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RNA-Seq Analysis of Magnaporthe grisea Transcriptome Reveals the High Potential of ZnO Nanoparticles as a Nanofungicide
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Magnaporthe grisea is one of the most destructive pathogen that encounters a challenge to rice production around the worldwide. The unique properties of ZnO nanoparticles (NPs), have high attractiveness as nanofungicide. In the present study, the response of fungi to ZnO NPs was evaluated using RNA sequencing (RNA-seq). Two different aligners (STAR and Hisat2) were used for aligning the clean reads, and the DEseq2 package was used to identify the differentially expressed genes (DEGs). In total, 1,438 and 761 fungal genes were significantly up- and down-regulated in response to ZnO NPs, respectively. The DEGs were subjected to functional enrichment analysis to identify significantly enriched biological pathways. Functional enrichment analysis revealed that “cell membrane components,” “ion (calcium) transmembrane transporter activity,” “steroid biosynthesis pathway” and “catalytic activity” were the contributed terms to fungal response mechanisms. The genes involved in aflatoxin efflux pumps and ribosome maturation were among the genes showing significant up- and down-regulation after ZnO NPs application. To confirm the obtained RNA-seq results, the expression of six randomly selected genes were evaluated using q-RT-PCR. Overall, the RNA-seq results suggest that ZnO NPs primarily act on the fungal cell membrane, but accumulation of ROS inside the cell induces oxidative stress, the fungal catalytic system is disrupted, resulting into the inhibition of ROS scavenging and eventually, to the death of fungal cells. Our findings provide novel insights into the effect of ZnO NPs as a promising nanofungicide for effective control of rice blast disease.
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INTRODUCTION

Rice (Oryza sativa) is arguably the most widely consumed food crop in the world, and it is a relatively good source of calories for half of the world’s population (Dean et al., 2012). Due to the increasing population of the world and to ensure food security, increasing rice yield potential has become a major challenge (Skamnioti and Gurr, 2009). On the other hand, plant pathogenic fungi can cause devastating crop damage, and every year heavy compensation is paid to decrease plant disease effects, thereby food security (Strange and Scott, 2005; Fisher et al., 2018). Rice blast is one of the most destructive fungal diseases in all rice-growing regions and has a significant negative impact on global rice production (Wang and Valent, 2009). Blast disease is caused by the hemibiotrophic fungus Magnaporthe grisea, whose outbreak and intensity indirectly increase the costs of production (Wilson and Talbot, 2009; Martin-Urdiroz et al., 2016). Rice blast disease by up to 30% can reduce the global harvest of rice, so identifying and using sustainable and safe solutions that do not have the limitations of traditional methods are essential to control this disease (Talbot, 2003; Fisher et al., 2012). Nanomaterials, especially metal oxide nanomaterials, are widely used due to their unique capabilities. One of the most vital properties of metal oxide nanoparticles (NPs) is their antifungal activity; therefore, these nanomaterials have been used in different areas, such as nanomedicine, cosmetics, and agriculture (Azam et al., 2012). Among the various metal oxide nanomaterials, zinc oxide is the most valuable material widely used as an antimicrobial agent. Being an antimicrobial agent at a very low concentration is one of the advantages of distinguishing ZnO nanoparticles from other nanomaterials (Doumbia et al., 2015; Hameed et al., 2016; Mishra et al., 2017). In addition, although there are many chemical and physical methods for nanomaterial synthesis, biomaterials such as plants allow the synthesis of nanoparticles by a healthy, economical and environmentally safe method with uniform shape and size (Ogunyemi et al., 2019). Several conventional methods have been used to overcome plant pathogens, each of which has specific limitations. For instance, the use of common fungicides and the high cost of traditional control of plant diseases have harmful environmental and nutritional effects that can even endanger human health (Waard et al., 1993; Horrigan et al., 2002). Therefore, the use of green synthesized nanoparticles is an effective alternative that is safe, highly adaptable to the environment, and economical to control pathogens (Kumar and Yadav, 2009). These nanoparticles have a higher potential in managing plant pathogens than synthetic fungicides and can be the best alternative to traditional fungicides (Park et al., 2006). Based on recent studies, the production of reactive oxygen species, dissolution of Zn2+ ions, and damage to the bacterial cell wall have been suggested as mechanisms for ZnO antibacterial activity (Sirelkhatim et al., 2015; Joe et al., 2017; Medina-Velo et al., 2017). Many studies have been performed on the antimicrobial activity of nanomaterials (Simon et al., 2013). However, only a few studies have investigated the effects of metal oxide nanoparticles on fungal pathogens; additionally, there is no study about ZnO nanoparticles against M. grisea.

