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Fusarium head blight (FHB), caused mainly by the fungus Fusarium graminearum, is one of the most devastating diseases in wheat, which reduces the yield and quality of grain. Fusarium graminearum infection of wheat cells triggers dynamic changes of gene expression in both F. graminearum and wheat, leading to molecular interactions between pathogen and host. The wheat plant in turn activates immune signaling or host defense pathways against FHB. However, the mechanisms by which F. graminearum infects wheat varieties with different levels of host resistance are largely limited. In this study, we conducted a comparative analysis of the F. graminearum transcriptome in planta during the infection of susceptible and resistant wheat varieties at three timepoints. A total of 6,106 F. graminearum genes including those functioning in cell wall degradation, synthesis of secondary metabolites, virulence, and pathogenicity were identified during the infection of different hosts, which were regulated by hosts with different genetic backgrounds. Genes enriched with metabolism of host cell wall components and defense response processes were specifically dynamic during the infection with different hosts. Our study also identified F. graminearum genes that were specifically suppressed by signals derived from the resistant plant host. These genes may represent direct targets of the plant defense against infection by this fungus. Briefly, we generated databases of in planta-expressed genes of F. graminearum during infection of two different FHB resistance level wheat varieties, highlighted their dynamic expression patterns and functions of virulence, invasion, defense response, metabolism, and effector signaling, providing valuable insight into the interactions between F. graminearum and susceptible/resistant wheat varieties.
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INTRODUCTION
Wheat is a major cereal crop that feeds more than 35% of the global population (Zhu et al., 2021). However, its productivity and quality are drastically limited by many fungus-associated diseases such as Fusarium head blight (FHB). FHB is mainly caused by the pathogen Fusarium graminearum, a hemibiotrophic and plant pathogenic ascomycete fungus causing diseases in many cereal crops (Khan et al., 2020). The average global wheat yield loss caused by FHB is reported to be second only to that caused by wheat leaf rust (Savary et al., 2019). Serious FHB epidemics usually occur every 4, 5 years in wheat-growing areas worldwide (Figueroa et al., 2018). Infection with F. graminearum leads to shriveled, discolored kernels or total failure of kernel development, which affects crop yield and quality (Trail, 2009). Moreover, F. graminearum-secreted mycotoxins, especially deoxynivalenol (DON), strongly adversely affect mammal health (Scudamore, 2008). To ensure the safety of food, most countries have strict limits on the level of it in grain, food, and feed (Ji et al., 2014; Bianchini et al., 2015).
In the early stage of infection, F. graminearum germ tubes produced by spores extend and branch on the surface of host cells, and then develop into hyphal networks under high-moisture and high-temperature conditions (Kang et al., 2004). The extended fungal hyphae penetrates host tissues through wounds or natural floret openings such as the inner surfaces of glume, lemma, palea, and the upper part of the ovary (Lewandowski et al., 2006). Infection cushions are usually formed during the process of infection (Boenisch and Schafer, 2011), which are agglomerations of fungal hyphae secreting various hydrolyzing enzymes, such as cutinases, pectinases, cellulases, xylanases, and lipases. These in turn degrade components of the epidermal plant cuticle and the plant cell wall (Cuomo et al., 2007; Walter et al., 2010). Although no visible symptoms of infection are observed at this stage, many genes related to pathogenicity and virulence are known to be expressed, which mostly encode fungal intracellular proteins, including transcription factors, protein kinases, phosphatases, and primary metabolism enzymes (Son et al., 2011; Yun et al., 2015). Some genes involved in secondary metabolite biosynthesis (SMB) have a strong toxic effect on wheat (Sieber et al., 2014; Macheleidt et al., 2016). These genes are usually organized into clusters, such as the fg3-54 cluster, with many of them encoding classic SMB-related enzymes such as non-ribosomal peptide synthetases (NRPS), polyketide synthases, and terpene cyclases (Jia et al., 2019). The trichothecene toxin DON is particularly crucial for F. graminearum infection. DON allows the invading fungus to spread through the rachis from infected to adjacent spikelet, and suppresses cell wall thickening at the rachis node as a translational inhibitor (Boenisch and Schafer, 2011). TRI5 (FGSG_03537) from F. graminearum is essential for DON biosynthesis, as loss-of-function mutations have been shown to result in a lack of DON production and reduced virulence (Jansen et al., 2005). Many genes related to pathogenicity, virulence, or growth in the early infection period have also been reported in previous studies. An example of this is NPS6, which encodes a non-ribosomal peptide synthetase involved in virulence and hypersensitivity to H2O2 (Oide et al., 2006). Another example is FGL1 (FGSG_05906), which encodes a lipase releasing free fatty acids to inhibit innate immunity-related callose (Blumke et al., 2014).
