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Abstract

:

Wheat is one of the most important food crops, both in China and worldwide. Wheat production is facing extreme stresses posed by different diseases, including Fusarium head blight (FHB), which has recently become an increasingly serious concerns. FHB is one of the most significant and destructive diseases affecting wheat crops all over the world. Recent advancements in genomic tools provide a new avenue for the study of virulence factors in relation to the host plants. The current review focuses on recent progress in the study of different strains of Fusarium infection. The presence of genome-wide repeat-induced point (RIP) mutations causes genomic mutations, eventually leading to host plant susceptibility against Fusarium invasion. Furthermore, effector proteins disrupt the host plant resistance mechanism. In this study, we proposed systematic modification of the host genome using modern biological tools to facilitate plant resistance against foreign invasion. We also suggested a number of scientific strategies, such as gene cloning, developing more powerful functional markers, and using haplotype marker-assisted selection, to further improve FHB resistance and associated breeding methods.
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1. Introduction


Bleached ears caused by the fungus Fusarium graminearum have emerged in luscious green fields of wheat, threatening wheat producers around the world [1]. After infection, the fungus spreads rapidly in the ear; continues to multiply and grow during the grain filling and maturity of wheat; and produces a variety of toxins in wheat grains, including deoxynivalenol (DON), nivalenol (NIV), and zearalenol (ZEN). Once these toxins enter the human body or livestock, they cause the body’s immunity to decline, leading to teratogenesis, cancer, abortion in pregnant women, and other pathogenic effects, thus posing serious harm to the health of humans and livestock. Historically, the first outbreak of this fungus was reported in 1884 in England, followed by America, Europe, Australia, and South Africa [2,3,4]. An estimated loss of USD 3 billion throughout the 1990s was documented in North America. Since then, approximately 28 million metric tons of wheat grain has been infected, accounting for almost USD 5.6 billion [1,5]. From 2004 to 2012, the annual economic losses ranged from CAD 1 million to 9 million in Alberta, Canada (Government of Alberta, 2015).



Immature cereal grains become infected with the fungus at the anthesis stage. Thereafter, fungal hyphae spread within the spikelet through the vascular bundles of the rachis [6], thus promoting infection. In this case, one of the main factors influencing a plant’s susceptibility is thought to be the pathogen’s capacity to subvert its host’s physiological functions, including defense mechanisms, physiology, and basic metabolism, in order to make use of its resources. The two partners engage in intricate molecular cross-talk during these interactions, which includes the release of effectors, small secreted proteins with the ability to change the structure of host cells and target particular functions in host tissues which are also known as susceptibility factors. In response, the host plant activates a two-layered immune response [7]. The first layer is called pathogen-triggered immunity (PTI), which is activated when the plant recognizes the pathogen/microbial-associated molecular pattern (PAMP/MAMP) on the surface of the pathogen through the use of its pattern recognition receptors (PRRs) [8,9,10]. In order to curb this primary response, the pathogen release an arsenal of molecules, collectively called effector proteins. These molecules work as potential agents within the host to augment the capabilities through interfering with different cellular processes, such as signaling, cellular adherence, transcription, vesicular trafficking, membrane biogenesis, apoptosis, and metabolism [11]. However, some of these effectors are directly or indirectly detected by plants and deploy R-genes encoded with R-proteins, leading to rapid cell death; this is termed as the hypersensitive response (HR) or effector-triggered immunity (ETI) [11,12]. ETI is similar to the process of apoptosis in animals [13]. In contrast, resistance develops as depicted in Flor’s gene-for-gene model through the presence of similar R and effector proteins [14,15]. However, the proper delivery of these effector molecules is critical for the success of a pathogen. A small number of fungi, such as Fusarium, Blumeria graminis, Puccina recondite, Puccinia graminis, Puccina striformis, Septoria nodorum, and Septoria tritici, have been studied at this level. However, it is still difficult to uncover the multiple strategies of the mode of action of effectors, such as how the fungi maintain their effector protein evolutionary mechanism and what specific mechanism supports the pathogen in sustaining this evolutionary machinery in contrast with host plants.