A robust approach to identify how an organism responds to a particular stress condition is to evaluate how it affects genome expression. High-throughput methods of transcriptome study, such as RNA sequencing, can quantify the expression of all genes in an organism at the level of RNA transcripts in response to stress conditions versus normal physiological conditions (Chen et al., 2012). The degree of similarity and difference can be revealed by comparing the effects of different biotic and abiotic conditions. For example, if exposure to nanoparticles causes a specific stress, these changes can be tracked and identified by differential expression (DE) at the transcript level of a particular set of genes. It is possible to identify different physiological and biochemical processes by altering transcription levels in genes with known or predicted functions. Although there are no studies on the response of M. grisea to zinc oxide nanoparticles, profiling of gene expression using RNA-seq makes it possible to understand different layers of its response mechanism to these nanoparticles. In this study, ZnO nanoparticles were synthesized with a green method [using green tea (Camellia sinensis) leaf extract], and after obtaining ideal ZnO NPs, these nanoparticles were treated on M. grisea. Finally, treated samples with ZnO NPs were compared to control samples at the transcriptome level using RNA-seq sequencing technology to identify key pathways and genes as well as potential molecular mechanisms in response to zinc oxide nanoparticles.



MATERIALS AND METHODS


Ethics Statement, Fungal Growth Condition, ZnO Nanoparticle Synthesis

Magnaporthe grisea (WDCM ID: 939) was generously provided by the Iranian Research Institute of Plant Protection. Fungi were grown on potato dextrose broth (PDB) and incubated at 28°C. The synthesis of ZnO nanoparticles was performed by the green synthesis method using leaf extract of green tea (C. sinensis; Senthilkumar and Sivakumar, 2014) in compliance with national guidelines and legislation. The ZnO NPs were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and Field Emission Scanning Electron Microscope (FE-SEM). All characterization approaches confirmed the presence of ZnO nanoparticles with optimal size (20–30 nm), shape and uniformity. The minimum inhibitory concentration (MIC) was determined by the broth dilution method (Shukla et al., 2009). To obtain the MIC, fungi were grown on PDB medium with different concentrations of ZnO NPs (1–5 mM). Based on the test, the MIC of ZnO nanoparticles was estimated to be 5 mM (0.4 mg/ml). Therefore, after treatment of fungi with ZnO NPs using the dilution method in PDB medium (Wiegand et al., 2008), total RNA was isolated in two biological replicates for each condition (treatment and control, in total four samples) for paired-end transcriptome sequencing.



Total RNA Extraction and Transcriptome Sequencing

Total RNA was isolated from approximately 50 mg of fungal crushed tissue using Qiagen RNeasy Mini Kit by following the manufacturer’s protocol. First, to check 28S/18S rRNA band intensity, the purification and quantification of RNA samples were evaluated by 1% agarose gel electrophoresis and using a Nanodrop (Thermo Scientific Nanodrop one/one microvolume UV–Vis spectrophotometer), respectively. All qualified samples were sent to BGI Company (China). In the next step, the quality control of samples was performed using a Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, CA, United States) by the company (Zhu et al., 2018). A 28S/18S ratio above 2, an OD260/280 ratio greater than 1.8 and an integrity number of RNA (RIN) > 8 were the main priorities to select samples for RNA sequencing. Finally, each captured library was loaded on the BGI-seq500 platform, and high-throughput sequencing was performed for each captured library independently to ensure that each sample met the desired average fold coverage. Raw image files were processed by Illumina base calling Software 1.7 for base calling with default parameters, and the sequences of each individual were generated as 100 bp paired-end reads. The raw RNA-Seq data were launched in the Sequence Read Archive (SRA) database with the BioProject accession number PRJNA664016.