When plants are infected by pathogens, a large number of pattern recognition receptors on the surface of host cells, including receptor-like proteins and receptor-like kinases, can recognize pathogen-associated molecular patterns (PAMPs), which induces plant PAMP-triggered immunity (PTI) (Zhou and Zhang, 2020). To overcome the host’s PTI, fungi secrete a range of molecules that contribute to their infection, called effectors, which play important roles in pathogen–host interactions (Gorash et al., 2021). Plants in turn activate effector-triggered immunity upon sensing effectors through the hypersensitive cell death (HR) response (Gorash et al., 2021). Instead, HR-induced cell death may provide nutrition for necrotrophic pathogens that feed on dead cells (Zhou and Zhang, 2020). Fusarium graminearum is a hemibiotroph combining certain features of both biotrophic and necrotrophic pathogens, which may possess a particularly complicated mechanism to penetrate and parasitize plant cells, making it difficult to control (Duba et al., 2018). Using a large number of genetic screenings, several varieties, such as Sumai3 and Wangshuibai, have been revealed to be highly resistant to FHB, which carries the Fhb1 QTL (Lin et al., 2004; Cuthbert et al., 2006). The candidate gene Fhb1 has recently been cloned from Sumai3 and Wangshuibai, which encodes a histidine-rich calcium-binding protein, but the resistance mechanism remains unknown (Li et al., 2019; Su et al., 2019). Owing to the complicated mechanism by which F. graminearum infects host cells, the interaction between pathogen and wheat during FHB is still largely limited.
Transcriptomic analysis is a highly sensitive and comprehensive strategy for evaluating gene expression. In recent years, transcriptomic analysis based on RNA sequencing has been widely used to dissect key genes and underlying mechanisms involved in host–F. graminearum interactions (Kazan and Gardiner, 2018). Most studies have focused on comparing the expression of genes during the infection of a single plant host, including F. graminearum genes and plant host genes, or comparing the expression of host genes between different plant hosts (Boedi et al., 2016; Chetouhi et al., 2016; Puri et al., 2016; Mentges et al., 2020; Yang et al., 2022; Yin et al., 2022). However, the mechanistic interplay between F. graminearum and different wheat varieties during FHB infection, especially for susceptible and resistant varieties, needs further analysis. In this study, a comparative transcriptomic analysis was conducted to examine in planta gene expression of F. graminearum in susceptible and resistant wheat heads at different stages of infection. Overall, 6,106 F. graminearum genes expressed in susceptible and resistant wheat varieties were identified. Our study showed that the expression pattern of the F. graminearum genes was regulated by hosts with different genetic backgrounds and provided valuable insights into the interactions between F. graminearum and susceptible/resistant wheat varieties. This work also provides potential targets for the pharmaceutical control of FHB.
MATERIALS AND METHODS
Plant materials and growth conditions
Seeds of wheat varieties Fielder (FHB-susceptible) and Sumai3 (FHB-resistant) were placed on sterile filter paper, which was then placed inside a sterile Petri dish with 5 mL of sterile water. All seeds were incubated in the dark for 5 days at 4°C before transplanting into 4 L pots in a greenhouse under optimal conditions to allow tillering and synchronized flowering. An artificial watering system was installed, and the daily photoperiod was set at 16 h of daylight at a temperature of 20°C and 8 h of darkness at 18°C.
Fusarium graminearum inoculation
Spikes showing the same ontogeny on the same day (midanthesis) were used for F. graminearum inoculation. Ten microliters of F. graminearum strain Fg1312 at a concentration of 105 spores per ml was injected into one floret at intermediate positions of spikes and covered with a plastic bag for 3 days to ensure moisture retention. Plants were inoculated with water as a control (mock). The inoculated spikelets were collected at three infection timepoints (12, 24, and 36 h after inoculation (HAI)), and stored at −80°C. Three biological replicates were performed.
RNA isolation and RNA-Seq
Spikelets from 12, 24, and 36 HAI were used for RNA-Seq. Total RNA was extracted using TRIzol reagent from flash-frozen spikelets, in accordance with the manufacturer’s instructions (Invitrogen), and were then sent to Qing Lian Bio (Beijing, China) for further purification and sequencing. Library preparation was performed using 1 μg of high-integrity total RNA (RIN >8) with the NEBNext® Ultra™ RNA Library Prep Kit (NEB), followed by sequencing using Illumina HiSeq in paired-end mode with a read length of 150 bp. The quality of raw sequencing reads for all samples was examined using FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Raw reads were filtered by removing adapters and clean reads were aligned to the PH-1 RefSeq assembly using HISAT2 (version 2.1.0). The expected number of fragments per kilobase of transcript sequence per million base pairs sequenced (FPKM) of each gene was calculated based on the length of the gene and read count mapped to the gene.
Identification of expressed genes and differentially expressed genes
Identification of expressed genes and differentially expressed genes was performed using the FPKM value. The original FPKM was statistically analyzed using SPSS software, including principal component analysis and correlation analysis among three biological repeats. Genes with log2 (fold change) ≥1 and Padj < 0.05 between fungus-inoculated samples and mock-inoculated samples were considered to be expressed.
Genes with |log2 (foldchange)| ≥1 and Padj < 0.05 between different timepoints were identified as being differentially expressed. Bar diagrams were created with GraphPad Prism 9.0.0. Venn diagrams were created at https://www.bioinformatics.com.cn. All bar and venn diagrams were modified using Adobe Illustrator 2020 software (https://www.adobe.com/cn/products/illustrator.html). Heatmaps were produced using TBtools software (Chen et al., 2020).
