lee et al., 2023). Similarly, during the rice blast disease, the fungal 26 

effector AvrBs3, secreted by Magnaporthe oryzae, has been shown to inhibit the action of specific 27 

transcription factors by directly binding to the host DNA, which results in the suppression of the 28 

defense response (Zhang et al., 2022). As such, increasing our knowledge on nuclear-targeted 29 

microbial effectors will lead to a better understanding of plant pathogen interactions and help to 30 
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4 

further discover the range of susceptibility factors that pathogens are able to manipulate (Todd et 1 

al., 2022). By screening their precise actions, this can leverage new avenues to unveil the host 2 

vulnerabilities that pathogens exploit during infection and to identify new targeted strategies for 3 

crop protection.  4 

Fusarium head blight (FHB) is one of the most devastating plant diseases in small grains such as 5 

wheat and barley (Dean et al., 2012). Primarily caused by the fungus Fusarium graminearum (F. 6 

graminearum), FHB not only reduces grain yield and quality but also contaminates grains with 7 

harmful mycotoxins leading to serious health risk to humans and animals (Ekwomadu et al., 2021; 8 

Xu et al., 2023). Over the past 30 years, genetic approaches have yielded more than 650 QTLs for 9 

FHB resistance but providing overall small improvements in the fields with high dependency on 10 

environmental conditions (Steiner et al., 2017). Searching for fungal effectors is opening up new 11 

opportunities to identify novel key determinants of plant disease, further exploring related wheat 12 

susceptibility factors to identify new sources of resistance (Fabre et al., 2020). To date, about a 13 

dozen F. graminearum effectors have been identified with diverse functions and plant subcellular 14 

targets (Voigt et al., 2005; Jiang et al., 2020; Hao et al., 2023; Jin et al., 2024). For instance, OSP24 15 

interacts with the Triticum aestivum Sucrose non-fermenting-1-related protein Kinase 1α 16 

(TaSnRK1α) to promote the degradation of the kinase by the proteasome, resulting in a decreased 17 

FHB resistance in wheat (Jiang et al., 2020). TaSnRK1α modulates the activity of the enzyme 18 

AGPase (ADP-glucose pyrophosphorylase), which is a key enzyme in starch biosynthesis linking 19 

essential metabolic functions such as sugar metabolism and resistance to fungal pathogens. 20 

Another effector, called FgNls1, contains several Nuclear Localization Signals (NLS) and its 21 

transient expression in N. benthamiana as a FgNls1-GFP fusion protein shows its accumulation in 22 

the nuclei of plant cells (Hao et al., 2023). Consistent with its nuclear localization, affinity 23 

chromatography experiments identified a wheat histone H2B as a main target protein that interacts 24 

with FgNls1. FgNls1 expression is significantly upregulated during wheat spike infection while 25 

FgNLS1 silencing reduced FHB severity, clearly linking a nuclear-targeted effector to the FHB 26 

disease process (Hao et al., 2023). These few examples demonstrate the unequivocal role of F. 27 

graminearum effectors in wheat susceptibility to FHB and suggest that the nucleus can be a 28 

primary target to control an intricate set of plant responses. As such, the identification of interacting 29 

pairs between effectors and susceptibility factors is a promising strategy to weaken the FHB 30 

disease and to improve wheat tolerance.  31 
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5 

In our previous works, we identified a core secretome of 357 proteins found to be expressed 1 

by different F. graminearum strains of varying aggressiveness in different wheat cultivars of 2 

contrasting susceptibility (Rocher et al., 2022). Displaying close expression patterns that depicted 3 

two early waves of secretory protein delivery over a 96-hour period, these data showed that the 4 

genetic program developed by F. graminearum during FHB is well conserved across different 5 

strains and independent from the host's genetic background. One set of secretory proteins, called 6 

early secretory proteins, is typically expressed during the very early stages of infection (i.e. until 7 

48 hours after fungal inoculation) while late secretory proteins are expressed at later stages of 8 

infection (i.e. starting from 72 hours after inoculation) (Rocher et al., 2022). The conservation of 9 

these expression dynamics in different F. graminearum strains suggests that these secretory 10 

proteins play an active role in promoting infection by targeting essential host functions at specific 11 

times of the infection. Interestingly, among these core secretory proteins, 46 harbored plant NLS 12 

and 41 were found to be co-regulated with regulatory hubs of the complex gene regulation network 13 

of FHB responses in wheat (Rocher et al., 2024), suggesting their potential role in interfering with 14 

massive gene expression regulation. Based on this dataset, we aim to demonstrate that multiple F. 15 

graminearum secretory proteins effectively accumulate in the plant nucleus to fulfill their function. 16 

First, starting from the 357 core secretory proteins identified in Rocher et al. (2022), we selected 17 

a set of candidates based on their structural features predicted by in silico tools and their early and 18 

late expression profiles during infection. Nuclear accumulation was assayed using transient 19 

expression in N. benthamiana and subsequently confirmed in wheat protoplasts for a subset of 20 

them. Bringing all this information together allowed the selection of one specific secreted protein 21 

hereafter called Effector18 (EFF18) to determine whether it could physically interact with wheat 22 

proteins, using the yeast two-hybrid (Y2H) system. For that we designed a specific wheat spike 23 

cDNA library and identified four targets with high confidence scores. While the identified 24 

interacting host proteins were further validated by yeast two hybrid interaction assay, we focused 25 

our attention to EFF18 and LOC123105923, a beta-amylase 2 protein, because their interaction 26 

was observed not only in yeast but also predicted by the in-silico prediction tool 27 

ColabFold_Multimer. Finally, we took advantage of the predicted interacting complex to define 28 

the putative interacting residues and used these predictions to design a deletion analysis to confirm 29 

the predicted interaction domain. This study identifies a core secretory protein from F. 30 

graminearum that interacts with a well-conserved beta-amylase 2 and illustrates a strategy to select 31 
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6 

pathogenicity factors conserved across multiple pathogens and their host plants to develop 1 

promising generalized broad-spectrum resistance. 2 

 3 

Materials and Methods 4 

Microbial strains, plant materials, growth conditions and plant assays 5 

The F. graminearum strain MDC_Fg1 considered aggressive on different European 6 

cultivars (Alouane et al., 2018; Fabre et al., 2021; Rocher et al., 2022) was used in this study. 7 

Spores were obtained as previously detailed (Rocher et al., 2022), kept frozen until use and 8 

adjusted to a concentration of 1×105 spores/ml in distilled water before inoculation. The ‘Recital’ 9 

wheat cultivar, an FHB-susceptible winter wheat (Rocher et al., 2022, 2024), was used for transient 10 

expression assay and to prepare a specific cDNA library. For wheat protoplast preparation, surface 11 

sterilized seeds of the ‘Recital’ wheat cultivar were germinated on a filter paper in petri dish in a 12 

germination chamber at 25°C with a 16:8 light cycle for 3-5 days. Seedlings were then transferred 13 

in pots containing sterilized soil in a growth chamber with same growth conditions as above, for 7 14 

days until plants reached the two-leaf stage. Agrobacterium tumefaciens strain GV3101 infiltration 15 

assay was performed using N. benthamiana (lab line) grown on sterilized soil and incubated in a 16 

germination chamber maintained at 25°C with a 16:8 light cycle. Seedlings were transferred to a 17 

growth chamber with the same conditions for 3-4 weeks until plants reached the 5-7 leaves stage 18 

appropriate for infiltration. 19 

 20 

Transient expression of F. graminearum secretory proteins in plant cells 21 

Genomic DNA sequences from F. graminearum MDC_Fg1 encoding the 14 secretory 22 

proteins excluding their signal peptide sequences were used for de novo gene synthesis (Genscript 23 

USA Inc). The synthesized sequences were cloned into the pGWB605 destination vector 24 

(Nakagawa et al., 2007) to express the proteins as C-terminal GFP fusions under the control of the 25 

p35S promoter. A second pGWB605 destination vector was designed to express a NLS fused to 26 

the mRFP under the control of the pDon promoter. In addition, a third vector expressing the P19 27 

suppressor of RNA silencing was used in all transient expression assay to increase the expression 28 

level of co-expressed proteins (Petersen et al., 2019). Transient expression assays were performed 29 

by A. tumefaciens strain GV3101 infiltration of N. benthamiana leaves and observed after 72 to 30 
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7 

96 hours after infiltration as described in Sparkes et al. (2006). Localization of proteins was 1 

analyzed using a Zeiss Cell Observer Spinning Disk microscope under 40X objective. A second 2 

transient expression assay was performed in wheat protoplast using the Recital wheat cultivar and 3 

the polyethylene glycol-mediated method as previously described (Luo et al., 2022). Protoplast 4 

viability was assessed with fluorescent visibility stain (EVANS Blue) and observed under a wide 5 

field microscope under 40X objective, and 50,000 protoplasts were mixed with the secretory 6 

protein-GFP fusion plasmid and NLS-mRFP. The transfected protoplasts were incubated at 25°C 7 

for 2 days and observed using a Zeiss LSM 800 confocal microscope under a 63X oil immersion 8 

objective. The NLS-mRFP nuclear marker was used to determine the nuclear localization of the 9 

secretory proteins.  10 

 11 

Bimolecular Fluorescence Complementation (BiFC) Assay 12 

To validate the interaction between EFF18 and LOC123105923 in planta, bimolecular 13 

fluorescence complementation (BiFC) assays were performed. The full-length coding sequence of 14 

EFF18 (excluding the signal peptide) was cloned into the pB4cYGW BiFC destination vector to 15 

generate a fusion with the C-terminal half of the yellow fluorescent protein (YFP), resulting in the 16 

construct EFF18_pCT366_pB4cYGW. Similarly, LOC123105923 was cloned into the pB4nYGW 17 