Preprocessing, Quality Control, and Read Trimming

Quality assessment of short reads was performed using FASTQC tools (v0.11.5; Bioinformatics, 2011). Preprocessing and removal of low-quality reads and adapter contamination was carried out using Trimmomatic (version 0.39; Bolger et al., 2014). Chosen options for trimming were TRAILING:20, MAXINFO:120:0.9, and MINLEN:120 (Bakhtiarizadeh et al., 2019). The quality of the reads was reassessed with FastQC after these steps to confirm quality improvements.



Reads Mapping to Genome and DEGs Analysis

The basic step in RNA-seq studies to identify differentially expressed genes (DEGs) is mapping the reads against the reference genome. Currently, many alignment tools and normalization/statistical methods have been developed for this purpose (Shang et al., 2014). Based on benchmark studies and comparisons of different methods/tools, there is no single method or tool that exceeds the other methods (Baruzzo et al., 2017). The results of these studies have shown that tool selection at each step has a significant impact on the process of interpreting RNA-seq data (Engström et al., 2013). Additionally, combining different methods can be an effective strategy to obtain reliable results (Costa-Silva et al., 2017). In this study, for deprivation of false positive results, the results of two alignment tools (Hisat2 and STAR) were combined. These tools were selected based on their high usability, and the combination and use of overlapping results of these tools can improve the efficiency of DEG identification (Engström et al., 2013; Baruzzo et al., 2017; Costa-Silva et al., 2017; Everaert et al., 2017). Statistical DEseq2 R package was used to extract the raw read counts (uniquely mapped reads) related to each gene using the reference genome (GCA_000002495.2; Love et al., 2014). Therefore, two separate combinations were considered to identify DEGs, including Hisat + DEseq2 and STAR + DEseq2. Finally, only the set of genes identified by the two methods as DEGs were considered for downstream analysis (based on fold change >|2| and adjusted value of p < 0.05).



Gene Regulatory Network Analysis

Understanding cellular function requires understanding the interactions among proteins (Sinz, 2018). STRING (the Search Tool for the Retrieval of Interacting Genes/Proteins) is a repository displaying information about physical and functional associations of over 9 million proteins from more than 2,000 organisms (Szklarczyk et al., 2016). The putative networks of up-regulated and down-regulated DEGs were constructed using STRING separately, and the nodes without interactions were hidden. Cytoscape (version 3.8.2) was used to visualize and analyze the different aspects of the networks (Nepusz et al., 2012). To do this, ClusterONE (Clustering with Overlapping Neighborhood Expansion, version 1.0) and the CytoHubba plugin in Cytoscape were applied to identify subnetworks/modules and hub genes in the constructed PPI network, respectively. The ClusterONE plugin discovers density and possibly overlapping modules in the networks. CytoHubba allows the use of several topological analysis algorithms to detect the hub genes in the network. In this study, closeness, MCC (maximal clique centrality), and MNC (maximum neighborhood component) algorithms were used to identify hub genes in the constructed PPI network.