Bioinformatics and statistical analysis
The DEGs were subjected to Gene Ontology (GO) functional enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis using an online database (https://fungidb.org/fungidb/app). All user-defined parameters were set to the program’s default settings. GO terms and KEGG pathways with a p-value of <0.05 were considered to be significantly enriched. The interactions between DEG-encoded proteins were analyzed using the online database STRING (https://cn.string-db.org/). The input gene set was set as the DEGs, and the species was set as F. graminearum PH-1. The predicted PPI network was built using Cytoscape software (https://cytoscape.org/). The CytoNCA module in Cytoscape was used to analyze the network topology properties of the nodes. Through ranking the score of each node, the important nodes of the PPI network were obtained. The predicted DEGs were also subjected to GO and KEGG enrichment analyses. The enriched important DEGs were displayed in different colors in the network. Putative effector proteins within the refined secretome were predicted using EffectorP 3.0 (Sperschneider and Dodds, 2022). Phenotypic data of all published studies on single-gene deletion of F. graminearum were retrieved from PHI-base (Urban et al., 2020).
qRT-PCR analysis
Differentially expressed genes (DEGs) were randomly selected and analyzed by quantitative reverse transcription PCR (qRT-PCR) to verify the reliability of the sequencing data. The first-strand cDNAs were synthesized using the PrimeScript first strand cDNA Synthesis Kit (Takara Bio, Dalian, China). qRT-PCR was performed using a Roche thermal cycler 96 with the SYBR Green reagent (Takara Bio, Dalian, China), including 2 μL of cDNA, 5 μL of TB Green® Premix Ex Taq™ II reagent and 1 μL of each primer (10 mM) in a final volume of 10 μL reaction solution. The PCR procedure was performed as described previously (He et al., 2020), which started at 95°C for 30 s, followed by 45 cycles of 95°C for 5 s, 60°C for 20 s, and 72°C for 10 s. Melting curve analysis included 95°C for 10 s, 65°C for 15 s, and heating to 95 °C at a rate of 0.1 °C/s with continuous readings of fluorescence for each amplification. The F. graminearum gene FgEF1A was used as the internal control. The primers used in this study are listed in Supplementary Table S1.
RESULTS
In planta identification of expressed Fusarium graminearum genes during infection
The first 36 h after infection (HAI) was the key time for F. graminearum to colonize wheat, as the macroconidia germinated with germ tubes within 12 HAI, and expanded on the surfaces of the lemma and ovary with invasive hyphae which had already secreted trichothecene toxins within 36 HAI (Kang et al., 2004). To get a comprehensive view of the in planta gene expression of F. graminearum in susceptible and resistant wheat heads within 36 HAI, we profiled the transcriptome analysis using RNA-Seq in wheat spikes of susceptible and resistant varieties, Fielder and Sumai3, respectively (Figure 1A). In contrast to most in vitro global gene expression assays of F. graminearum, we used the plant tissues for infection and subsequent RNA-Seq, while the reads were mapped to the F. graminearum genome. Thus, the results present highly reliable genes of F. graminearum expressed in planta during the infection period. A total of 11,314 genes were detected at 12, 24, and 36 HAI (Figure 1B; Supplementary Table S2). To confirm the reproducibility of the sequencing data, correlation analysis was conducted among the three biological replicates, and all showed a high correlation (Supplementary Figure S1A; Supplementary Table S2). In principal component analysis, samples undergoing the same treatment were found to be clustered together, while susceptible variety Fielder showed a wider variation than resistant variety Sumai3, which explained 25.43% of the variation of PC1 (Supplementary Figure S1B; Supplementary Table S2).
[image: Figure 1]FIGURE 1 | Inoculation procedure and transcriptomics of Fusarium graminearum in planta. (A) Schematic workflow of Fusarium graminearum transcriptomic analysis in planta. Briefly, the FHB-susceptible wheat variety Fielder and FHB-resistant wheat variety Sumai3 were cultivated to midanthesis under standard conditions. Then, six spikelets on three spikes of each variety were point-inoculated using Fusarium graminearum strain Fg1312 inoculum or water (Mock). At 12, 24, and 36 HAI, these inoculated materials were harvested separately and used for RNA-Seq. The reads generated by RNA-Seq in planta were then mapped to the Fusarium graminearum genome. (B) Number of genes mapped to the Fusarium graminearum PH-1 genome. (C) Number of in planta-expressed genes identified at three timepoints after inoculation. Log2 (foldchange) ≥1 and Padj < 0.05 between Fusarium graminearum-inoculated samples and mock-inoculated samples were used as the criteria to identify Fusarium graminearum genes expressed in planta, which can eliminate the interference of the wheat genome. (D) Dynamic distribution of genes expressed in the different varieties. (E) Venn diagrams of all genes expressed in the different varieties. Most genes (∼81%) were expressed in both varieties, while a few genes were specifically expressed in Fielder (∼3%) or Sumai3 (∼16%). FgFL, F. graminearum genes expressed in Fielder; FgSU, F. graminearum genes expressed in Sumai3.
To avoid the wheat genome interference from wheat, genes with log2 (foldchange) ≥1 and Padj < 0.05 between F. graminearum-inoculated samples and mock-inoculated samples were considered to be in planta-expressed (Figure 1C; Supplementary Table S2). In Fielder, the number of expressed genes increased with increasing infection duration, while in Sumai3, the number decreased significantly at 24 HAI (Figure 1C). Most genes were found to be expressed at two or three timepoints after inoculation, while a few were detected at only a single timepoint (Figure 1D). In total, 11,314 genes were detected in at least one timepoint, and 6,106 were identified as expressed in F. graminearum with high confidence based on foldchange and Padj criteria, of which 5,118 were identified in Fielder and 5,929 in Sumai3, with 80.9% (4,941 genes) of them being expressed in both varieties (Figure 1E).