It has been suggested that repeat-induced point mutation (RIP) has an impact on genome duplication through gene duplication. Therefore, RIP is considered the most critical factor in the evolution of new functions [16,17]. In addition, epigenetic changes through genome-wide RIP mechanisms are a major weapon through which pathogens evolve in response to host plants. However, there is still a long way to go to understand the mechanism behind RIP. In this study, we specifically discuss and update the understanding of Fusarium graminearum virulence factors in common wheat, which may lead to overcoming the unknown strategies with which fungi maintain their evolutionary mechanism for completion with their host plant.




2. Distinguished Features of Fusarium graminearum Life Cycle


Most of the F. graminearum life cycle is linked with the host plant (see Figure 1), and the fungus is haploid throughout much of its life cycle. The production of hyphae represents a bottleneck for sexual development within binucleate cells. Further, F. graminearum belongs to the phylum Ascomycota, which represents the binucleate phase known as the dikaryotic phase, in which two genetically separate nuclei remain coupled as new cells grow. It also possesses a homothallic nature, which means that it may produce sexual spores (ascospores) without the assistance of a sexually unique partner. This leads to the formation of binucleate cells (or “two nuclei cells”), which are genetically identical. Homothallism is caused by the haploid genome, including Mat1-1 and Mat1-2 genes from both mating types [17,18,19,20]. For example, F. graminearum colonizes the surfaces of wheat plants through the use of specialized unbranched hyphae known as runner hyphae (RH). Therefore, multi-celled complex appressoria known as infection cushions (IC) are developed, which accumulate an arsenal of (proven and putative) virulence factors to facilitate the invasion of epidermal cells [21,22].




3. Fusarium graminearum Germination Leading Up to Infection


The fungal plant pathogen initiates its first interaction with the host through spore germination. Spore germlings travel across the plant surface and utilize different invasion strategies to penetrate the host plant surfaces. These penetration strategies comprise pressurized melanized appressoria, which assists in physically punching through the plant cuticle, and non-melanized appressoria, which penetrates with the help of enzymes or cuticle damage to breach the plant surface. Further, the reactive oxygen species (ROS) level plays a significant role in the pathogen–host interaction. Thus, the KatG2-mRFP genes deliberately control the ROS level on the cell wall of invading hyphal cells. The pathogen delineates a change in infection by shifting the ROS levels through temporal and spatial regulation of KatG2 to counteract the oxidative stress generated by host plant cells [20]. In contrast, over-expression of DOHH promotes ROS and sexual reproduction [23]. FgMet3 and FgMet14, which are localized to the cytoplasm, have been identified in the synthesis of methionine and cysteine, and are further recognized to play a functional role in penetrability within the host plant [24]. Transcriptomic analysis of the Tri genes Tri5, Tri6, Tri8, Tri9, and Tri14 indicated a significant lack of expression during conidial germination and plant penetration, whereas Tri1, Tri3, Tri4, Tri7B, Tr10, Tri11, and Tri12 exhibited expression only at the first polar growth stage in wheat and barley. As such, it was deduced that the biosynthesis of DON by F. graminearum is not fully functional until after penetration [25]. The accumulation of DON in wheat seeds poses threats to human and animal health. In this case, linoleic acid (LA; cis-9, cis-12 C18:2) has been shown to have a significant role in wheat’s resistance to F. graminearum infection. It has been suggested that LA reinforces the cuticle, which acts as a barrier to pathogen entry [26]. Disruption of FgLAI12 during wheat spike infection increases LA and SA levels to a higher extent in resistant wheat lines than in susceptible lines [27,28]. Therefore, FgLAI12 is critical for mycelial growth and virulence in wheat. In addition, the fg3_54 gene has been shown to facilitate the ability to infect wheat spikes through cell-to-cell penetration [29]. It has been deduced that effector proteins play significant roles in promoting pathogen manipulation in the host plant.