BiFC vector to fuse with the N-terminal half of YFP, generating 18 

LOC123105923_pCT367_pB4nYGW. 19 

Constructs were introduced into A. tumefaciens strain GV3101, and equal volumes of bacterial 20 

suspensions carrying each BiFC construct (OD₆₀₀ = 0.8) were co-infiltrated into N. benthamiana 21 

leaves as described by Sparkes et al. (2006). A silencing suppressor (P19) was co-infiltrated in all 22 

experiments to enhance protein expression. Leaves were incubated under controlled conditions 23 

(25°C, 16:8 light: dark) for 72 hours before imaging. 24 

YFP fluorescence was detected using a Zeiss LSM 800 confocal laser scanning microscope with a 25 

63X oil immersion objective. Excitation was performed at 514 nm, and emission was collected 26 

between 525–550 nm. The nuclear localization of the BiFC signal was confirmed by co-expression 27 

with the NLS-mRFP marker. Negative controls included co-expression of each BiFC construct 28 

with an unrelated protein partner or empty vector (Mermet et al., 2023). No YFP signal was 29 

observed in these combinations, confirming the specificity of the EFF18–LOC123105923 30 

interaction. KAKU4-KAKU4 interaction was used as a positive control (Mermet et al., 2023). 31 
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8 

 1 

Yeast 2-Hybrid assays 2 

Protein-protein interactions were performed by Hybrigenics services (Evry, France) using 3 

the ULTImate Yeast 2-hybrid (Y2H) system and a dedicated cDNA library obtained from Recital 4 

wheat cultivar inoculated with the F. graminearum strain MDC_Fg1. To prepare the cDNA 5 

library, FHB-infected and mock spikes at different stages of the infection dynamics were 6 

produced as previously detailed (Rocher et al., 2022). Briefly, plants were sawn in buckets, 7 

vernalized during six weeks and transferred in a growth chamber with controlled conditions 8 

(16:8 light cycle with 21°C/17°C (day/night) temperatures and relative humidity of 80%). 9 

Infection was performed at mid-anthesis by inoculating the floral cavity of three synchronous 10 

flowering spikes. Spikelets inoculated with water served as controls. For each individual, the 11 

inoculated spikelets were collected and immediately frozen in liquid nitrogen. The cDNA library 12 

was constructed using inoculated spikelets collected from four plants at 48 and 72hpi as in Sasi 13 

et al. (Sasi et al., 2023). The resulting library was cloned into the Y2H vector as a pray construct. 14 

Coding sequencing of the secretory proteins without the signal peptide were cloned into Y2H 15 

vectors as bait constructs and expressed as a fusion protein with the LexA and/ or Gal4 DNA-16 

binding domain. The bait constructs were transformed into yeast strain AH109 and the Y2H 17 

screening was performed by mating with the yeast strain Y187 containing the prey, which 18 

corresponds to the wheat cDNA fused to the DNA activation domain. Interaction-dependent 19 

activation of the reporter genes allowed for the identification of positive interactions. Identified 20 

binding partners in Y2H screens were classified in 4 grades (A, B, C and D) using the 21 

Hybrigenics Possible Biological Score (PBS) scoring system reflecting the reliability of the 22 

interactions where grade A represents the strongest interactions that exhibit high specificity, and 23 

which have been observed in independent experiments (Velásquez-Zapata et al., 2021). Selected 24 

interactions of grade A and B were subsequently validated using the Yeast 2-hybrid from 25 

Clontech, MATCHMAKER GAL4 Two-Hybrid System. Entry vectors containing bait and prey 26 

were synthesized by Genscript USA Inc and subsequently subcloned into the bait vector pDEST-27 

GBKT7 or the pray vector pDEST-GADT7 (Rossignol et al., 2007). Yeast cultures were grown 28 

at 30 °C on Yeast Extract Peptone Dextrose (YPD) or on selective Synthetic Defined (SD) 29 

media. Saccharomyces cerevisiae haploid strains AH109 Gold and Y187 were transformed 30 

according to the classical protocol (Gietz and Woods, 2002), respectively with the secretory 31 
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9 

proteins cloned into the bait vector pDEST-GBKT7 or with the effectors cloned into the prey 1 

vector pDEST-GADT7 and grown on appropriate medium (SD-Trp or SD-Leu plates). After 2 

mating on YPD and selection of diploids on SD-Leu-Trp medium, interactions were tested on 3 

stringent medium SD-Leu-Trp-His-Ade. Empty pDEST-GBKT7 or pDEST-GADT7 vectors were 4 

used as negative controls. Two deletion derivatives were designed for EFF18, a C-terminal 5 

deletion and deletion of 45 amino acids corresponding to interacting residues of EFF18 with 6 

LOC123105923. C-terminal deletion called EFF18_DC was carried out with Phusion PCR DNA 7 

Polymerase (Thermo Fischer Scientific) on pUC57_EFF18 with primers C-8 

term_EFF18_Forward (5’-9 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGTGCCCAAGGCTGACA-3’) and C-10 

term-EFF18_Reverse (5’-11 

CGGGGACCACTTTGTACAAGAAAGCTGGGTGTTAGTAGCCGAAAGGCGAAAGG-3’). 12 

Deletion of interacting residues (EFF18_DM) was carried out on pUC57_EFF18 by using 13 

QuikChange II Site-Directed Mutagenesis Kit (Agilent) with primers 14 

Interaction_EFF18_Forward (5’- 15 

AATACATCCTTTCGCCTTTCGGCTACACCGGCGCGGCGCCTGACCA-3’) and 16 

Interaction_EFF18_Reverse (5’-17 

TGGTCAGGCGCCGCGCCGGTGTAGCCGAAAGGCGAAAGGATGTATT-3’) designed by 18 

overlapping the deletion area (underlined). PCR products were subsequently introduced in 19 

pGADT7 and used as bait for Y2H assay. 20 

 21 

In silico analyses 22 

Subcellular localization prediction of secreted proteins was carried out using the web tool 23 

LOCALIZER1.0.4 (Sperschneider et al., 2017) from mature protein sequences. SignalP5.0 was 24 

used to define the signal peptide in the secreted proteins (Nielsen et al., 2019). Protein features of 25 

sequences without the signal peptide were evaluated through the EffectorP-fungi 3.0 web tool 26 

(Sperschneider and Dodds, 2022). Depicter2 server was used to predict Intrinsically Disordered 27 

Region (IDR) (Basu et al., 2023). Monomeric and multimeric structural predictions of candidate 28 

proteins were computed with ColabFold Batch (v.1.5.5) (Mirdita et al., 2022). Configuration of 29 

ColabFold settings were maintained as default, with 5 predicted structural models, each 30 

comprising 3 cycles/reiterations per model. ColabFold scores calculated from monomeric or 31 
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10 

multimeric protein structures called pTM (Predicted Template Modeling) and ipTM (Interface 1 

Predicted Template Modeling) respectively, were used as global indicators of the prediction 2 

confidence. Alphafold-Multimer Local Interaction Score (AFM-LIS) (Kim et al., 2024) was used 3 

to predict protein interactions at the residual scale using the Local Interaction Score (LIS) and the 4 

Local Interaction Area (LIA). Probability of interaction of individual amino acids was based on 5 

the Predicted Aligned Error (PAE) scores calculated from the PAE matrix with a threshold of 12 6 

Ångström (distance between amino acids). To predict positive protein protein interaction, the LIS 7 

and LIA were evaluated according to the following thresholds: a best LIS ≥ 0.203 and a best LIA 8 

≥ 3432 (Kim et al., 2024). Visualization of 3D structures and identification of interacting residues 9 

at less than 5 Ångström of distance were performed using ChimeraX (v.1.7.1) (Goddard et al., 10 

2018). Clustering analyses were performed with FoldSeek (Van Kempen et al., 2024) using 11 

predicted protein structures as .pdb files available at RCSB Protein Data Bank (RCSB PDB) or 12 

predicted by ColabFold. FoldSeek was used with default parameters except for coverage set at 0.8, 13 

Predicted Local Distance Difference Test (pLDDT) threshold set at 0.7 and TM score threshold 14 

that quantifies the similarity between two protein structures set at 0.7. Clustering was performed 15 

either on the 351 core secreted proteins (pdf files were available for 351/357 accessions) alone or 16 

in combination with 3,991 additional putative effectors collected from the literature (Derbyshire 17 

and Raffaele, 2023; Seong and Krasileva, 2023; Rocafort et al., 2022). Genetic diversity was 18 

assessed using a set of 22 fungi species including basidiomycetes and ascomycetes and 22 plant 19 

species including unicellular algae, bryophytes and angiosperms. For each of the plant and fungi 20 

species, the protein database was retrieved from the NCBI/Taxonomy browser (Supplementary 21 

Tables 1 and 2). BLASTp search of the PHI-Base database was performed using the Uniprot IDs 22 

of secreted proteins predicted to be localized in the nucleus and included into a cluster of ≥ 2 23 

members. Using the same accessions, 3D structure annotation analyses was performed using 24 

FoldSeek and a local version of the full AlphaFold database. Hits were selected for LDDT ≥ 0.5 25 

and with a coverage of ≥ 70% to avoid selection based on small fragment similarities. The 26 

corresponding Uniprot IDs were then used to search PHI-Base database. The search for 27 

orthologous sequences was carried out against downloaded databases of representative species of 28 

fungi (for secretory proteins) or plants (for wheat targets). For F. graminearum proteins, a tyrosine 29 

kinase protein (kinase, PF07714) (Alouane et al., 2021) and the Replication factor A protein 1 30 

(RPA, YAR007C) (Cappela-Gutierrez et al., 2014) were selected as controls for their high and low 31 
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11 

percentage of identity, respectively, while AGAMOUS-LIKE 62 (AGL62, Q9FKK2) (Nam et al., 1 