Dynamic distribution of Fusarium graminearum in planta DEGs in different wheat varieties
To further catalog the genes with significant changes among all expressed genes, DEG analysis was conducted between different timepoints after inoculation (Supplementary Table S2). Upon comparisons of 24 HAI vs. 12 HAI, 36 HAI vs. 24 HAI, and 36 HAI vs. 12 HAI, 300, 49, and 414 genes were identified as DEGs in the three comparisons, respectively, and a total of 533 DEGs were identified in Fielder (Figure 2A; Supplementary Table S2). In Sumai3, 1,046 DEGs were identified, and the numbers of DEGs in the three comparisons were 200, 291, and 887, respectively (Figure 2B; Supplementary Table S2). We further analyzed the distribution of DEGs between resistant and susceptible varieties, and found that 456, 331, and 1,103 DEGs were identified in the three comparisons, respectively (Figures 2C–E). In the early stage of infection, more DEGs were detected in Fielder, but with an increasing duration of infection, more were detected in Sumai3. Most of the DEGs in Fielder or Sumai3 were identified in the comparison of 36 HAI vs. 12 HAI (Figure 2E). In summary, a total of 1,317 DEGs were identified in Fielder and Sumai3, but many DEGs were Sumai3-specific (Figure 2F; Supplementary Table S2). These in planta DEGs caused by F. graminearum infection differed in their response timing and expression patterns, which likely depends on the pathogen’s interactions with susceptible and resistant hosts. Together, our data indicate that wheat varieties showing different abilities to resist FHB may influence F. graminearum infection through regulating the pathogen’s gene expression.
[image: Figure 2]FIGURE 2 | Dynamic distribution of Fusarium graminearum DEGs in hosts. (A) and (B) Venn diagrams showing the dynamic distribution of differentially expressed Fusarium graminearum genes during infection of the wheat varieties Fielder (A) and Sumai3 (B). All of the DEGs were identified from the three comparisons. (C–E). Venn diagrams showing the distribution of Fusarium graminearum genes differentially expressed between Fielder and Sumai3. (F) Venn diagram of the distribution of all differentially expressed Fusarium graminearum genes identified in Fielder and Sumai3 within 36 HAI.
Functional enrichment of F. graminearum DEGs reveals different F. graminearum infection mechanisms in susceptible and resistant hosts
To obtain insights into the DEGs between susceptible and resistant hosts, we first divided all DEGs into two categories: upregulated upon infection [log2 (foldchange) ≥1, padj < 0.05)] and downregulated upon infection [log2 (foldchange) ≤ −1, padj < 0.05]. Among the 533 DEGs identified in Fielder, 372 were upregulated and 168 were downregulated upon infection in the different comparisons, and the identified changes in expression mainly occurred in the comparisons of 24 HAI vs. 12 HAI and 36 HAI vs. 12 HAI (Figure 3A; Supplementary Table S3). In contrast, among 1,046 DEGs identified in Sumai3, 683 were upregulated and 396 were downregulated, and a majority of the DEGs were identified in the comparison of 36 HAI vs. 12 HAI (Figure 3B; Supplementary Table S3). This contrasts with the changes of expression pattern observed in Fielder, which further indicates the different mechanisms of F. graminearum infection in susceptible and resistant varieties.
[image: Figure 3]FIGURE 3 | Temporal expression patterns and GO analysis of differentially expressed Fusarium graminearum genes in Fielder and Sumai3 (A) and (B) The numbers of significant DEGs in Fielder and Sumai3 within 36 HAI. Genes with log2 (foldchange) ≥1 and padj < 0.05 were identified as upregulated, while those with log2 (foldchange) ≤−1 and padj < 0.05 were identified as downregulated. (C) and (D) Heatmaps of significantly enriched GO categories associated with Fusarium graminearum genes upregulated in Fielder and Sumai3. (E) and (F) Heatmaps of significantly enriched GO categories associated with Fusarium graminearum genes downregulated in Fielder and Sumai3.
We then conducted GO enrichment analysis of the upregulated DEGs. In the process of infecting Fielder, we identified transcriptional response categories related to growth, reproduction, and host invasion as the most enriched processes for the upregulated genes (Supplementary Table S3). The 10 most significantly enriched GO terms were associated with basic catabolism, metabolism after inoculation, including carbohydrate metabolic process, and metabolic process (Figure 3C). The significantly enriched processes related to catabolism and metabolism without visible symptoms on wheat spikelets supported the biotrophic lifestyle of F. graminearum in the early period of infection (Gorash et al., 2021). There was also enrichment of DEGs associated with defense response processes and host invasion items such as obsolete oxidation–reduction and small-molecule metabolic processes (Figure 3C). Similar GO items in Sumai3 were found when compared to Fielder. Specifically, 136 and 140 significantly enriched biological process categories were identified in Fielder and Sumai3, respectively, including catabolism, metabolism, and defense response (Supplementary Table S3). The similarity of enriched categories suggested that there were no significant differences between susceptible and resistant varieties after infection in terms of growth and development, but there was a higher level of transcript abundance at 24 HAI in Fielder and 36 HAI in Sumai3 (Figures 3C, D). We hypothesize that this may underpin the resistance of Sumai3 to F. graminearum and was further supportive of a different temporal response between susceptible and resistant hosts.