4. Role of Effectors in Colonization of Host Plant


Effector proteins allow the pathogen to colonize the host plant through various mechanisms. These genes basically prevent recognition by the host, interfere with phytohormone defense pathways, regulate host gene expression, and influence host protein trafficking [30,31]; see Table S1. Effectors initially suppress the PAMPs response; for example, ROS production is the preliminary “PTI” signal against pathogen invasion, and a large number of ROS-related genes have been found to be activated in F. graminearum at 16 h after host invasion [32]. A detailed model of the ROS genes expressed at 16 hai [33] is shown in Figure 2. Similarly, peroxisomes are organelles that have been identified to play a role in ROS detoxification. F. graminearum secretes an effector, Osp24, which induces degradation of the wheat TaSnRK1α kinase to promote disease, while an orphan wheat protein, TaFROG1, can compete with Osp24 for binding to TaSnRK1α and protect it from degradation [34]. The PEX5 and PEX6 genes from F. graminearum play a role in ROS detoxification, and deletion of PEX5 and PEX6 results in accumulation of ROS followed by necrotic cell death [35]. It has been suggested that peroxisomes are key organelles that balance ROS levels in filamentous fungi. Bioinformatics studies have identified 600 effectors secreted by F. graminearum [36], where 30 effector proteins showed interaction with a small cysteine-rich protein (SCPP) which contained N-terminal signal peptides and lacked transmembrane domains [36]. PRRs first recognize effectors to produce PTI, the failure of which results in a shift to the second layer of defense, ETI. F. graminearum has been identified to secrete plant-cell-wall-degrading enzymes composed of pectate lyases (cleave pectin), such as “FG02386, FG03131, FG03483, FG03908, and FG04864”, and xylanases (degrade xylan) such as “FG00184, FG07639, and FG11304”, which have significant contributions in the hemicellulose of monocot cell walls. These enzymes have been predicted to be involved as effector molecules that trigger host plant defense responses [37]. Therefore, they have important roles regarding acquisition and penetration of plant tissues [38]. F. graminearum has been shown to possess a higher number of plant necrosis-inducing proteins (or NIPs, also called NLPs), in contrast to N. crassa and A. nidulans. The first of the NLPs was a 24 KDa protein isolated from F. oxysporum, which has the capability to induce necrosis and ethylene biosynthesis in numerous dicotyledonous plants [39].