2004) and MUTS HOMOLOG 1 (MSH1, Q84LK0) (Bai and Guo, 2023) were chosen for similar 2 

reasons in wheat. The MMseqs2 tool (v.15.6f452) (Steinegger and Söding, 2017) was used with 3 

the reciprocal best hits (easy-rbh) option to select the best potential ortholog. Protein sequences 4 

were aligned using the mafft tool (v.7.525) (Katoh and Standley, 2013) and the output files were 5 

used as input for IQ-TREE (v.2.3.3) by generating 1000 bootstraps, with the ModelFinder tool to 6 

identify the best-fit model. The treefile format was imported and modified using the iTOL web 7 

service (v.6) (Letunic and Bork, 2024). The Conserved Domain Database (CDD) web server (Lu 8 

et al., 2020) was used to identify conserved protein domains in protein sequences via Position -9 

Specific Iterated BLAST (RPS-BLAST). The conserved domains present in the secreted proteins 10 

and their targets were identified using the CD-search batch option restricted to protein domains 11 

annotated in the pfam database (Mistry et al., 2021). Positions of conserved domains were used to 12 

draw the protein structures of secretory proteins and their putative targets identified by Y2H using 13 

the drawProtein R package. Bioinformatic scripts are available at 14 

https://gitlab.com/lilian_fau/fhb_secure/-/wikis/home. 15 

 16 

RESULTS 17 

In silico characterization of the core secretome of 357 proteins from Fusarium graminearum  18 

As a starting point for this study, the 357 putative core secretory proteins previously 19 

identified by Rocher et al. (2022) (Supplementary Table 3) were studied further to refine their 20 

characteristics and analyze their similarities both to one another and to those described in available 21 

published studies (Rocafort et al., 2022; Derbyshire and Raffaele, 2023; Seong and Krasileva, 22 

2023). The 357 F. graminearum genes were systematically expressed and regulated during FHB 23 

infection in three strains of contrasting aggressiveness or when facing five different wheat host 24 

cultivars of contrasting susceptibility (Rocher et al., 2022). Overall, this gene set encodes small 25 

proteins, with an average size of 384 amino acids (AA) (Figure 1A), and containing an N-terminal 26 

signal peptide for 293/357 (80%) of them, as predicted by SignalP5.0 (Supplementary Table 4). 27 

Overall, 212 (~60%) did not contain the known specific effector features predicted by 28 

EFFECTORP-fungi 3.0 (Figure 1B, Supplementary Table 5), suggesting that they may represent 29 

novel structural features not yet implemented in the EFFECTORP-fungi 3.0 model. At the primary 30 

sequence level, 187 were unique, while 170 shared similarities with another member of the 357 31 
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core secretory proteins (Figure 1C, Supplementary Table 6). We also observed that while 113 1 

did not yield any functional annotation, 244 (68%) harboured conserved domains referenced in the 2 

pfam database (Supplementary Table 6 and 7).  3 

 4 

We then used FoldSeek (van Kempen et al., 2024) to cluster the 357 proteins according to 5 

their protein structure similarities. First, predicted structures were successfully collected for 6 

351/357 and looking at their pLDDT (Predicted Local Distance Difference Test) used as a metric 7 

to assess the reliability of predictions (Supplementary Table 8), 92/351 have pLDDT below 0.7 8 

and 26/351 below 0.5. While low values may impair the clustering efficiency, 47 clusters and 245 9 

singletons (~70%) were detected, depicting substantial heterogeneity in their structural folds. 10 

Among evidenced identified clusters, 39, 5, 2 and 1 gathered 2, 3, 4 or 5 secretory proteins, 11 

respectively (Supplementary Table 8). In a second strategy, clustering was performed between 12 

the 351 core secretory proteins supplemented with 3,991 known secreted proteins identified in 13 

three recent studies from different pathogens (Rocafort et al., 2022; Derbyshire and Raffaele, 2023; 14 

Seong and Krasileva 2023). This analysis narrowed down to 81 singletons (22%), while the 15 

remaining proteins were grouped into clusters of varying sizes, including a large cluster of 180 16 

members and 52 others belonging to clusters containing 2 to 87 members (Supplementary Table 17 

9). Comparing the different approaches of domain analysis, similarity searches between the protein 18 

sequences of the 357 proteins and their clustering with other published fungi secretomes, 43 19 

proteins (12% of our 351 core secretome) remained unannotated, highlighting the distance still to 20 

be covered to fully characterize the F. graminearum secretome, while 113 (32%) contained protein 21 

domains shared between different members of the secretome and were included in FoldSeek 22 

clusters already described (Figure 1D, Supplementary Table 8 and 9). To show that our secreted 23 

proteins share significant characteristics with secreted proteins identified in previous studies, we 24 

then conducted a new analysis to annotate the 56 secretory proteins predicted by LOCALIZER to 25 

be localized in the nucleus (see Figure 1B and Supplementary Table 5) by searching the PHI-26 

Base database for sequence or structural similarities. Of these, 51/56 proteins were assigned to one 27 

of our FoldSeek clusters (≥2 members), indicating that our predicted effectors (EFFs) exhibit 28 

structural similarities with other secreted proteins previously described (Rocafort et al., 2022; 29 

Derbyshire and Raffaele, 2023; Seong and Krasileva, 2023). Among these 51 proteins, BLASTp 30 

searches identified sequence similarities for 20/51, while FoldSeek searches identified structural 31 
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similarities for 10/51; notably, 6/51 proteins were detected by both approaches. The full results of 1 

these analyses are provided in Supplementary Table 10, while selected examples are presented 2 

in Table 1, highlighting the functional diversity and potential evolutionary relationships between 3 

our clusters and secreted proteins from F. graminearum and other pathosystems in rice, barley, and 4 

maize. These preliminary analyses suggest that the 357 core secretory proteins represent an 5 

original source of unexplored and uncharacterized effectors with pivotal role during the early 6 

stages of the FHB disease.  7 

 8 

Identification of secretory proteins targeting the plant nucleus 9 

As already suggested by Rocher et al. (2022), we hypothesized that a subset of the secretory 10 

proteins could be imported into the plant nucleus. The predicted localization of the 357 secretory 11 

proteins using the current version of the LOCALIZER tool identified 56 secretory protein 12 

sequences putatively able to enter the plant nucleus (Figure 1B and Supplementary Table 10). 13 

Among these, 13 core secretory proteins were further short listed based both on their consistent 14 

expression changes during infection in different strains and on their expression profiles that 15 

matched with the effector delivery waves hypothesis (Fabre et al., 2019; Rocher et al., 2022) 16 

(Table 2). More specifically, this subset included five and eight secretory proteins belonging to the 17 

early and late delivery wave, respectively, with fold changes ranging from 0.48 to 4.55 Log2 18 

normalized counts between 48 and 72 hours post inoculation (hpi) (Rocher et al., 2022).  19 

 20 

To confirm the nuclear localization of the 13 selected secretory proteins in planta, GFP-21 

fused constructs without signal peptide were designed for further Agrobacterium-mediated 22 

transient expression in N. benthamiana leaf cells using an NLS-mRFP marker as a control. 23 

Confocal microscopy observations from at least two independent experiments revealed that eight 24 

out of 13 proteins effectively and consistently accumulated in the nucleus (Figure 2A and 25 

Supplementary Table 11). The remaining five proteins, which either showed weak expression, 26 

unreproducible accumulation or did not localize to the nucleus, such as EFF02 and EFF24 (Figure 27 

2A) served as valuable negative controls for this experiment, demonstrating the specificity of our 28 

nuclear localization assay. Among the eight nuclear localized proteins, distinct sub-nuclear 29 

localizations were observed. For instance, EFF18-GFP fusion protein showed a strong 30 

nucleoplasm accumulation and was excluded from the nucleolus while EFF01-GFP strongly 31 
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accumulated into the nucleolus. To further demonstrate that secretory proteins effectively target 1 

the nucleus of the host cells, transient expression in wheat protoplasts was repeated for a subset of 2 

two proteins that showed strong nuclear accumulation in N. benthamiana, but with distinct 3 

subnuclear localization (EFF11-GFP and EFF18-GFP). Both secretory proteins-GFP fusion proved 4 

to also accumulate in wheat nuclei. Similar sub-nuclear localization was observed for EFF11-GFP 5 

fusion proteins in N. benthamiana and wheat, while the fluorescence signal of  EFF18-GFP fusion 6 

protein was heterogeneous and appeared in small domains throughout the wheat nucleus as well 7 

as potentially within the nuclear membrane, as observed in the co-localization experiment with 8 

NLS-mRFP (Figure 2B and Supplementary Table 11).  9 

 10 

Molecular characterization of the nuclear-targeted secretory proteins  11 

To get further insights into the eight selected secretory proteins, which localize to the plant 12 

nucleus, we then explored their molecular structure using a set of in silico tools. First, conserved 13 

domains were defined using the Conserved Domain Database (CDD) (Lu et al., 2020). Despite the 14 

small size of the core secretory proteins, most of them contained one or more protein domains 15 

referenced in the pfam database, with EFF18 and EFF22 sharing a common pfam domain 16 

(peptidase_M14; pfam00246) (Figure 3A). Many of these domains were annotated as peptidases 17 

and hydrolases, suggesting a function in protein degradation and catabolism, while others have 18 

possible functions in the redox metabolism (Supplementary Table 7). Amino acid identity of the 19 

eight nuclear-targeted proteins was searched among a set of 22 fungal species whose genomes are 20 

fully sequenced, including several Fusarium species up to Ustilago maydis, a more distant species. 21 

Seven proteins were found in 21 to 22 fungal species and the mean percentage of identity of the 22 

eight proteins was of 75,7±23% (mean without Fgr) (Figure 3B and Supplementary Table 12). 23 