To identify biological processes that were suppressed in each host over the time course of infection, we also conducted GO enrichment analysis of downregulated DEGs. As illustrated in Figure 3E, 168 DEGs were identified in Fielder, which were particularly associated with 101 biological process categories, while transmembrane transport, localization, as well as acid metabolism were significantly enriched terms (Figure 3E; Supplementary Table S3). Meanwhile, 396 downregulated DEGs and 84 enriched categories were identified in Sumai3. Among these, some processes were similar to those in Fielder, such as “localization” and “transport,” while some were involved in response to host immunity, such as “obsolete oxidation–reduction process,” “response to toxic substance,” and “response to fungicide” (Figure 3F; Supplementary Table S3). Taking the findings together, our analyses emphasized the functional differences of DEGs in susceptible and resistant hosts.
Differential patterns of infection responses in Fielder and Sumai3
To determine the difference of temporal expression pattern of the same DEGs between resistant and susceptible hosts, upregulated and downregulated DEGs were divided into three categories depending on whether they were Fielder-specific, Sumai3-specific, or their differential expression occurred in both hosts (Supplementary Table S4). As shown in Figure 4A, we identified 880 significantly upregulated DEGs, with 508 being specifically upregulated in Sumai3, while only 197 were specifically upregulated in Fielder. Meanwhile, 175 were upregulated in both hosts after infection (Figure 4A; Supplementary Table S4). To further explore the biological processes associated with the list of classified DEGs, GO enrichment analysis was conducted in six categories (Supplementary Table S4). DEGs that were specifically upregulated in Fielder were particularly associated with “obsolete oxidation–reduction process,” “cellular amino acid catabolic process,” and “glycine metabolic process” (Supplementary Table S4). DEGs that were upregulated in both hosts were particularly associated with “carbohydrate metabolic process,” “metabolic process,” and “cellular carbohydrate metabolic process” (Supplementary Table S4). However, DEGs that were upregulated and specific to Sumai3 were particularly associated with “polysaccharide catabolic process,” “carbohydrate catabolic process,” and “macromolecule catabolic process” (Figure 4B; Supplementary Table S4). Interestingly, a large number of enriched GO terms related to catabolism and metabolism of host cell wall components, such as polysaccharides, xylan, and cellulose metabolism, were specifically upregulated in the resistant host. Although these genes related to cell wall degradation were significantly upregulated in the resistant host, the expression of these genes was lower than that in the susceptible host at an earlier stage (Figure 4B).
[image: Figure 4]FIGURE 4 | Temporal expression pattern and function analyses of DEGs that were specifically upregulated or downregulated in resistant host (A) Distribution of DEGs that were upregulated in different hosts. (B) GO terms significantly associated with DEGs specifically upregulated in resistant host. (C) Distribution of DEGs that were downregulated in different hosts. (D) GO terms significantly associated with DEGs specifically downregulated in resistant host. (E) Heatmap of DEGs that were upregulated in susceptible host but downregulated in resistant host.
We also identified 489 significantly downregulated DEGs. Among them, 321 were specifically downregulated in Sumai3, only 93 were specifically downregulated in Fielder, while 75 were downregulated in both hosts (Figure 4C; Supplementary Table S4). DEGs specifically downregulated in Fielder were particularly associated with processes related to fatty acids and lipids, including biosynthetic process and metabolic process (Supplementary Table S4). We further identified processes particularly associated with the DEGs downregulated in both Fielder and Sumai3, including “transmembrane transport,” “localization,” and “amino acid transport” (Supplementary Table S4). Meanwhile, DEGs specifically downregulated in Sumai3 were particularly associated with “obsolete oxidation–reduction process,” “aldonic acid catabolic process,” and “response to cocaine” (Figure 4D; Supplementary Table S4). Additionally, we evaluated F. graminearum GO enrichments related to virulence and pathogenicity during infection of Sumai3, and observed decreases in the expression of F. graminearum genes involved in “response to toxic substance” and “response to fungicide” (Figure 4D). Taken together, these results highlighted the difference of F. graminearum infection between susceptible and resistant hosts.
To evaluate the effects of host resistance on the metabolic pathways of F. graminearum, KEGG pathway analyses were conducted with a p-value cutoff of <0.05. As shown in Supplementary Table S4, we observed that the DEGs specifically upregulated in Sumai3 were significantly associated with “starch and sucrose metabolism,” “isoflavonoid biosynthesis,” and “glutathione metabolism,” among others, while the DEGs specifically downregulated in Sumai3 were associated with “nitrogen metabolism,” “chloroalkane and chloroalkene degradation,” “ascorbate and aldarate metabolism,” and the metabolism of many other amino acids (Supplementary Table S4).