5. Host Plant Resistance Mechanism against Effector Invasion


Host plants have evolved a sophisticated two-layered defense system. PAMPs are recognized by PRRs, triggering the first PTI response, followed by a second layer comprising the cytoplasmic ETI response; failure of these responses results in ETS [41]. The plant susceptibility “S” factor has gained significant importance. The removal of “S” could lead toward resistance, as it indirectly supports the pathogen’s virulence mechanism [42,43,44,45]. Pathogens bombard a range of effector proteins into the host tissue through the formation of haustoria within the host plant, which are surrounded by a plant-derived extra-haustorial membrane (EHM) [42,46]. It has been suggested that the extra-haustorial membrane conducts effector screening before their release into the host plants. For example, in F. graminearum, 22 hexose transporters with various roles and specificities have been predicted, and have yet to be investigated [7,33,39,46]. In response, the host plant initiates NADPH-based ROS production, resulting in downstream signaling of PRRs and inducing Ca2+ influx [47]. Therefore, defense genes are named resistance (R) genes, which are deployed to protect against one or more pathogenic strains. R-genes most commonly encode NLRs, and resistance occurs when the NLR proteins identify an effector and subsequently stimulate efficient ETI. NLR genes have been observed, to some extent, in all resistance mechanisms. However, it is still a matter of debate whether all NLR genes in plant species can be genetically exposed as R genes. A typical NLR has a nucleotide-binding, Apaf1-resistant, CED4 (NB-ARC) central domain, as well as a leucine-rich repeat (LRR) C-terminal domain. Based on the N-terminal domain, NLRs can be further classified into three major classes: CC-type NLRs (RNLs), coiled-coil domain CC-NLRs (CNLs), and interleukin-1 receptor domain TIR-NLRs (TNLs) (112). In the case that NLRs bind with an effector or sense a modification of an effector target, a conformational change opens the P-loop of the NB-ARC domain to force the conversion of ADP to ATP. It has been speculated that this might be the mechanism used by NLR to trigger ETI [48]. The effectors that are recognized by R genes or NLRs are known as AVR genes or proteins. For example, F. oxysporum-secreted Avr2 was recognized by the tomato 1-2 (NB-LRR)-type resistance protein. However, point mutations prevent recognition [49]. Similarly, the introduction of a 1-3-mediated resistance gene in tomato yielded resistance against F. oxysporum (AVR1) [50]. In addition, it is likely that Osp24 suppression provides protection against FHB through interaction with TaNACL-D1. Two orphan proteins, TaFROG and Osp24, are found in hosts and pathogens, respectively. Therefore, during fungal–plant interactions, each might experience co-evolution. To the best of our knowledge, no other pathosystems have been reported regarding the active adoption of competing orphan proteins in either host plants or fungal pathogens. As they encode orphan proteins that are specifically expressed during infection, and expression-engineered TaFROG alleles with stronger interactions with TaSnRK1α or silencing OSP24 may improve resistance against F. graminearum without yield penalties [34]. There remains significant pending work to determine the F. graminearum Avr-genes.



5.1. Effectors Inhibit R-Genes Expression through Chromatin Remodeling


Morphological changes are a very common and effective strategy used by pathogens to survive in the host plant. Therefore, during interaction with their host, pathogenic fungi undergo an array of morphological changes that are closely associated with numerous patterns in order to regulate their gene expression and biological processes [51]. In eukaryotic organisms, the genetic information comprises a specific nucleoprotein complex that is packed with an array of nucleosomes, known as chromatin. This is wrapped around a core of four histone proteins, namely, H2A, H2B, H3, and H4 [51,52]. In order to sense, environmental stimuli are integrated through epigenetic processes including chromatin remodeling, either allowing or inhibiting gene expression at the molecular level [52]. F. graminearum is a well-known hemi-biotroph fungus, and is the causative agent of FHB in cereal crops. For successful pathogen infection, each stage comprises specific genetic modifications [53], which are strictly associated with certain virulence mechanisms. These modifications are responsible for different post-translational modifications (PTMs) of histones, including acetylation, deacetylation, methylation, phosphorylation, ubiquitination, etc. Coordination between various histone modifiers defines a specific chromatin state of the genome [54]. Similarly, the immune response against pathogen infection requires extensive transcriptional reprogramming. Histone acetylation is considered to play a vital role in transcriptional regulation; for example, the cytoplasmic effector PsAvh23 of the pathogen Phytophthora sojae has been identified as a modulator of histone acetyltransferase (HAT) in plants [55], resulting in host susceptibility through suppression of the immune response. Hence, histone modification (except in the case of methylation) could lead to alterations in the histone–histone or histone–DNA interactions. Furthermore, similar effects could be observed with respect to other histone proteins that could influence various changes in the function and structure of chromatin.