This suggest that the eight core secretory proteins are well-conserved within the Ascomycota 24 

division when compared to the well conserved RPA protein (82.5±18.5) or a tyrosine kinase 25 

protein (52.8±29.0) selected for its high accumulation of non-synonymous mutations. 26 

Interestingly, while EFF18 and EFF22 shared a common pfam domain, they do not belong to the 27 

same FoldSeek cluster (Supplementary Table 7 and 8), indicating that secondary and tertiary 28 

structural predictions provide complementary information. This prompted us to study the tertiary 29 

structures of the eight secretory proteins using ColabFold (Figure 3C). Most proteins displayed a 30 

very compact globular structure made of helixes and beta sheets, while EFF04 is not well predicted 31 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag067/8467974 by IN

R
A Lab de G

enetique C
ellulaire user on 13 February 2026



15 

with a high Predicted Template Modeling (pTM) average value of 0.61. Indeed, low percentages 1 

of disorder (absence of protein structure) were predicted in the eight proteins (mean: 16±11%, 2 

Supplementary Table 13) using DEPICTOR2 (Basu et al., 2023). Again, among the eight core 3 

secretory proteins, EFF04 is the exception with 29% of disorder (Figure 3D) which corroborate 4 

its low pTM values. Finally, despite their high level of identity across a large panel of fungi species, 5 

seven out of the eight proteins belonged to the fast-evolving fraction of the Fusarium genome 6 

(Figure 3E). Interestingly, independent RNA-seq datasets confirmed the dynamic expression of 7 

these eight nuclear-targeted effectors across wheat genotypes (Recital and Chinese Spring) and in 8 

multiple F. graminearum strains (MDC_Fg1, MDC_Fg13, MDC_FgU1), with consistent profiles 9 

between 48hpi and 96 hpi (Supplementary Figure 1). Taken together, the eight secretory proteins 10 

form highly compact tertiary structures and as core secretory proteins, they were conserved among 11 

a large panel of fungal species and harboured similar strain-independent regulations upon FHB 12 

process in different wheat cultivars. 13 

 14 

Identification of wheat proteins interacting with EFF18 15 

To identify potential interactors of the secretory proteins that may act as susceptibility 16 

genes, we employed the yeast two-hybrid (Y2H) assay, a classical method for detecting direct 17 

protein-protein interactions. We selected EFF18 as a candidate to perform a Y2H screen, as EFF18 18 

was consistently expressed in host plant with efficient transient expression assay that undoubtedly 19 

confirmed its nuclear localization in wheat protoplasts. EFF18 is well conserved among 22 20 

pathogen species, contains low disorder, high pTM (Figure 3C-D) and its expression varies 21 

significantly (Table 2) between 48 and 72 hpi. To optimize our chance to identify relevant protein 22 

interactors, a specific cDNA library was generated using the wheat Recital cultivar infected with 23 

the MDC_Fg1 strain, as in Rocher et al. (2022). 24 

A first Y2H screen was carried out using the stringent LexA system yielding 20 positive 25 

clones, among which only one cDNA sequence (LOC123138250), annotated as a 5-oxoprolinase-26 

like, was identified as multiple clones with a high confidence B score. A second screen, carried out 27 

with the more sensitive Gal4 system, identified 100 positive clones, four of them having high 28 

confidence scores (A or B). As in the LexA screen, LOC123138250 was identified, as well as three 29 

more cDNAs: LOC123105923, encoding a beta-amylase 2 chloroplastic-like protein involved in 30 

polysaccharide catabolic processes, LOC543119 annotated as thylakoid formation 1 involved in 31 
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the photosystem II assembly in chloroplasts and LOC123116977, an ER membrane protein 1 

complex subunit 1-like acting in the glutathione metabolic process (Supplementary Table 14). 2 

The four proteins included conserved domains referenced in pfam (Figure 4A). Consistent with 3 

EFF18's classification as a member of the core secretome targeting conserved function in the host, 4 

we found that all four targets were conserved across a large panel of plant species representing the 5 

green lineage, exhibiting an average sequence identity of 67±10.8% (Supplementary Table 15). 6 

This value positioned the four targets as well-conserved proteins when compared to the MUTS 7 

HOMOLOG 1 (MSH1), a miss-match repair protein involved in genome stability which is well-8 

conserved in the green lineage (Bai and Guo, 2023) and to the AGAMOUS-LIKE 62 (AGL62) 9 

protein, a member of type I MADS-Box transcription factors described to have a high rate of gene 10 

duplication and reduced purifying selection (Nam et al., 2004) with a percentage of identity of 11 

61.1 ±10.8% and 36.9±5% respectively (Supplementary Table 15). The phylogenetic trees 12 

illustrate this conservation with evolution rates expressed as the sum of the branch lengths for 13 

monocot species, similar to MSH1 but lower than AGL62 (Figure 4B). In good agreement with 14 

the fact that the Y2H library was constructed from spikes tissues, analysis of previous 15 

transcriptomic data gained in wheat spikes between 48 and 96 hpi (Rocher et al., 2024) indicated 16 

that the four proteins are expressed in spikes with a dynamic pattern of expression during infection. 17 

LOC543119 and LOC123105923 are induced in response to Fusarium infection, with mRNA 18 

levels increasing as infection progresses. Instead, LOC123116977 transcript levels decrease in 19 

response to infection, while expression of the LOC123138250 is not affected by F. graminearum 20 

infection (Figure 4C and supplementary Table 16). Interactions between EFF18 and its four 21 

putative interactors were then confirmed by performing an Y2H interaction assay carried out by 22 

reversing the bait and the prey (Figure 4D). Finally, to determine whether the four targets were 23 

addressed to the nucleus as for EFF18, a transient expression assay was performed revealing that 24 

all four proteins were effectively addressed to and accumulated in the nucleus when co-expressed 25 

with EFF18 in N. benthamiana (Figure 4E), suggesting that they could interact physically within 26 

the nucleus. To assess their localization independently of EFF18, we also performed transient 27 

expression assays of the four targets in the absence of EFF18. We did not observe striking 28 

differences in their localization patterns compared to co-expression, except for LOC123138250-29 

mRFP, which localized outside the nucleus when expressed alone but became nucleoplasmic in 30 

the presence of EFF18 (Supplementary Figure 2). Taking together, these results suggest that 31 
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EFF18 and its four interacting targets are conserved across a large panel of species, are expressed 1 

in spikes after anthesis during pivotal stages of the FHB progress and that both EFF18 and its 2 

targets can be concurrently addressed to the plant nucleus. 3 

 4 

Characterization of the interactions between EFF18 and the beta-amylase target 5 

ColabFold_Multimer tool was used to predict the 3D structures of the complexes between 6 

EFF18 and its four interacting targets. The Predicted Aligned Error (PAE) score that defines the 7 

confidence of the residue positions within the predicted structures showed that intra- and 8 

intermolecular interactions were predicted (Figure 5A). However, for all four predicted 9 

complexes, evaluation of the quality of interactions between residues by the interface predicted 10 

Template Modeling (ipTM) score, gave low scores, below 0.7, that is commonly used as a 11 

threshold to predict significant protein-protein interactions. This is likely explained by the low 12 

predicted Template Modeling (pTM) score ranging from 0.59 to 0.74 (Figure 5A). For this reason 13 

and to avoid considering the protein complex as a whole, local interactions were predicted by using 14 

Alphafold-Multimer Local Interaction Score (AFM-LIS) (Kim et al., 2024). AFM-LIS predicted 15 

the interaction between EFF18 and LOC123105923 (beta-amylase 2), but failed to detect any other 16 

interaction. To strengthen the evidence for a direct interaction between EFF18 and LOC123105923 17 

in a plant cellular context, we performed BiFC assays in N. benthamiana leaves. Co-expression of 18 

nYFP-EFF18 and cYFP-LOC123105923 reconstituted YFP fluorescence specifically in the 19 

nucleus, where the signal co-localized with the nuclear marker NLS-mRFP, confirming that the 20 

interaction occurs within the plant nucleus (Figure 4F and Supplementary Figure 3). The 21 

interacting residues at a distance of less than 5 Ångströms from each other were then predicted 22 

with ChimeraX (Figure 5B, 5C and Supplementary Table 17). This analysis identifies one main 23 

region in EFF18 between position 304 to 350AA (45 AA), including a large alpha helix (313-330 24 

AA), and four smaller interacting regions in the LOC123105923 between 226 to 422AA (196AA) 25 

(Figure 5D). This prediction was used to design deletion derivatives of EFF18, in which 45 AA or 26 

its C-terminal region was removed (Figure 5E). Using these new constructs in an Y2H interacting 27 

assay, we demonstrated that deleting the 45AA region was sufficient to impair the interaction 28 

between EFF18 and the LOC123105923 (Figure 5F), without affecting the predicted structure of 29 

EFF18 (Supplementary Figure 4). To further explore their co-variation during the FHB progress, 30 

we re-investigated independent RNA-seq datasets from four wheat genotypes infected with three 31 
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F. graminearum strains (MDC_Fg1, MDC_Fg13, MDC_FgU1). This analysis confirmed that 1 

EFF18 and the beta-amylase target (LOC123105923) are concomitantly induced during infection, 2 

with both showing increased expression between 48 and 96 hpi (Supplementary Figure 5A and 3 

5B). To sum-up, the ColabFold_Multimer tool predicted complexes with low ipTM scores (<0.7) 4 

indicating weak protein-protein interactions. Prompting the use of AFM-LIS to confirm interaction 5 

with LOC123105923, further validated the interaction by identifying key interacting residues and 6 

regions using ChimeraX and functional assay in Y2H. 7 

 8 

Discussion 9 

In this study, we examined putative core secretory proteins expressed by several strains of 10 