Gene Ontology and KEGG Pathway Enrichment Analysis

To obtain further insight into different metabolic processes, functional enrichment analysis, including gene ontology (GO) and Kyoto Encyclopedia Genes and Genomes (KEGG) pathway analyses, was performed for the up- and down-regulated genes. For this aim, g.profiler was used as a web-based tool (using adjusted value of p ≤ 0.05; Raudvere et al., 2019). This analysis provides a system for hierarchically classifying information about the significant biological functions and pathways enriched in up- or down-regulated genes.



q-RT-PCR Validation of Selected DEGs

For RNA-seq results validation, six genes were randomly selected from the significant DEGs list. RNA was extracted from the fungi treated with zinc oxide nanoparticles under the same conditions. cDNA was synthesized using a Biotechrabbit cDNA Synthesis kit according to the company protocol. The primers were designed using SnapGene software (v.5.2.3). Primer information is presented in Supplementary Table 1. qPCR was performed using a Corbett Rotor-Gene 6000 HRM Real Time PCR Machine with Cyber Green Master Mix (RealQ Plus Master Mix Green, Amplicon) with three biological replications for each gene. The actin gene was used as a housekeeping gene (Ray et al., 2016). To compare the relative expression of genes, the ΔΔCT method was used. Finally, the mean 2−ΔΔCT value of genes was changed to fold change (FC) to allow comparison between RNA-seq and q-RT-PCR results.




RESULTS


Antifungal Effect of ZnO NPs on Magnaporthe grisea

The antifungal efficacy of ZnO NPs was tested at different concentrations (1–5 mM) against M. grisea. Fungal growth on potato dextrose agar (PDA) medium and antibiogram test results showed that ZnO NPs had significant growth inhibition. The variance analysis and means comparison of fungal growth over 10 days showed that significant growth inhibition was obtained at a 5 mM (0.4 mg/ml) concentration of ZnO NPs on the 10th day (Figure 1). The results of variance analysis and Duncan’s multiple range test are presented in Supplementary Table 2. All results showed that the fungus did not grow in PDB medium in the presence of 5 mM ZnO NPs, but after the transfer of the fungal inoculum from the liquid medium (PDB) to the solid medium (PDA), it had slight growth; at this concentration, the lowest growth rate was observed in comparison to other concentrations (1–4 mM); therefore, the 5 mM concentration was selected as the MIC and used for the treatment of fungi in the transcriptome study.

[image: Figure 1]

FIGURE 1. Antifungal activity of ZnO nanoparticles (NPs) synthesized using the Camellia sinensis leaf extract. Magnaporthe grisea growth on different concentrations of medium containing ZnO NPs (0–5 mM) is represented in three replicates for visual comparison.




RNA-Seq Raw Data Generation

In total, 94,030,238 paired-end raw reads were generated for four samples (two replicates of control and treated samples). After trimming, only 504 reads were filtered, and 94,029,734 reads were maintained in the initial short read batch, indicating high efficiency of sequencing and data quality. As described, two aligners were used for clean read mapping against the reference genome; on average, 89% of the clean reads were mapped to the genome, and 85.6% of these reads were mapped uniquely. A summary of the obtained RNA sequencing data sets and mapping rate of clean reads are shown in Table 1.



TABLE 1. Different statistics of sequence quality and mapping rate for four samples of the M. grisea transcriptome.
[image: Table1]



Differential Gene Expression Analysis

Comparative transcriptome analysis of M. grisea fungi in response to ZnO NPs was performed by two approaches: Hisat2 + DEseq2 and STAR + DEseq2 (Bakhtiarizadeh et al., 2019). In the first approach, 6,194 and in the second approach, 6,210 genes were identified as DEGs, and by combining the results of two approaches, 1,438 and 761 genes were identified as up- and down-regulated genes, respectively. The comparison of MA plots in the two methods (Hisat2 + DEseq2 and STAR + DEseq2) indicates a slight difference in the expression pattern (Figure 2). The list of identified DEGs is provided in Supplementary Table 3. To visualize the expression pattern and distribution of DEGs across chromosomes, a circos plot was used as a comprehensive plot (Figure 3).

[image: Figure 2]

FIGURE 2. MA plots generated by the DEseq2. The left and right plots are related to the Hisat2 + DEseq2 and STAR + DEseq2 data sets, respectively. The high similarity of the plots indicates that the obtained data from the two methods have the same expression pattern.
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FIGURE 3. The Circos plot shows the pattern of gene expression in fungi during the zinc oxide nanoparticle response. The outer layer shows seven fungal chromosome numbers. The inner layer and central layer show the upregulated and downregulated genes, respectively. The expression pattern is illustrated by a circular heatmap of differentially expressed genes (DEGs).