Previous successful work has identified several signaling pathways and chromatin modifiers as being essential for fungal pathogenicity. Histone acetyltransferases (HATs), “addition of acetyl group”, and histone deacetylases (HDACs), “removal of acetyl group”, are the well-known PTMs that regulate the pattern of gene expression, and are schematically represented in Figure 3A,B. The balancing act between these responses is important for appropriate cellular development and function [55]. HATs can be sub-divided into five sub-families based on conserved motifs: MYST (MOZ, Tip60, Sas2, Ybf2/Sas3), GNAT (Gcn5-related N-acetyltransferases), p300/CBP, basal transcription factor (including TFIID), and nuclear receptor cofactors. They can be further divided based on their cellular location in nuclear type-A or cytoplasmic type-B HATs, regardless of which family they belong to. A summary of their sub-cellular locations with Go-annotation is provided in Table 1.



In contrast, HDACs reverse the activity of HATs through removing acetylation on the ε-amino group of lysine residues. Thus, HDACs have been observed to be transcriptional repressors. They restore the positive charge of lysine, rendering the underlying DNA sequences relatively inaccessible to transcriptional machinery through stabilization of the local chromatin structure, as explained in Figure 3A. HDACs have been classified into four sub-classes based on phylogenetic analysis and sequence homology [56]. In previous work, successful degradation of F. graminearum histone acetylation at H2BK11, H3K11, H3K14, H3K18, and H3K27 has significantly reduced fungal growth, virulence, and mycotoxin biosynthesis [51,57]. Considering the results of previous studies, the transcription factor FgPacC plays a significant role in protecting the fungus from iron toxicity through direct binding of promoters and inhibition of SAGA activity [58]; however, there is still a need to carry out significant research to observe the accurate mechanisms through which the morphological changes and virulence factors of the pathogen are controlled. Furthermore, several defense factors, including phenolics, alkaloids, polyacetylenes, hydrogen peroxide (H2O2), and a series of pathogenesis-related (PR) compounds, may be produced by the plant. Therefore, epigenetic modification within the host genome through pathogen invasion may significantly suppress the production of plant defense proteins. For example, in the case of Blumeria graminis f. sp tritici (Bgt) causing powdery mildew in bread wheat (Triticum aestivum L.), significant improvements in TaPR1, TaPR2, TaPR5, and TaWRKY45 expression were observed through silencing of TaHBT701, TaHDA6, and TaHOS15 [59]. It can be speculated that their resistance mechanism might be suppressed by F. graminearum. It has been observed that MsDef1 and MtDef4 are produced in Medicago spp. to resist against F. graminearum growth [60].




5.2. Effector Protein Evolution through Repeat-Induced Point Mutation


Transposable elements (TEs) are considered a major factor in genome expansion, and are spread through the genome through a self-copying mechanism [61,62]. At the same time, TEs pose a severe threat to the pathogen’s genome, as the effector genes are commonly located in TE-rich regions, with epigenetic regulations observed in an extensive range of crop pathogens [62]. Therefore, the expression of effector genes is mostly controlled through variation in the heterochromatin state upon host–pathogen infection. In this scenario, to mitigate the adverse effects of “self-repeat” sequencing, numerous filamentous fungi species use a genome-wide defense system known as the repeat-induced point (RIP) mutation [63]. Further, the point mutation stops the translation of DNA such as the amino acid glycine, which may be changed to a stop codon, causing the proteins to be unable to complete the intended tasks. The problem arises during the processes of transcription and replication of DNA. These changes stop the cell from reproducing and thus lead to the death of the cell. For example, the Leptoshaeria maculans genome comprises one-third AT and contains effector genes and TEs families, both of which are affected by RIP. This novel mechanism for effector genes promotes rapid sequence diversification and allows the fungus to adapt rapidly to novel host-derived constraints [64]. Therefore, it is considered to be one of the main fungal-specific genome defense mechanisms. Point mutation of G: C to A: T at a very high rate is introduced, leading to non-functional TE copies [19,65]. By consequently reducing the GC content in the affected sequence, further RIP promotes a large block of evolution through gene duplication [66]. However, it restricts pathogen effector evolution, which is mostly prone to duplication due to the repetitive nature of their chromosomal locations [67]. Selker et al. conducted a pioneering study in Neurospora crassa to identify RIP [68,69]. Some key characteristics of RIP have been defined in N. crassa [70,71], as demonstrated in Figure 4. Hokyoung et al. confirmed RIP in Gibberella zea (anamorph: F. graminearum) [72]. F. graminearum has a homothallic (self-fertile) nature, which differentiates it from other filamentous fungi, and it rarely out-crosses to other strains, thus limiting it to gaining new repeats [73]. In addition, the presence of a genome-wide RIP mechanism limits F. graminearum to acquiring repetitive sequences. RIP permanently mutates the cytosine in duplicated motifs, inducing adenine- and thymine-biased transition mutation in the target sequences [74]. Likewise, transposon mutation during the sexual cycle of F. graminearum introduces C: G to T: A [75,76]. Further, RIP has been explored through epigenetic silencing in N. crassa. The entire process occurs during sexual reproduction, prior to karyogamy and meiosis, when two copies of the genome are still present in the dikaryotic cell. Therefore, RIP is thought to be the most clear-cut example of a genome defense mechanism, as it has no other known purpose [77]. The genomes of a number of species or subspecies of more recent and ancient outgroups that shared a common ancestor will be sequenced in order to test the validity of the proposed evolution scenario of RIP and provide additional information on the origin of the effectors, genome invasion by TEs, and the subsequent effect on effector generation and diversification.