F. graminearum of varying aggressiveness in different wheat cultivars during FHB infection and 11 

predicted to be targeted to the plant nucleus. These effector-like proteins were found to be 12 

significantly regulated during the FHB infection dynamics, suggesting a pivotal role in the 13 

infection success. Among the 357 putative secretory proteins described in our previous study 14 

(Rocher et al., 2022), 56 were predicted to be localized in the nucleus. In this study, we shortlisted 15 

13 nuclear secretory proteins, all of which harbored a predicted nuclear localization signal (NLS). 16 

Transient expression of these proteins in N. benthamiana demonstrated the effective nuclear 17 

localization for two third with specific subnuclear accumulations, and two were further 18 

successfully validated in wheat cell nuclei. By targeting a specific subnuclear structure, these 19 

effector-like proteins may interfere with various critical host processes, exerting broad-spectrum 20 

effects on the primary functions of the plant cells, thereby helping the pathogen in establishing, 21 

proliferating and spreading in infected host tissues. Several nuclear-targeting effectors have 22 

already been described in plant pathogens, such as Mlp124478 from Melampsora larici-populina 23 

known to disrupt host gene expression by directly interacting with plant transcription factors (Petre 24 

et al., 2016) and VdSCP7 from Verticilium dahliae that targets the plant nucleus and alters plant 25 

immunity (Zhang et al., 2017). In F. graminearum, very few nuclear-targeting effectors are known. 26 

FgNLS1 has been recently described for its ability to reach the cell nuclei and to suppress plant 27 

immunity at early stages of the infection (Hao et al., 2023). Here, this study suggests that F. 28 

graminearum likely deploys a complex arsenal of effector-like molecules into wheat cell nuclei, 29 

enabling multiple nuclear targets to manipulate complementary host functions effectively. Some 30 

of our 56 secreted proteins predicted to be targeted to the nucleus have significant similarities with 31 
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already described effectors, such as I1RGP1/OSP4, a well-known effector found in F. 1 

graminearum (Jiang et al., 2020). We also noticed that EFF04 shows significant similarity to the 2 

Pathogenesis-Related (PR)-1-like 4 protein (FgPR-IL-4) from F. graminearum. Notably, deletion 3 

of FgPR-IL-4 affects infection outcomes in both susceptible and resistant wheat cultivars (Lu and 4 

Edwards, 2018). Furthermore, beyond the strong sequence conservation and expression observed 5 

among F. graminearum strains with contrasting aggressiveness, this study also revealed a broad 6 

conservation of this set of secreted proteins across different fungal species. Notably, significant 7 

homologies were identified for 26 of the 56 predicted nucleus-localized secreted proteins, as well 8 

as for 7 of the 98 nuclear-targeting secretory proteins, which were found to be well conserved 9 

across 22 fungal species. These findings suggest that such secretory proteins may act as core 10 

components of basal infection mechanisms shared by multiple pathogens across diverse host 11 

plants, thereby supporting the idea that they could serve as promising candidates for the 12 

development of broad-spectrum resistance in crops.  13 

 To further understand the functional relevance of the nuclear-targeted effector-like proteins 14 

identified in this study, we analyzed the conserved protein domains predicted by the Conserved 15 

Domain Database (CDD). Several of these domains were associated with hydrolase and peptidase 16 

activities, such as those found in EFF18 and EFF22, which harbor the Peptidase_M14 domain. 17 

These enzymatic functions suggest a potential role in host protein degradation, possibly targeting 18 

key nuclear components such as histones, transcription factors, or other DNA-associated proteins 19 

to disrupt gene regulation and promote susceptibility. Other identified domains were linked to 20 

oxidoreductase or redox-related functions, which may be involved in modulating the host's 21 

oxidative stress responses, a known component of plant immune signaling. These domain 22 

predictions support the idea that F. graminearum secretes effectors with biochemically active 23 

domains that allow direct manipulation of plant nuclear processes, either by degrading regulatory 24 

proteins or by altering the host cellular environment to facilitate infection. Such conserved drivers 25 

of pathogenicity among various infectious pathogens supports the idea that common functions, 26 

likely essential for the infectious process, are maintained across species to facilitate infection in 27 

diverse host plants. Examples of conserved nuclear effectors playing a significant role in the 28 

infection process by manipulating primary host defense responses have already been reported. For 29 

example, XoPD, a type III secretion effector from Xanthomonas euvesicatoria, plays an important 30 

role in altering host gene expression, a common strategy among different pathogens (Kim et al., 31 
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2013). By targeting host transcription factors such as SIERF4, this effector is able to suppress 1 

ethylene production, thereby further reducing defense responses. Similarly, the Transcription 2 

activator-like effectors (TALEs) are important effectors found in several pathogenic bacteria, such 3 

as Ralstonia solanacearum and Xanthomonas spp, able to act as specific plant transcription factors 4 

via a programmable DNA-binding domain (Hutin et al., 2015). TALEs from different bacterial 5 

strains of the same pathogen have been showed to target the same susceptibility genes and thus 6 

have conserved interactors (Boch et al., 2014). Taken together, the nuclear localization and broad 7 

conservation of these proteins across diverse pathogens underscore their potential role as nuclear 8 

core effector proteins able to promote generic determinants of pathogenicity across a wide range 9 

of crops.  10 

 Because nuclear effectors are supposed to interact directly or indirectly with host 11 

susceptibility factors by targeting specific players of the host cellular processes, we chose EFF18 12 

as a case study to identify new drivers of FHB susceptibility in wheat. EFF18 was also chosen 13 

because of its large accumulation in the nucleus and of its increasing expression patterns at the 14 

early stages of the FHB infection (Rocher et al., 2022). We then screened for novel interacting 15 

partners using a Y2H assay performed on an original and relevant cDNA library obtained from 16 

wheat spikes infected with F. graminearum. Using this strategy, we identified several plant 17 

proteins, which may represent new susceptibility genes able to control FHB development in wheat 18 

spikelets. LOC123105923 is a predicted beta-amylase protein involved in the hydrolysis of starch 19 

to maltose. In Sweet potato tubers, it plays an important role in carbohydrate metabolism by 20 

converting stored starch into sugar, which provides energy for many metabolic processes, 21 

including growth and development (Vajravijayan et al., 2018). LOC543119 is involved in the 22 

formation of thylakoids in chloroplasts and is essential for photosynthesis. Its role in 23 

photosynthesis and further in plant health and defense has already been reported (Monroe and 24 

Storm, 2018). LOC123116977 is an endoplasmic reticulum (ER) membrane protein and is 25 

important for various cellular processes including stress response and defense (Yamada et al., 26 

2011) and, LOC123138250 is a 5-oxoprolinase that has also been observed to be involved in stress 27 

response (Lei et al., 2024).  While initially not predicted in the nucleus, we find them to localize 28 

to the nucleus in presence of the EFF18 in transient expression assays, suggesting that they may 29 

have additional nuclear functions than the ones predicted or demonstrated so far. Only the 30 

EFF18/LOC123105923 interaction was successfully confirmed by ColabFold predictions 31 
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motivating further attention to these interacting candidates. Interestingly, a plant beta-amylase 1 

already proved to accumulate in a susceptible triticale line after infection but not in resistant ones. 2 

β-amylases are enzymes involved in starch degradation, releasing maltose and thereby regulating 3 

the carbohydrate status of plant tissues. This process is important for energy availability and is 4 

linked to growth, stress responses, and developmental pathways in cereals (Thalmann et al., 2019). 5 

By targeting a β-amylase, EFF18 could enhance starch degradation, increasing soluble sugars in 6 

infected tissues. This nutrient release may benefit the pathogen, enabling more robust fungal 7 

growth and reproduction. During FHB infection in a susceptible cereal line, elevated β-amylase 8 

levels correlated with higher disease severity, suggesting that changes in β-amylase are associated 9 

with weakened plant defenses (Perlikowski et al., 2016), emphasizing its potential as a 10 

susceptibility factor. This beta-amylase was highly conserved across the green lineage, echoing 11 

with the high sequence conservation of its bait, EFF18, and emphasizing that relative pathogens 12 

could target conserved processes across crops. As such, targeted suppression or alteration of β-13 

amylase activity could serve as a promising strategy to enhance resistance against FHB. The 14 

conservation of F. graminearum nuclear targets, such as β-amylase found broadly in plants, 15 

suggests that effectors acting on these proteins could influence susceptibility across diverse hosts. 16 

For instance, the PT1 gene (PHI:124535) from Verticillium dahliae, expressed during infection of 17 

Gossypium hirsutum (Chen et al., 2024) shares 66% identity with FGRAMPH1_01G18353 18 

(BLASTp e-value = 0), highlighting potential for broad-spectrum resistance.  19 

 20 

To conclude, parsing multiple candidate F. graminearum genes supposed to control FHB 21 

in wheat, this study provides new insights about the sophisticated strategy used by this pathogenic 22 

fungus, emphasizing its ability to deploy a complex arsenal of effector-like proteins towards 23 

multiple sub-nuclear wheat targets at early stages of infection to manipulate complementary host 24 

functions. Being part of evolutionarily conserved elements across diverse pathogens, these fungal 25 

proteins could be at the crossroad of shared mechanisms of pathogenicity that could facilitate 26 

infection in a broad range of host plants through the control of generic susceptibility pathways. 27 

While further investigations are required, a more in-depth characterization of such fungal core 28 

secretory proteins and their plant targets could unlock new opportunities for identifying novel 29 

resistance sources, enabling the development of robust, broad-spectrum strategies to control 30 

multiple pathogens across various crops. 31 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag067/8467974 by IN

R
A Lab de G

enetique C
ellulaire user on 13 February 2026



22 

 1 

 2 

Acknowledgments 3 

C.T. and L.B. would like to thank Dr Freddy Boutrot and Dr Aline Probst for critical review of the 4 

manuscript. The authors thank Richard Blanc for its valuable help during plant experiments and 5 