Functional Enrichment Analysis

DEGs were considered a source to understand different layers of biological behavior in response to zinc oxide nanoparticles. To determine the metabolic processes and response pathways of M. grisea to ZnO nanoparticles, functional enrichment analysis was performed (Figure 4). The GO enrichment of up-regulated DEGs revealed eight significant GO terms. In the cell component category, the total enriched terms were relevant to fungal cell “membrane parts,” such as integral and intrinsic components of the membrane. “Calcium transmembrane transporter activity, phosphorylative mechanism,” “calcium ion transmembrane transporter activity,” and “ion transmembrane transporter activity, phosphorylative mechanism” were the three enriched terms in the molecular function category. “Calcium ion transport” was the only term in the biological process category. The KEGG pathway analysis of up-regulated DEGs showed only one significant pathway, “steroid biosynthesis.” In the case of down-regulated DEGs subjected to GO enrichment, “metabolic process” and “oxidation–reduction process” were significant terms in the biological process category. “Catalytic activity,” “ion binding,” “small molecule binding,” and “oxidoreductase activity” were the most important enriched terms in the molecular function category. In KEGG pathway analysis of down-regulated DEGs, 12 significant pathways were identified, which had close associations with GO terms. “Metabolic pathways,” “biosynthesis of secondary metabolites,” and “biosynthesis of antibiotics” were the three top pathways. Detailed results of functional enrichment analysis are provided in Supplementary Table 4.

[image: Figure 4]

FIGURE 4. Total significant (value of p < 0.05) gene ontology (GO) terms and Kyoto Encyclopedia Genes and Genomes (KEGG) pathways for differentially expressed genes of M. grisea in the presence of ZnO NPs.




Network Analysis and Hub Genes Identification

To comprehend the functional interaction and identify hub genes involved in the fungal response to zinc oxide NPs among the up- and down-regulated genes, a PPI network was established using the STRING tool. STRING is a database of known and predicted protein–protein interactions for a large number of organisms, including functional and physical interactions. Initial results from STRING showed that the network of up-regulated DEGs had 1,434 nodes and 410 edges. Additionally, the network of down-regulated DEGs contained 760 nodes and 902 edges. Integrating information into networks can lead to the conception of a functional network and functional modules and can also provide a broad understanding of the function of genes, according to studies of protein clustering within functional modules (Mozduri et al., 2018). Therefore, the functional modules as described above were obtained using the clusterONE plugin. In the up-regulated gene network, two significant modules were identified: the first module consisted of 16 genes, and the second module contained nine genes (Figure 5). Additionally, three significant modules were identified in the down-regulated gene network with 41, 14, and 14 genes (Figure 6). Using the cytoHubba plugin in the Cytoscape tool for each set of DEGs, 10 genes were identified as hub genes in the whole networks. Three different algorithms (closeness, MCC, MNC) were used to identify hub genes that eventually overlapped genes in these three algorithms and were reported as hub genes. To determine the function of the obtained hub genes, the BioMart database was used. The functions of the identified hub genes in the up-regulated genes included “Aflatoxin efflux pumps,” “Glycosyl hydrolase family 76 protein,” “Pumilio-family RNA binding repeat protein,” “GPI-anchored cell wall beta-1,3-endoglucanase EglC,” and “Taurine catabolism dioxygenase TauD.” In the set of down-regulated genes, the functions of most of the hub genes were related to translation, such as “PrerRNA processing protein Rrp12,” “Pescadillo homolog,” “Ribosome biogenesis protein YTM1,” “DOM34-interacting protein 2,” “ATP-dependent RNA helicase DRS1,” “rRNA 2’-O-methyltransferase fibrillarin,” “Ribosome biogenesis protein ERB1,” and “MKI67 FHA domain-interacting nucleolar phosphoprotein.”