6. Important Unresolved Questions


The host’s innate immune system mostly recognizes cysteine-rich proteins. In the case of F. graminearum, 76 peptides with less than 200 aa contain at least 4% cysteine residues, which may be speculated as the possible reason for PTI failure against F. graminearum. As previously identified, avirulence effectors of fungi are small, cysteine-rich proteins [79,80]. Therefore, further investigation is required in order to address related questions. In previous work, wheat histone (H1-H4) has been found to be involved in the F. graminearum resistance mechanism [59,81,82], which raises a question related to the histone–histone protein interactions taking place between F. graminearum and wheat histone protein, as well as how this may stimulate wheat susceptibility, which remains a very interesting and elusive question.



6.1. Molecular Pathogenicity


Necrotrophic pathogens feed and live on dying tissue, in contrast to biotrophic pathogens. Their resistance mechanism has been investigated in association with the wall-associated kinase class of receptors, which drives the resistance pathway against the biotrophic pathogen. Necrotrophic pathogens such as Phaeosphaeria nodorum have been observed to hijack the host molecular pathways involved in the resistance mechanism, demonstrating the complex nature of susceptibility and resistance in the interactions between necrotrophic or biotrophic pathogens and plants [83]. Therefore, to gain access to the host cell, pathogens either use natural opening (e.g., stomata), wounds, the aid of vectors, or utilize an arsenal of cell-wall-degrading enzymes (CWDEs) to deconstruct the structural components of host CW, assisting penetration and diffusion in the host tissues, and at the same time providing carbon sources and promoting leakage of nutrients from the protosplast [83]. Therefore, we can speculate the possible involvement of F. graminearum in hijacking the host wall-associated kinase class through the release of cell-wall-degrading enzymes [84,85,86], resulting in a lack of immune response against F. graminearum infection. Further, co-variation of wheat and fungal protein accumulation at different time points indicated that F. graminearum effector proteins intercept the molecular mechanisms, thus determining the fate of the interaction [85]. WRKY transcription factors are members of the large protein family. In a previous study, TaWRKY45 was found to be up-regulated in response to benzothiadiazole (BTH), a plant immune system strengthener [86]. Here, we propose that histone modification from HAT to HDAC suppressed TaWRKY45 expression, resulting in a lack of immunity response against FHB. The histone–histone interaction, as seen in Figure 3B, caused modifications in wheat histone (H1-H4) proteins, resulting in susceptibility of the wheat. Furthermore, histone proteins have been linked with a resistance mechanism against F. graminearum [86].