To determine the effect of the host on the expression pattern of F. graminearum, we further focused on the DEGs specifically downregulated in the resistant host. We first identified the DEGs that were upregulated in the susceptible host but downregulated in the resistant host. As shown in Figure 4E, 12 DEGs were identified as being upregulated in Fielder but downregulated in Sumai3 in the three comparisons, of which 7 DEGs were annotated to encode hypothetical proteins, while 5 DEGs were annotated to encode proteins with known functions, including “oxoglutarate iron-dependent oxygenase” (FGSG_00048), “major facilitator superfamily transporter” (FGSG_02343), “S-(hydroxymethyl) glutathione dehydrogenase” (FGSG_10200), “transporter MCH2” (FGSG_03015), and “intradiol ring-cleavage core” (FGSG_03349) (Supplementary Table S5). The GO terms “dioxygenase activity,” “transition metal ion binding,” and “oxidoreductase activity” were dominant in the main category of molecular function, while “organic hydroxy compound metabolic process” and “obsolete oxidation–reduction process” were significantly enriched in the main category of biological process (Supplementary Table S5). KEGG pathway analysis showed that FGSG_00048 and FGSG_03349 were significantly enriched in “Chlorocyclohexane and chlorobenzene degradation” (Supplementary Table S5). Only three DEGs were identified in the comparison of 36 HAI vs. 12 HAI (Supplementary Table S5). Based on the analysis of the potential function of these three DEGs, we found that FGSG_06307 may be related to “N-acetyltransferase activity,” while FGSG_03015 was involved in “Sphingolipid metabolism,” which is reasonable given that sphingolipids have been proven to play important roles in fungal growth and pathogenesis, and to act as receptors for some antifungal plant defensins (Supplementary Table S5) (Ramamoorthy et al., 2009). Thus, these DEGs specifically suppressed in the resistant host may represent direct targets of the plant defense against F. graminearum infection, which may also provide new targets for the drug control of FHB.
DEGs related to pathogenicity and virulence were associated with different hosts
PHI-base (www.PHI-base.org) is a multispecies phenotype database of pathogen–host interactions, which is devoted to the identification and presentation of phenotypic information on pathogenicity and effector genes and their interactions with hosts (Urban et al., 2020). Here we applied our data to PHI-base to identify key genes related to pathogenicity and virulence. First, we curated the database of F. graminearum with the mutant phenotype, including 24 genes with “loss of pathogenicity,” 384 with “reduced virulence,” 4 with “increased virulence,” 999 with “unaffected virulence,” and 105 with “lethal” (Supplementary Table S6). When comparing these PHI-base genes with our transcriptomic data, we found that 732 PHI-base genes were expressed within 36 HAI, including 141 DEGs, of which 52 were related to “virulence” and “pathogenicity” (Supplementary Table S6).
TBtools software was used to draw a heatmap of all 52 DEGs, and then cluster analysis of these DEGs was conducted. According to the difference of timing and expression patterns, these DEGs were classified into three groups: clusters A, B, and C (Figures 5A–C; Supplementary Table S6). Genes in cluster A were associated with extracellular signal transduction (CPK1 and FgHXK1) and transcription factors (CON7, bZIP016, Crz1, and ZIF1), and their transcripts were highly abundant at 12 HAI in Fielder and Sumai3 and then decreased over time (Figure 5A). When compared with the levels in Fielder, DEGs in Sumai3 always exhibited lower transcript abundance in this cluster (Figure 5A). Among the 14 PHI-base DEGs in cluster B, FgERG3A and FgERG4 were involved in steroid biosynthesis (Liu et al., 2013; Yun et al., 2014), while PHS1 and FgEch1 were involved in fatty acid elongation (Yun et al., 2015; Tang et al., 2020), and they showed high transcript abundance at three timepoints in Fielder, but only at 36 HAI in Sumai3 (Figure 5B). In cluster C, most DEGs in Fielder and Sumai3 exhibited low transcript abundance at 12 HAI and continuously increased over time (Figure 5C). This cluster included genes involved in DON biosynthesis (TRI5 and TRI14) (Dyer et al., 2005; Alexander et al., 2009) and SMB (NRPS5, NPS6, and NRPS9) (Oide et al., 2006; Jia et al., 2019) (Supplementary Table S6). The differential expression patterns of these DEGs related to virulence and pathogenicity reveal the differences between the hosts with varying levels of resistance to the fungal pathogen.
[image: Figure 5]FIGURE 5 | Identification of DEGs related to virulence and pathogenicity in PHI-base. (A) DEGs that exhibited high transcript abundance at 12 HAI and continuously decreased transcript abundance over the time course of infection. (B) DEGs that exhibited high transcript abundance at three timepoints after infection in Fielder, but did not exhibit high transcript abundance until 36 HAI in Sumai3. (C) DEGs that exhibited low transcript abundance at 12 HAI in both varieties and whose transcript abundance continuously increased over the time course of infection.