[image: Figure 5]

FIGURE 5. The significant modules (blue and red) and identified hub genes (purple) associated with up-regulated DEGs of M. grisea fungi in response to ZnO NPs.


[image: Figure 6]

FIGURE 6. The significant modules (green, yellow, and pink) and identified hub genes (blue) associated with down-regulated DEGs of M. grisea fungi in response to ZnO NPs.




Verification of DEGs Through q-RT-PCR

To confirm the expression pattern of DEGs obtained from RNA-seq analysis, six genes were selected randomly and evaluated by q-RT-PCR. Comparison of log2FC values of these genes in RNA-seq and qRT-PCR revealed similarity of gene expression profiles (Figure 7). The similarity of the expression pattern between these two independent experiments indicates that the RNA-seq results are reliable. All q-RT-PCR verification results are provided in Supplementary Table 5.

[image: Figure 7]

FIGURE 7. q-RT-PCR confirmation of six genes randomly selected from RNA-Seq analysis. Based on log2-fold change levels, the expression patterns of six genes in response to zinc oxide nanoparticles were similar.





DISCUSSION

In this study, RNA-seq-based transcriptome profiling of M. grisea was performed under zinc oxide nanoparticle stress as nano-biofungicides. Also, the RNA-seq results were validated by comparing the expression patterns of selected genes using q-RT-PCR, all 6 selected genes had similar expression pattern in two approaches. Our first goal was to recognize possible molecular responses during the growth-inhibitory impacts of zinc oxide NPs to develop mutual strategies in fungi and plants to overcome rice blast outbreaks. To escape false positives, the results of two pipelines with two different aligners (STAR and Hisat2) were merged. Intersection of these methods led to the identification of 1,438 and 761 DEGs. The results of functional enrichment analysis revealed that most of the differentially expressed up-regulated genes were related to membrane, intrinsic and integral components of the membrane, ion (calcium) transmembrane transporter activity, phosphorylative mechanism, calcium ion transport, and steroid biosynthesis. These results indicated that most of the significantly enriched GO terms and KEGG pathways were directly or indirectly related to membrane. Pathogens to achieve a successful infection process must be able to overcome antifungal treatment. Using efflux pumps is a basic way that fungi use to counteract the accumulation of intercellular toxins. In response to chemiosmotic gradients, ATP-binding transporters and the major facilitator superfamily (MFS) remove many toxic compounds across the membrane (Coleman and Mylonakis, 2009). Adaptation of pathogens to abiotic stress requires cellular ion homeostasis, but the presence of zinc oxide nanoparticles interrupts intercellular ion balance (Brini and Masmoudi, 2012). Ion-mediated signaling and their contribution to defense responses are clear. For example, the influx of Ca2+ is involved in ROS production, anion efflux, and Ca2+-dependent protein kinase cascades, which affect gene expression level (Boudsocq et al., 2010; Jeworutzki et al., 2010). As explained, in the up-regulated DEGs, there was a significant KEGG pathway, biosynthesis of steroids, an extensive group of natural macromolecules that play an essential role in the cell membranes of animals, plants and fungi. The most widely recognized steroid component in fungi is ergosterol (Dupont et al., 2012). Mitochondria is the site of steroidogenesis which is initiated at the inner mitochondrial membrane (IMM), where the conversion of cholesterol to pregnenolone occures. The pregnenolone later enters ER where further enzymatic reactions occur. In other hand, fungi serve as important sources of steroids, indicating the importance of steroids for fungal cell homeostasis or structural purposes. The ZnO nanoparticles are harmfull for fungal whole cell and damage to membranes such as mitochondrial membranes. Therefore, it seems that the genes involved in the steroids biosynthesis which are up-regulated in presense of ZnO nanoparticles, try to enhance the steroids synthesis to overcome the decreased content of them due to the damage of inner mitochondrial membrane. As an example of steroids, ergosterol is a vital compound in the cell membrane structure of fungi that has a similar function to cholesterol in animal cells, and since it affects the fluidity and permeability of the membrane, it assumes significant functions in fungal growth reproduction and stress response (Kodedová and Sychrová, 2015). In the up-regulated genes ontology results, according to the intersection size (Supplementary Table 4), it can be seen that the function of most genes is related to the membrane. Along with these results, by predicting the steroid biosynthesis pathway as the only significant pathway in the presence of zinc oxide nanoparticles, it can be suggested that due to electrostatic interaction, at first the membrane is strongly affected by the nanoparticles. Indeed, ergosterol is the most abundant sterol in fungal cell membranes, where it regulates permeability and fluidity. Because of its crucial functions, unique structural properties, and particular biosynthetic steps, ergosterol is the target of the majority of available antifungals (Da Silva Ferreira et al., 2005). Also, fungi transcriptionally upregulates the expression of ergosterol biosynthesis pathway genes when exposed to antifungal agents that target ergosterol biosynthesis that finally upstream inhibition overrode the effects of downstream inhibition on the ergosterol biosynthesis pathway (Hu et al., 2018). For example, the Azole class of antifungals act by inhibiting the C14α demethylation of lanosterol in fungi, which interferes with the synthesis of the sterol components of the fungal membrane.