6.2. How Can We Develop Resistant Cultivars More Efficiently?


Previous studies have speculated on the negative correlation between FHB severity, plant height, and anther exclusion. It has been suggested that tall genotypes without anthers could have some level of resistance against FHB [87,88,89,90,91]. Recent studies have uncovered the underlying mechanism of glutathione S-transferase (GST) encoded by Fhb7. The Fhb7 is conserved in Epichloë species and can detoxify the trichothecene mycotoxins secreted by Fusarium species. Thus, integration of Fhb7 into a plant genome could be beneficial in eliminating the need for symbiotic association per se. The finding of Fhb7-mediated resistance to both FHB and crown rot diseases further emphasizes the importance of the use of Thinopyrum elongatum, a species used in distant hybridization breeding of wheat. Therefore, further thorough investigation is required when using genetic material in resistance breeding, as shown in Figure 5.




6.3. Climate Change on FHB Disease and Solution


In addition to the susceptible host, multiple environmental factors, including location, temperature, humidity, salinity, flooding, and drought, play vital roles in regulating the pathogenicity of FHB. In addition to this, the varying atmospheric CO2 levels also affect the spread of FHB. The F. graminearum infection is promoted by environmental changes that are related to the induction of DON production. A high level of DON production related to sucrose, 1-kestose, and nystose was observed in F. graminearum. Further, the carbon catabolic repression negatively regulates the expression of genes required for utilizing carbon sources. Therefore, predicted binding sites of FgCreA are present in promoters of TRI1, TRI3-TRI8, TRI10, TRI12, and TRI101 [81,86]. However, the extent of the effect of FgCreA on the regulation of DON biosynthesis is still unknown in relation to carbon and other environmental factors.




6.4. Strengthen the Study of Molecular Mechanisms of Pathogenic Bacteria’s Pathogenesis


Strong evidence of susceptible sites and genes may further strengthen the investigation of the molecular mechanism underlying the pathogenesis, growth, and development of pathogenic bacteria. Therefore, effective use can be made of gene editing technology, such as gene silencing induced in the host. Host-induced gene silencing (HIGS) technology has been applied for wheat scab resistance breeding, such as the scab resistance gene TaHRC [92], where the wild type is a pathogen-sensitive gene which produces resistance to FHB after mutation. This kind of gene can be mutated accurately in FHB-sensitive varieties through the use of gene editing technology, changing the susceptible genes into disease-resistant genes.
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Figure 1. Generalized life cycle of Fusarium spp. [17]. Following plasmogamy and karyogamy, out-crossed and self-perithecium produce recombinant and clone meiotic spores, respectively. These form the haploid mycelium (HM), which, in turn, form three types of mitotic spores. While conidia (micro- or macro-conidia) can colonize the host, chlamydospores, in addition to direct colonization of the crop, can overwinter and develop into perithecium to restart the cycle when conditions are favorable. 
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Figure 2. Schematic view of effectors-based mode of invasion at different cellular locations in relation to the host response. In PTI, various signaling events occur, including activation of influx of Ca2+ into the cytosol and production of ROS [40]. Effector 1 stimulates pathogen pressure at the host cell wall (e.g., leading to degradation), Effector 2 promotes cell-to-cell proliferation, and Effector 3 suppresses the cross-talk between PTI and ETI within the cytoplasm. Effector 4 leads to host genomic re-modeling, evidenced by different expression levels of F. graminerum effectors [36]. 
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Figure 3. A schematic representation of the roles of effector proteins during fungal plant interaction. Histone modifications regulate chromatin compartmentalization via phase separation and influence gene expression. (A) DNA wraps around complexes of histone proteins, active enhancers regulate gene transcription through chromatin looping with the promoters of target genes, playing a role in the regulation of gene expression. (B) The nucleosome sliding expose a region that has been previously occluded; middle, ejection of a nucleosome to expose to corresponding DNA; and bottom, the substitution of a standard nucleosome with a variant histone. 