Dynamic expression of putative effectors in resistant and susceptible hosts
In the process of infecting plants, fungi secrete a range of effectors that contribute to their infection. In a previous study, a refined F. graminearum secretome of 574 proteins was predicted, 40% (231) of which were found in our RNA-Seq data (Brown et al., 2012) (Supplementary Table S7). Among the 231 genes encoding secreted proteins, 153 were differentially expressed in Fielder or Sumai3 within 36 HAI (Supplementary Table S7). EffectorP-fungi 3.0 software was subsequently used to determine whether these 153 encoded proteins were effectors, which finally identified 55 putative effectors (Figure 6A; Supplementary Table S7). Most of these putative effectors exhibited higher transcript abundance at 24 HAI in Fielder and at 36 HAI in Sumai3 (Figure 6A). Among them, 39 were described as apoplastic effectors, 4 as cytoplasmic effectors, 9 as apoplastic/cytoplasmic effectors, and 3 as cytoplasmic/apoplastic effectors (Supplementary Table S7). Three proteins, lipase FGL1 (FGSG_05906), phosphatase ISC1 (FGSG_03365), and hydrophobin Fghyd1 (FGSG_01763), were predicted being associated with reduced virulence in PHI-base (Supplementary Tables S7, S8) (Blumke et al., 2014; Yun et al., 2015; Quarantin et al., 2019). Twelve were predicted to be short peptides with 200 amino acids or less and cysteine content above 3%, among which FGSG_01763 (Fghyd1) has been proven to be a virulence gene (Supplementary Table S7). Further work is needed to determine whether the other 11 short peptides contribute to virulence. We also evaluated the expression of the previously reported putative effectors based on our data (Brown et al., 2017; Fabre et al., 2019; Miltenburg et al., 2022). Of all 236 expressed putative effectors, 72 were differentially expressed in Fielder or Sumai3, and 22 overlapped with our predictions (Figure 6B; Supplementary Table S7).
[image: Figure 6]FIGURE 6 | Putative fungal effectors during infection of Fielder and Sumai3 (A) Heatmap of 55 DEGs encoding putative effectors during infection of Fielder and Sumai3. (B) Evaluation of expression of 72 putative differentially expressed effectors in previous studies during infection of Fielder and Sumai3.
Protein–protein interaction network reveals important biological activities in the early stage of infection
To identify key genes from all of the DEGs during the course of infection, we constructed an F. graminearum protein–protein interaction (PPI) network. The online database String (Szklarczyk et al., 2015) was used to predict the PPI of proteins encoded by all 1,317 DEGs, and a network containing 366 proteins and 1,245 interaction events was identified (Supplementary Table S8). GO analysis revealed that these predicted DEGs were significantly associated with “carbohydrate metabolic process,” “organic substance metabolic process,” and “small-molecule metabolic process” (Figure 7A; Supplementary Table S8). The molecular function of 39 proteins in this network was annotated as “hydrolase activity,” including that of cellulase, xylanase, and pectinase, which may be involved in degradation of the host cell wall during infection (Figure 7B; Supplementary Table S8). KEGG analysis revealed the significant enrichment of “pyruvate metabolism,” “glycine, serine, and threonine metabolism,” and “galactose metabolism” (Supplementary Table S8). Eighty-two proteins were annotated to be involved in “biosynthesis of secondary metabolites,” including nine genes involved in “sterol biosynthetic process” (Figure 7B; Supplementary Table S8). We also found 28 putative effectors in this PPI network (Figure 7B; Supplementary Table S8), which may play important roles in invading host cells and overcoming plant immunity.
[image: Figure 7]FIGURE 7 | The PPI regulatory network of proteins encoded by in planta Fusarium graminearum DEGs (A) GO terms significantly associated with DEGs in the PPI regulatory network. (B) The Fusarium graminearum DEG regulatory network consists of 366 proteins. Each node represents a protein. Each line represents an interaction. Functions are color-coded. Green represents proteins involved in hydrolase activity, orange represents secondary metabolite proteins, and red represents putative effectors from this and previous studies.
Verification of the RNA-seq data by qRT-PCR
To verify the reliability of the sequencing data, 10 DEGs in Fielder or Sumai3 were randomly selected and analyzed by qRT-PCR. As shown in Figure 8, most of the selected DEGs were consistent with the transcriptome data, which indicates that the RNA-SEQ results of this study are reliable.
[image: Figure 8]FIGURE 8 | qRT-PCR analyses of ten randomly selected DEGs in Fielder and Sumai3. The left ordinate axis represents the relative expression level of DEGs by qRT-PCR, and the right ordinate axis represents the RNA-seq expression leve (log2(FPKM+1)). The Fusarium graminearum gene FgEF1A was used as internal reference and mean ± SD of data from three biological replicates was plotted.
DISCUSSION
FHB is a devastating fungal disease worldwide, which has a major impact on the sustainable production and food safety of cereals because of the lack of effective crop resistance and insensitivity to inherent fungicides of pathogens (Brown et al., 2017). Sumai3 is the most well-known FHB-resistant wheat variety, while Fielder is a wheat variety that is highly susceptible to FHB (Hofstad et al., 2016). Transcriptomic analysis is an effective way of studying plant–pathogen interactions (Kazan and Gardiner, 2018). In this study, we performed deep transcriptomic analyses on wheat spikes of Fielder and Sumai3, and identified and compared the F. graminearum gene expression profiles in susceptible and resistant wheat varieties. This transcriptomic study of F. graminearum genes in planta deepens our understanding of the differences in expression pattern of F. graminearum genes in susceptible and resistant wheat hosts, and reveals the effects of the specific molecular interactions between F. graminearum and different wheat varieties.