Additionally, in the down-regulated gene set, metabolic process, catalectic activity, ion binding, oxidation–reduction process, small molecule binding, and oxidorudactase activity were identified as significant GO terms. Metabolic pathways, biosynthesis of secondary metabolites and biosynthesis of antibiotics were the three most significant KEGG pathways in the down-regulated DEGs. These results indicated that the response mechanisms of M. grisea to zinc oxide NPs can be regulated by complex pathways and genes.

From the GO enrichment and KEGG results, it can be inferred that most of the terms appeared under zinc oxide NPs stress condition, corroborate various studies under different stress conditions (Phule et al., 2019). Various mechanisms have been proposed for the antifungal action of nanoparticles, including induction of reactive oxygen species (ROS) production, cell wall damage and lipid peroxidation of the cell membrane mediated by NPs attachment due to their large surface area and electrostatic force, and finally the release of antifungal/antimicrobial ions (Malandrakis et al., 2019, 2020). Any disturbance in the normal redox state of cells can lead to the production of free radicals and oxidative stress. Accumulating these free radicals inside the cell can damage macromolecules, including lipids, proteins, and nucleic acids (Uttara et al., 2009; Pizzino et al., 2017; Goswami, 2020). The production of ROS and the emergence of oxidative stress by activating the ATM-chk2 signaling pathway leads to double-stranded DNA breaks that eventually cause mutagenesis and cell death (Maréchal and Zou, 2013; Howard et al., 2020). In general, nanoparticles with antifungal/antimicrobial properties in the vicinity of the cell affect mitochondrial respiration, mitochondrial apoptosis, activation of the NADPH oxidative system, alteration of calcium homeostasis, and depletion of antioxidant enzymes, all of which are associated with tissue damage (Lobo et al., 2010; Manke et al., 2013). The essential role of calcium in intracellular and extracellular signaling cascades and its extensive dynamic activity indicate the key role of calcium in cell death and the life cycle. There is moreover evidence that calcium signaling pathways affect signaling pathways of ROS production. The mitochondrial metabolic status determines the level of ROS by affecting calcium signaling pathways (Adam-Vizi and Starkov, 2010). Since calcium promotes ATP synthesis by subduing enzymes of the Krebs cycle and oxidative phosphorylation in mitochondria, calcium homeostasis is impaired in the presence of NPs, and when mitochondria are overloaded with calcium, ROS production can be increased independently of the metabolic state (Zorov et al., 2014; Görlach et al., 2015). Although reactive oxygen species were initially considered to be adverse byproducts of aerobic metabolism, evidence suggests that low levels of ROS are involved in various cellular processes, including cell growth and death. There are various studies that show the mutual interaction of ROS and the calcium signaling network, which seems to have a key role in regulating cellular signaling pathways. However, stress can affect the performance of each of these systems and lead to fungal cell death (Csordás and Hajnóczky, 2009). The accumulation of ROS and oxidative stress due to imbalances in production and the ability of biological systems to detoxify ROS can have potentially destructive biological responses. To respond to ROS overloading, cells can enable enzymatic and nonenzymatic antioxidant systems (Pizzino et al., 2017). Superoxide dismutase (SOD), catalase and glutathione peroxidase are natural enzymes that provide intracellular self-defense to balance ROS levels (Tian et al., 2017; Cui et al., 2019). A hierarchical model was presented to illustrate the mechanism of oxidative stress caused by nanoparticles (Manke et al., 2013). According to this model, cells respond to oxidative stress through antioxidant enzyme systems in the presence of nanoparticles. Under slight oxidative stress, the transcription of phase II antioxidant enzymes is mediated by nuclear factor (erythroid-derived 2)-like 2 (Nrf 2) induction. However, toxic levels of oxidative stress cause mitochondrial membrane damage and disruption of the electron transport chain, ultimately leading to cell death by inducing ROS accumulation and depletion of antioxidants in the presence of engineered nanoparticles. Obviously, the results of all analyses confirmed the presented facts. However, identifying the mechanism of NPs action in more detail decodes the different layers of fungi in response to zinc oxide nanoparticles.