Figure 3. A schematic representation of the roles of effector proteins during fungal plant interaction. Histone modifications regulate chromatin compartmentalization via phase separation and influence gene expression. (A) DNA wraps around complexes of histone proteins, active enhancers regulate gene transcription through chromatin looping with the promoters of target genes, playing a role in the regulation of gene expression. (B) The nucleosome sliding expose a region that has been previously occluded; middle, ejection of a nucleosome to expose to corresponding DNA; and bottom, the substitution of a standard nucleosome with a variant histone.



[image: Plants 13 01159 g003]







[image: Plants 13 01159 g004] 





Figure 4. Potential patterns of mutations by repeat-induced point (RIP) immediately before karyogamy of F. graminearum. This fungus differs from other filamentous fungi as it is homothallic (self-fertile) and rarely out-crosses, which limits the opportunity to acquire new repeats [18,78]. RIP identifies duplicated sequences and introduces C: G to T: A transition mutations. 
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Figure 5. Proposed model of plant resistance. Epigenetic changes within the host genome result in silencing of resistance genes against foreign invasion, which is why it is important to protect the host genome against effector interaction. This will protect the host genome, allowing it to promote its resistance mechanism against the pathogen. 
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Table 1. Fusarium graminearum name or ID of histone modification factors.
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	Protein Name or ID
	Gene Family
	Sub-Cellular Location
	Go Term Annotation





	FGSG_02040T0
	HAT_GNAT >> ELP3
	Nuclear, cytoplasmic
	  GO:0008080: N-acetyltransferase activity,

  GO:0046933: hydrogen-transporting ATP synthase activity, rotational mechanism



	FGSG_00280T0
	HAT_GNAT >> GCN5
	nuclear
	  GO:0008080: N-acetyltransferase activity



	FGSG_04254T0
	HAT_MYST >> Esa1
	nuclear
	  Not found



	FGSG_06047T0
	HAT_MYST >> Sas2
	nuclear
	  Not found



	FGSG_08481T0
	HAT_MYST >> Tip60
	nuclear
	  GO:0005515: protein binding,

  GO:0007242: intracellular signaling cascade

  GO:0006355: regulation of transcription, DNA-dependent

  GO:0008270: zinc ion binding



	FGSG_02567T0
	HMT >> DOT1
	nuclear
	   Not found



	FGSG_01134T0
	HMT >> PRMT_1
	Mitochondrial, cytoplasmic
	 GO:0008757: S-adenosylmethionine-dependent methyltransferase activity

 GO:0005737: cytoplasm

 GO:0006479: protein amino acid methylation

 GO:0008276: protein methyltransferase activity



	FGSG_10718T0
	HMT >> PRMT_1
	cytoplasmic
	  GO:0008757: S-adenosylmethionine-dependent methyltransferase activity



	FGSG_07445T0
	HMT >> SET1
	nuclear
	  GO:0000166: nucleotide binding



	FGSG_05558T0
	HMT >> SET2
	nuclear
	  Not found



	FGSG_01558T0
	HDM >> JHDM3_JMJD2
	Nuclear
	  GO:0005515: protein binding

  GO:0006355: regulation of transcription, DNA-dependent

  GO:0008270: zinc ion binding



	FGSG_00780T0
	HDAC >> ClassI
	Nuclear
	  GO:0016575: histone deacetylation

  GO:0004407: histone deacetylase activity

  GO:0005634: nucleus



	FGSG_01353T0
	HDAC >> ClassI
	Cytoplasmic, nuclear
	  GO:0016575: histone deacetylation

  GO:0004407: histone deacetylase activity

  GO:0005634: nucleus



	FGSG_04324T0
	HDAC >> ClassIIB
	Cytoplasmic, nuclear
	 Not found



	FGSG_09218T0
	HDAC >> ClassIII
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