Fusarium graminearum inoculations. All microscopic images were acquired on the CLIC 6 

microscopy facility (CLermont Imagerie Confocale). All images were stored in an OMERO server 7 

hosted at the Mesocentre Clermont Auvergne.  8 

 9 

Author contributions 10 

L.B., C.S. and C.T. supervised the study. S.A., E.V., L.L., G.P., M.J., F.R. and M.B. performed 11 

experiments. S.A., L.F., C.T. and M.B. performed the bio-informatics work. S.A., L.B. and C.T. 12 

wrote the manuscript. 13 

 14 

Conflict of interest 15 

No conflict of interest declared 16 

 17 

Funding 18 

This work was funded by the Pack Ambition Recherche project FHB-SECURE from the Region 19 

Auvergne-Rhône-Alpes. This work was also supported by Centre National de la Recherche 20 

Scientifique (CNRS), Institut National de la Santé et de la Recherche Médicale (INSERM), 21 

Université Clermont Auvergne (UCA). The authors acknowledge the support received from the 22 

Agence Nationale de la Recherche of the French government through the program 23 

“Investissements d’Avenir” (16IDEX0001 CAP 2025 CIR 1, International Research Center on 24 

Sustainable AgroEcosystems). 25 

 26 

Data availability 27 

All data are provided in Supplementary files. 28 

 29 

References  30 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag067/8467974 by IN

R
A Lab de G

enetique C
ellulaire user on 13 February 2026



23 

Alouane T, Rimbert H, Bormann J, González‐montiel GA, Loesgen S, Schäfer W, Freitag M, 1 
Langin T, Bonhomme L. 2021. Comparative genomics of eight Fusarium graminearum strains 2 
with contrasting aggressiveness reveals an expanded open pangenome and extended effector 3 
content signatures. International Journal of Molecular Science 22(12), 6257.  4 

Alouane T, Rimbert H, Fabre F, Cambon F, Langin T, Bonhomme L. 2018. Genome Sequence 5 
of Fusarium graminearum Strain MDC_Fg1, Isolated from Bread Wheat Grown in France. 6 
Microbiology Resource Announcements 7(19), e01260-18. 7 

Bai MZ, Guo YY. 2023. Bioinformatics Analysis of MSH1 Genes of Green Plants: Multiple 8 
Parallel Length Expansions, Intron Gains and Losses, Partial Gene Duplications, and Alternative 9 
Splicing. International Journal of Molecular Science 24(17), 13620 10 

Basu S, Kihara D, Kurgan L. 2023. Computational prediction of disordered binding regions. 11 
Computational and Structural Biotechnology Journal 21, 1487-1497. 12 

Boch J, Bonas U, Lahaye T. 2014. TAL effectors - pathogen strategies and plant resistance 13 
engineering. New Phytologist 204, 823–832. 14 

Cai J, Jiang Y, Ritchie ES, Macho AP, Yu F, Wu D. 2023. Manipulation of plant metabolism by 15 
pathogen effectors: More than just food. FEMS Microbiology Reviews 47(2), fuad007. 16 

Capella-Gutierrez S, Kauff F, Gabaldón TA. 2014. Phylogenomics approach for selecting robust 17 
sets of phylogenetic markers. Nucleic Acids Research 42, e54. 18 

Chen A, Morrison S., Gregson, A., Le, D. P., Urquhart, A. S., Smith, L. J., Aitken, E. A. B. and 19 
Gardiner, D. M. (2024) Fluorescently Tagged Verticillium dahliae to Understand the Infection 20 
Process on Cotton (Gossypium hirsutum) and Weed Plant Species. Pathogens, 13 (6). p. 442. 21 

Dean R, Van Kan JAL, Pretorius ZA, et al. 2012. The Top 10 fungal pathogens in molecular 22 
plant pathology. Molecular Plant Patholology 13(4), 414-430 23 

Derbyshire MC, Raffaele S. 2023. Surface frustration re-patterning underlies the structural 24 
landscape and evolvability of fungal orphan candidate effectors. Nature Communications 14(1), 25 
5244. 26 

Deslandes L, Rivas S. 2011. The plant cell nucleus: A true arena for the fight between plants and 27 
pathogens. Plant Signaling and Behavior 6(1), 42-48. 28 

Ekwomadu TI, Akinola SA, Mwanza M. 2021. Fusarium mycotoxins, their metabolites (Free, 29 
emerging, and masked), food safety concerns, and health impacts. International Journal of 30 
Environmental Research and Public Health 18(22), 11741. 31 

Fabre F, Rocher F, Alouane T, Langin T, Bonhomme L. 2020. Searching for FHB Resistances 32 
in Bread Wheat: Susceptibility at the Crossroad. Frontiers in Plant Science 11, 731. 33 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag067/8467974 by IN

R
A Lab de G

enetique C
ellulaire user on 13 February 2026



24 

Fabre F, Urbach S, Roche S, Langin T, Bonhomme L. 2021. Proteomics-Based Data Integration 1 
of Wheat Cultivars Facing Fusarium graminearum Strains Revealed a Core-Responsive Pattern 2 
Controlling Fusarium Head Blight. Frontiers in Plant Science 12, 644810. 3 

Gietz DR, Woods RA. 2002. Transformation of yeast by lithium acetate/single-stranded carrier 4 
DNA/polyethylene glycol method. Methods in Enzymology 350, 87-96 5 

Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, Ferrin TE. 2018. 6 
UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein Science 27, 7 
14-25.  8 

Hao G, Naumann TA, Chen H, Bai G, McCormick S, Kim HS, Tian B, Trick HN, Naldrett 9 
MJ, Proctor R. 2023. Fusarium graminearum Effector FgNls1 Targets Plant Nuclei to Induce 10 
Wheat Head Blight. Molecular Plant Microbe Interaction 36, 478–488. 11 

Harris W, Kim S, Vӧlz R, Lee YH. 2023. Nuclear effectors of plant pathogens: Distinct strategies 12 
to be one step ahead. Molecular Plant Patholology 24(6), 637-650. 13 

Hutin M, Sabot F, Ghesquière A, Koebnik R, Szurek B. 2015. A knowledge-based molecular 14 
screen uncovers a broad-spectrum OsSWEET14 resistance allele to bacterial blight from wild rice. 15 
Plant Journal 84, 694–703. 16 

Jiang C, Hei R, Yang Y, et al. 2020. An orphan protein of Fusarium graminearum modulates host 17 
immunity by mediating proteasomal degradation of TaSnRK1α. Nature Communications 11(1), 18 
4382. 19 

Jiang Y, Yang B, Harris NS, Deyholos MK. 2007. Comparative proteomic analysis of NaCl 20 
stress-responsive proteins in Arabidopsis roots. Journal of Experimental Botany 58, 3591–3607. 21 

Jin M, Hu S, Wu Q, et al. 2024. An effector protein of Fusarium graminearum targets chloroplasts 22 
and suppresses cyclic photosynthetic electron flow. Plant Physiology 196, 2422–2436. 23 

Katoh K, Standley DM. 2013. MAFFT multiple sequence alignment software version 7: 24 
Improvements in performance and usability. Molecular Biology and Evolution 30, 772–780. 25 

Kim A, Hu Y, Comjean A, Rodiger J, Mohr S, Perrimon N . 2024. Enhanced Protein-Protein 26 
Interaction Discovery via AlphaFold-Multimer. BioRxiv doi.org/10.1101/2024.02.19.580970  27 

Kim JG, Stork W, Mudgett MB. 2013. Xanthomonas type III effector XopD desumoylates 28 
tomato transcription factor SlERF4 to suppress ethylene responses and promote pathogen growth. 29 
Cell Host and Microbe 13, 143–154. 30 

Lee S, Kim J, Kim MS, Min CW, Kim ST, Choi SB, Lee JH, Choi D. 2023. The Phytophthora 31 
nucleolar effector Pi23226 targets host ribosome biogenesis to induce necrotrophic cell death. 32 
Plant Communications 4(5), 100606. 33 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag067/8467974 by IN

R
A Lab de G

enetique C
ellulaire user on 13 February 2026



25 

Lei S, Rossi S, Yang Z, Yu J, Huang B. 2024. Metabolic regulation of 5-oxoproline for enhanced 1 
heat tolerance in perennial ryegrass. Stress Biology 4, 46. 2 

Letunic I, Bork P. 2024. Interactive Tree of Life (iTOL) v6: Recent updates to the phylogenetic 3 
tree display and annotation tool. Nucleic Acids Research 52, W78–W82. 4 

Lu S, Edwards MC. 2018. Molecular Characterization and Functional Analysis of PR-1-Like 5 
Proteins Identified from the Wheat Head Blight Fungus Fusarium graminearum. Phytopathology. 6 
108(4):510-520. 7 

Lu S, Wang J, Chitsaz F, et al. 2020. CDD/SPARCLE: The conserved domain database in 2020. 8 
Nucleic Acids Reserch 48, D265–D268. 9 

Luo G, Li B, Gao C. 2022. Protoplast Isolation and Transfection in Wheat. Methods in Molecular 10 
Biology 2464, 131-141. 11 

Mermet S, Voisin M, Mordier J, et al. 2023. Evolutionarily conserved protein motifs drive 12 
interactions between the plant nucleoskeleton and nuclear pores. The Plant Cell 35, 4284–4303. 13 

Mirdita M, Schütze K, Moriwaki Y, Heo L, Ovchinnikov S, Steinegger M. 2022. ColabFold: 14 
making protein folding accessible to all. Nature Methods 19, 679–682. 15 