Through transcriptomic analysis, we identified a total of 6,106 genes expressed in Fielder or Sumai3 within 36 HAI. Most of the identified genes were expressed in both varieties. Of them, 1,317 were identified as DEGs at three timepoints during infection. GO analysis of the upregulated DEGs revealed great similarity of the enriched biological processes in both cultivars, mainly catabolism and metabolism. Moreover, GO analysis of the downregulated DEGs revealed that “transmembrane transport,” “localization,” and “acid metabolism” were terms that were significantly enriched in both varieties. We also observed some GO terms related to host immunity that were particularly associated with the DEGs downregulated in Sumai3, such as “response to toxic substance” and “response to fungicide” DEGs that were specifically upregulated in Sumai3 were particularly associated with “polysaccharide catabolic process,” “carbohydrate catabolic process,” and “macromolecule catabolic process,” and the significantly enriched KEGG pathways included “starch and sucrose metabolism,” “isoflavonoid biosynthesis,” and “glutathione metabolism”. Meanwhile, DEGs that were specifically downregulated in Sumai3 were particularly associated with “obsolete oxidation-reduction process,” “aldonic acid catabolic process,” and “response to cocaine,” and the significantly enriched KEGG pathway terms were “nitrogen metabolism,” “chloroalkane and chloroalkene degradation,” “ascorbate and aldarate metabolism,” and some other amino acid metabolism-related categories. Only 12 DEGs were identified as being upregulated in Fielder but downregulated in Sumai3 in the RNA-Seq comparisons. Of these, FGSG_03015 was shown to be involved in “sphingolipid metabolism,” which had been proven to play important roles in fungal growth and pathogenesis (Ramamoorthy et al., 2009). Overall, our data highlight the difference in expression patterns of F. graminearum genes during infection of susceptible and resistant wheat hosts.
Fusarium graminearum genes closely related to pathogenicity and virulence are key to successful infection (Xu et al., 2022). Although some genes were previously described as being involved in pathogenicity or virulence, their patterns of expression during the infection of hosts with different levels of resistance remained unknown. PHI-base is a multispecies phenotype database for pathogen–host interactions, which integrates multiple genes related to virulence and pathogenicity (Urban et al., 2020). In this study, we compared our transcriptomic data with PHI-base and identified 53 DEGs with the mutant phenotype of “loss of pathogenicity” or “reduced virulence.” Compared with the levels in Sumai3, most of these DEGs exhibited higher transcript abundance in Fielder at one or more timepoints after infection. We also constructed an F. graminearum PPI network of all 1,317 DEGs. Our results revealed that, in the early stage of infection, “cell wall degradation,” “synthesis of secondary metabolites,” and “expression of virulence-related proteins” is dynamically regulated by hosts with different genetic backgrounds.
In the process of infection, pathogens secrete proteins named effectors into the plant apoplast or directly into plant cells to manipulate plant physiology and inhibit host defense responses (Gorash et al., 2021; Wang et al., 2022). Fusarium graminearum is a hemibiotroph combining certain features of biotrophic pathogens and necrotrophic ones and may possess a broad arsenal of effectors (Duba et al., 2018). The identification of pathogen effectors can contribute to the understanding of host–pathogen interactions, and may also provide a novel approach for crop resistance breeding (Gorash et al., 2021). For pathogens within the oomycete class, rapid detection of effectors by the presence of specific sequence motifs or “fingerprints” shared by effector families has speeded up the identification of resistance genes in potato (Solanum tuberosum L.) and Arabidopsis (Vleeshouwers et al., 2008; Vleeshouwers et al., 2011; Goritschnig et al., 2012). However, application of this method in identifying fungal pathogen effectors is still challenging because such specific sequence motifs or “fingerprints” are uncommon for effectors of fungal pathogens (Gorash et al., 2021). For F. graminearum, effectors are usually predicted using several criteria, such as whether or not they are secreted proteins, have a small size, or are enriched in cysteines (Gorash et al., 2021). In this study, we predicted 55 effectors from among the 1,317 DEGs, 22 of which were previously reported as putative effectors. Of these 55 putative effectors, 12 were predicted to be short peptides with 200 amino acids or less and a cysteine content above 3%, which are typical features of apoplastically accumulating effectors (Brown and Hammond-Kosak, 2015). Most of the predicted effectors were differentially expressed in Sumai3 and exhibited high transcript abundance at 36 HAI. As shown in previous studies, mutations of coding genes of three predicted effectors lead to reduced virulence, namely, a phosphatase gene (FGSG_03365) (Yun et al., 2015), a gene encoding Hydrophobin 1 (FGSG_01763) (Quarantin et al., 2019), and a gene encoding lipase (FGSG_05906) (Blumke et al., 2014). To date, few effectors have been demonstrated in F. graminearum during FHB infection in wheat (Miltenburg et al., 2022; Xu et al., 2022). Therefore, the 55 putative effectors identified in this study will help to mine new effectors and provide a reference for further functional studies of effectors.
In summary, we drew different gene expression profiles of F. graminearum in the process of infecting Fielder and Sumai3, and identified and compared the potential functions of these genes. Our results provide insights into the study of the interaction between FHB and susceptible/resistant wheat varieties, and also provide a large number of candidate genes which might be used as new targets for F. graminearum control and HIGS in wheat breeding for resistance to FHB in the future.
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