Mistry J, Chuguransky S, Williams L, Qureshi M, Salazar GA, Sonnhammer ELL, Tosatto 16 
SCE, Paladin L, Raj S, Richardson LJ, Finn RD, Bateman A. 2021. Pfam: The protein families 17 
database in 2021. Nucleic Acids Research 49, 412-419. 18 

Monroe JD, Storm AR. 2018. Review: The Arabidopsis β-amylase (BAM) gene family: Diversity 19 
of form and function. Plant Science 276, 163-170. 20 

Nakagawa T, Suzuki T, Murata S, et al. 2007. Improved gateway binary vectors: High-21 
performance vectors for creation of fusion constructs in transgenic analysis of plants. Bioscience, 22 
Biotechnology, and Biochemistry 71, 2095–2100. 23 

Nam J, Kim J, Lee S, An G, Ma H, Nei M. 2004. Type I MADS-box genes have experienced 24 
faster birth-and-death evolution than type II MADS-box genes in angiosperms. Proceedings of the 25 
National Academy of Sciences USA 101(7), 1910-1915. 26 

Nielsen H, Tsirigos KD, Brunak S, von Heijne G. 2019. A Brief History of Protein Sorting 27 
Prediction. Protein Journal 38, 200-216.  28 

Perlikowski D, Wiśniewska H, Kaczmarek J, Góral T, Ochodzki P, Kwiatek M, Majka M, 29 
Augustyniak A, Kosmala A. 2016. Alterations in kernel proteome after infection with Fusarium 30 
culmorum in two triticale cultivars with contrasting resistance to fusarium head blight. Frontiers 31 
Plant Science 7, 1217. 32 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag067/8467974 by IN

R
A Lab de G

enetique C
ellulaire user on 13 February 2026



26 

Petersen BL, Möller SR, Mravec J, Jørgensen B, Christensen M, Liu Y, Wandall HH, Bennett 1 
EP, Yang Z. 2019. Improved CRISPR/Cas9 gene editing by fluorescence activated cell sorting of 2 
green fluorescence protein tagged protoplasts. BMC Biotechnology 17,19:36.  3 

Petre B, Lorrain C, Saunders DG, Win J, Sklenar J, Duplessis S, Kamoun S. 2016. Rust fungal 4 
effectors mimic host transit peptides to translocate into chloroplasts. Cell Microbiology 18, 453-5 
465. 6 

Rocafort M, Bowen JK, Hassing B, Cox MP, McGreal B, de la Rosa S, Plummer KM, 7 
Bradshaw RE, Mesarich CH. 2022. The Venturia inaequalis effector repertoire is dominated by 8 
expanded families with predicted structural similarity, but unrelated sequence, to avirulence 9 
proteins from other plant-pathogenic fungi. BMC Biology 20, 246. 10 

Rocher F, Alouane T, Philippe G, Martin ML, Label P, Langin T, Bonhomme L . 2022. 11 
Fusarium graminearum Infection Strategy in Wheat Involves a Highly Conserved Genetic 12 
Program That Controls the Expression of a Core Effectome. International Journal of Molecular 13 
Science 23(3), 1914. 14 

Rocher F, Dou S, Philippe G, Martin ML, Label P, Langin T, Bonhomme L. 2024. Integrative 15 
systems biology of wheat susceptibility to Fusarium graminearum uncovers a conserved gene 16 
regulatory network and identifies master regulators targeted by fungal core effectors. BMC 17 
Biology 22, 53. 18 

Rossignol P, Collier S, Bush M, Shaw P, Doonan JH. 2007. Arabidopsis POT1A interacts with 19 
TERT-V(18), an N-terminal splicing variant of telomerase. Journal of Cell Science 120, 3678–20 
3687. 21 

Sasi S, Krishnan S, Kodackattumannil P, Shamisi A Al, Aldarmaki M, Lekshmi G, Kottackal 22 
M, Amiri KMA. 2023. DNA-free high-quality RNA extraction from 39 difficult-to-extract plant 23 
species (representing seasonal tissues and tissue types) of 32 families, and its validation for 24 
downstream molecular applications. Plant Methods 19, 84. 25 

Seong K, Krasileva K V. 2023. Prediction of effector protein structures from fungal 26 
phytopathogens enables evolutionary analyses. Nature Microbiology 8, 174–187. 27 

Sparkes IA, Runions J, Kearns A, Hawes C. 2006. Rapid, transient expression of fluorescent 28 
fusion proteins in tobacco plants and generation of stably transformed plants. Nature Protocols 1, 29 
2019–2025. 30 

Sperschneider J, Catanzariti AM, Deboer K, Petre B, Gardiner DM, Singh KB, Dodds PN, 31 
Taylor JM. 2017. LOCALIZER: Subcellular localization prediction of both plant and effector 32 
proteins in the plant cell. Scientific Reports 7, 44598. 33 

Sperschneider J, Dodds PN. 2022. EffectorP 3.0: Prediction of Apoplastic and Cytoplasmic 34 
Effectors in Fungi and Oomycetes. Molecular Plant Microbe Interaction 35, 146–156. 35 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag067/8467974 by IN

R
A Lab de G

enetique C
ellulaire user on 13 February 2026



27 

Steinegger M, Söding J. 2017. MMseqs2 enables sensitive protein sequence searching for the 1 
analysis of massive data sets. Nature Biotechnology 35, 1026–1028. 2 

Steiner B, Buerstmayr M, Michel S, Schweiger W, Lemmens M, Buerstmayr H. 2017. 3 
Breeding strategies and advances in line selection for Fusarium head blight resistance in wheat. 4 
Tropical Plant Pathology 42, 165–174. 5 

Thalmann M, Coiro M, Meier T, Wicker T, Zeeman SC, Santelia D. 2019. The evolution of functional 6 
complexity within the β-amylase gene family in land plants. BMC Evolutionary Biology 19(1), 66. 7 

Todd JNA, Carreón-Anguiano KG, Islas-Flores I, Canto-Canché B. 2022. Microbial Effectors: 8 
Key Determinants in Plant Health and Disease. Microorganisms 10(10), 1980. 9 

Vajravijayan S, Pletnev S, Mani N, Pletneva N, Nandhagopal N, Gunasekaran K. 2018. 10 
Structural insights on starch hydrolysis by plant β-amylase and its evolutionary relationship with 11 
bacterial enzymes. International Journal of Biological Macromolecules 113, 329–337. 12 

van Kempen M, Kim SS, Tumescheit C, Mirdita M, Lee J, Gilchrist CLM, Söding J, 13 
Steinegger M. 2024. Fast and accurate protein structure search with Foldseek. Nature 14 
Biotechnology 42, 243-246.  15 

Velásquez-Zapata V, Elmore JM, Banerjee S, Dorman KS, Wise RP. 2021. Next-generation 16 
yeast-two-hybrid analysis with Y2H-SCORES identifies novel interactors of the MLA immune 17 
receptor. PLoS Computational Biology 17(4), e1008890. 18 

Voigt CA, Schäfer W, Salomon S. 2005. A secreted lipase of Fusarium graminearum is a 19 
virulence factor required for infection of cereals. Plant Journal 42, 364–375. 20 

Xu R, Shandilya UK, Yiannikouris A, Karrow NA. 2023. Traditional and emerging Fusarium 21 
mycotoxins disrupt homeostasis of bovine mammary cells by altering cell permeability and innate 22 
immune function. Animal Nutrition 12, 388–397. 23 

Yamada K, Hara-Nishimura I, Nishimura M. 2011. Unique defense strategy by the endoplasmic 24 
reticulum body in plants. Plant Cell and Physiology 52, 2039-49.  25 

Zhang S, Li C, Si J, Han Z, Chen D. 2022. Action Mechanisms of Effectors in Plant‐Pathogen 26 
Interaction. International Journal of Molecular Science 23(12), 6758.  27 

Zhang L, Ni H, Du X, Wang S, Ma XW, Nürnberger T, Guo HS, Hua C. 2017. The Verticillium-28 
specific protein VdSCP7 localizes to the plant nucleus and modulates immunity to fungal 29 
infections. New Phytologist 215, 368-381. 30 

  31 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/erag067/8467974 by IN

R
A Lab de G

enetique C
ellulaire user on 13 February 2026



28 

Tables 1 

Table 1: PHI-Base and GO analysis of 31 secreted proteins predicted to be targeted to the 2 

nucleus. 3 

Starting from the 133 secreted proteins sharing sequence and structural similarities as well as 4 

conserved domains described in Figure 1D, BLASTp and FoldSeek search were performed against 5 

the PHI-Base database. 10 hits with LDDT ≥0.5 were recorded identifying orthologs or paralogs 6 

proteins described in several pathosystems. 7 

Gene GO MF Phi_Base Function LDDT Gene Pathogen host Ref. 

FGRAMPH1_01G
05441 

GO:0016899 PHI:11989 
putative D-arabinono-

1,4-lactone oxidase 

0.5913 
MoALO1 

(MGG_02689) 

M. oryzae O. sativa 
Wu et al  
2022 

0.5913 M. oryzae H. vulgare 

FGRAMPH1_01
G05657 

GO:0008061 

PHI:8753 

chitinase 

0.8297 

MoChia1 
(MGG_08054) 

M. oryzae O. sativa 

Yang et al 
2019 
 
Han et al 
2019 

0.8297 M. oryzae O. sativa 

0.8297 M. oryzae O. sativa 

PHI:8806 

0.8297 
MoChi1 

(MGG_08054) 

M. oryzae O. sativa 

0.8297 M. oryzae H. vulgare 

PHI:7144 
SCP-like extracellular 

protein 
0.6229 FvSCP1 F. verticillioides Z. mays 

Zhang et al 
2017 

FGRAMPH1_01
G24877 

NA 

Pathosystem
s in barley, 
rice and 
maize uncharacterized 

protein 

1.00 ScOrtholog_MIF2 

F. graminearum T. aestivum Yu et al 2015 

PHI:5711 0.8492 FGSG_02883 

 8 

Table 2. Selected set of 13 secretory proteins predicted by LOCALIZER1.0.4 to be targeted 9 

to the plant nucleus. 10 

Molecular features of 13 selected proteins expected to be targeted to the nucleus by 11 

LOCALIZER1.04 and characterized using EFFECTORP3.0, SIGNALP5.0, their expression 12 

profiles and Log2 fold change (FC) during wheat spike infection from Rocher et al 2022.  13 

 14 

Accession ID Code SIZE 
(aa) 

Effector Prediction 
(EFFECTORP) 

Nuclear Localization 
Prediction  
(LOCALIZER) 

Expression pattern 
during FHB 

Log(FC) between 
48hpi and 72hpi 

FGRAMPH1_01T01843 EFF01 383 Non-effector Nucleus Late 0.54 
FGRAMPH1_01T05171 EFF02 617 Non-effector Nucleus Late 1.17 
FGRAMPH1_01T11559 EFF04 247 Cytoplasmic effector Nucleus Late 0.49 
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FGRAMPH1_01T11579 EFF06 856 Non-effector Nucleus Late 2.25 
FGRAMPH1_01T12575 EFF10 1009 Non-effector Nucleus Early 0.54 
FGRAMPH1_01T13187 EFF11 528 Non-effector Nucleus Early 0.82 
FGRAMPH1_01T13647 EFF13 663 Non-effector Nucleus, Apoplast Early 1.26 
FGRAMPH1_01T13999 EFF17 1350 Non-effector Nucleus, chloroplast Early 0.76 
FGRAMPH1_01T15319 EFF18 439 Non-effector Nucleus Late 1.25 
FGRAMPH1_01T18783 EFF20 569 Non-effector Nucleus Early 2.42 
FGRAMPH1_01T21315 EFF22 441 Cytoplasmic effector Nucleus Late 0.86 
FGRAMPH1_01T21741 EFF24 876 Non-effector Nucleus Late 0.50 
FGRAMPH1_01T25857 EFF29 505 Non-effector Nucleus, Apoplast Late 3.94 

 1 

Table 3. Interaction scores for 4 complexes between targets and EFF18 in Y2H and with 2 

AFM-LIS.  3 

From the PAE analysis (probability of interaction between amino acids based on the distance in 4 

Ångströms between 2 amino acids), AFM-LIS allows predicting PPIs at the scale of each amino 5 

acid by jointly using a Local Interaction Area (LIA) and a Local Interaction Score (LIS). AFM-6 

LIS with best Local Interaction Area (LIA) and best Local Interaction Score (LIS) above the 7 

minimal values (respectively LIA ≥ 3432 and LIS ≥ 0.203. 8 

Y2H 

interactors 

Y2H 

interaction 

score 

Best 

ipTM 
Best 

pTM 
Best 

pLDDT 
Best LIS Best LIA 

LOC123116977 B 0.38 0.71 82.42 0.015 10 
LOC543119 A 0.20 0.63 77.29 0 0 
LOC123105923 A 0.69 0.75 80.80 0.215 238.2 
LOC123138250 B 0.19 0.69 84.00 0 0 
 9 

 10 

Figure legends 11 

Figure 1. Characteristics of the 357 core secretory proteins.  12 

Classification of the 357 core secretory proteins according to A) their size in amino acids (aa), B) 13 

EFFECTORP-fungi 3.0 and LOCALIZER1.0.4 predictions and C) protein sequence similarities 14 

shared within the 357 secretory proteins (EFFs). D) Venn diagrams representing the unique (left) 15 

and common (right) protein features cross-referencing (i) shared sequence similarities identified 16 

by MMSEQS2, (ii) shared conserved domains referenced in pfam predicted by a Conserved 17 

Domain Database (CDD) analysis and (iii) shared structural similarities defined by FoldSeek 18 

clustering. 19 
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 1 

Figure 2. Characterization of 13 secretory proteins by transient expression in Nicotiana 2 

benthamiana and Triticum aestivum.  3 

A) Transient co-expression of effector candidates fused to GFP (EFF-GFP) with a nuclear 4 

localization signal-tagged mRFP (NLS-mRFP) in N. benthamiana leaves. Localization was 5 

assessed 3 days post-infiltration using spinning disk confocal microscopy with a 40X objective. 6 

B) Transient expression of the same constructs in isolated wheat (Triticum aestivum) protoplasts, 7 

imaged 3 days post-transfection using a 40X oil immersion confocal objective. NLS-mRFP was 8 

used as a nuclear localization marker to confirm nuclear targeting of EFF proteins. EFF02-GFP 9 

and EFF24-GFP, which do not accumulate in the nucleus, served as negative controls. Comparative 10 

localization patterns between GFP and NLS-mRFP fluorescence signals supported nuclear 11 

accumulation for a subset of tested effectors. 12 

 13 

Figure 3. Characteristics of 8 secreted proteins from F. graminearum targeted to the plant 14 
nucleus. 15 
A) Conserved secondary structures of the 8 secreted proteins as predicted by the Conserved 16 

Domain Database (CDD) analysis. B) Box plots with Tukey whiskers representing the percentage 17 

of the 8 secretory protein identity (% identity) in 22 species of fungi as well as for RPA and a 18 

tyrosine kinase protein (kinase) chosen for their low and high conservation, respectively. Mean 19 

value (72.5%) of percentage of identity of the 8 secreted proteins is indicated as a red line. C) 3D 20 

structures predicted by ColabFold and refined by ChimeraX to highlight beta-sheets (green) and 21 

alpha helixes (blue) secondary structures. pTM values ranging from 0 to 1, with higher scores 22 

indicating better structural predictions are indicated below each structure. D) Box plots with Tukey 23 

whiskers representing the percentage of intrinsically disordered regions (% disorder) of the 8 24 

selected proteins. Mean value (16%) of disorder of the 8 secretory proteins is indicated as a red 25 

line. E) Positions of the 8 genes encoding the secretory proteins according to the fast and slow 26 

evolving regions along the 4 chromosomes of F. graminearum genome. Statistical significance of 27 

the distribution of the 8 secreted protein against the complete set of 357 proteins was assessed by 28 

Fisher's Exact Test, p-Value = 0.29. 29 

 30 
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Figure 4. Characteristics of EFF18 target genes identified by Y2H screen. 1 

A) Protein domains identified in the 4 target proteins as predicted by the Conserved Domain 2 

Database (CDD) analysis. B) Unrooted phylogenetic trees where monocotyledons (green) and 3 

dicotyledons (blue) are indicated. Branch lengths were standardized for all trees and expressed as 4 

substitution/site. Percentage of identity (%identity) and evolution rates computed as the sum of the 5 

branch lengths for the monocotyledons species are given below each tree. Values for AGL62 and 6 

MSH1 served as indicators for high and low evolution rates. C) Expression profiles of the 4 target 7 

proteins in the ‘Recital’ wheat cultivar. Data are expressed as Log2(FC) between infected (values 8 

obtained from plants facing 3 different F. graminearum strains in 3 replicates each) and mock (3 9 

replicates) conditions at 48, 72 and 96 hours after infection (Hpi). D) Y2H interaction assay 10 

between EFF18 (prey) and its four interacting proteins (baits). Y2H assay was performed using 11 

permissive (YNB/-Leu/-Trp, top panel) or test (YNB/-Leu/-Trp/-Ade/-His; bottom panel) media. 12 

Empty vector pGADT7 and pGBKT7 were used respectively as prey and bait negative controls. 13 

E) Co-localization assay of the four target proteins expressed as mRFP fusions and EFF18-GFP in 14 

transient expression assay and F) Bimolecular Fluorescence Complementation (BiFC) assay 15 

between EFF18 and its target LOC123105923 performed in N. benthamiana and observed three 16 

days after infiltration using a Zeiss Cell Observer Spinning Disk microscope under 40X objective. 17 

Scale bar: 10µm. 18 

 19 

Figure 5. Interactions between EFF18 and its four targets predicted by 20 

ColabFold_multimer. 21 

A) Predicted Aligned Error (PAE) score obtained from a ColabFold_multimer prediction and 22 

representing the probability of amino acids interacting with each other. PAE plots are represented 23 

as 2D matrixes with protein A as the targets and B as EFF18. PAE values range from 0 to 30 24 

Ångströms (y-axis), where 0 indicates high (blue) and 30 low (red) confidence in interactions, 25 

along the protein (x-axis in amino acids). Intra and intermolecular interactions can be observed for 26 

A top left, B bottom right and A-B top right, B-A bottom respectively. pTM and ipTM of the 27 

complexes are indicated below the corresponding PAE plots. B) Protein complex with interacting 28 

residues highlighted in green (EFF18, 32AA, top) and red (LOC123105923, 36AA, bottom). C) 29 

Definition of the interacting residues between EFF18 and LOC123105923 using ChimeraX and 30 

redrawn at scale highlighting EFF18 (green) and beta amylase (red) residues in interaction. Pfam 31 
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domains identified by the Conserved Domain Database (CDD) are indicated as in Figure 4. D) 1 

EFF18 deletion derivatives used in Y2H assay. E) Y2H assay between EFF18, EFF18 deletion 2 

derivatives and LOC123105923. The prey (in pGADT7 vector) together with each of the bait 3 

plasmids (in pGBKT7 vector) were transformed into the yeast strains Y187 and AH109 4 

respectively. Y2H assay was performed using permissive (YNB/-Leu/-Trp, top panel) or test 5 

(YNB/-Leu/-Trp/-Ade/-His, bottom panel) media. Empty vector pGADT7 and pGBKT7 were used 6 

respectively as pray and bait negative controls.  7 

 8 

 9 

  10 
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