The functions of annotated hub genes in the up-regulated DEGs were “Aflatoxin efflux pump (MGG_01778),” “Glycosyl hydrolase family protein (MGG_02793),” “Pumilio-family RNA binding repeat protein (MGG_03158),” “GPI-anchored cell wall beta-1,3-endoglucanase (MGG_10400)” and “Taurine catabolism dioxygenase (MGG_11560).” These genes are directly and indirectly involved in membrane structure and translation levels of cell. Aflatoxin efflux pumps allow microorganisms to regulate their internal environment by removing toxic substances, including antimicrobial agents. Glycosyl hydrolase family proteins are a widespread group of enzymes that hydrolyse the glycosidic bond between two or more carbohydrates. Pumilio-family RNA binding repeat protein is a nucleolar protein required for prerRNA processing involved in the production of 18S rRNA and assembly of the small ribosomal subunit. GPI-anchored cell wall beta-1,3-endoglucanase is an enzyme with glucanosyltransferase activity that is involved in fungal cell wall organization. Taurine catabolism dioxygenase refers to a protein domain that in many fungi is used to breakdown taurine (2-aminoethanesulfonic acid) as a source of sulfur under stress conditions.

From the 10 top identified hub genes in down-regulated DEGs, eight of them were annotated, including “pre-rRNA processing protein (MGG_01123),” “pescadillo homolog (MGG_01183),” “ribosome biogenesis protein YTM1 (MGG_02460),” “DOM34-interacting protein (MGG_04746),” “ATP-dependent RNA helicase DRS1 (MGG_07718),” “rRNA 2’-O-methyltransferase fibrillarin (MGG_09195),” “ribosome biogenesis protein ERB1 (MGG_09313),” and “MKI67 FHA domain-interacting nucleolar phosphoprotein (MGG_12370).” Pre-rRNA processing protein is associated with GSP1, which is required for nuclear export of both pre-40S and pre-60S ribosomal subunits. It is required for the late maturation of the 18S and 5.8S rRNA of the pre-40S ribosomes and for maturation of the 25S and 5.8S rRNA of the pre-60S ribosomes (Oeffinger et al., 2004). Pescadillo homolog is a component of the PeBoW complex, which is required for maturation of 28S and 5.8S ribosomal RNAs and formation of the 60S ribosome (Lapik et al., 2004; Lerch-Gaggl et al., 2007). The ribosome biogenesis protein YTM1 is a part of the NOP7 complex, which is required for maturation of 25S and 5.8S ribosomal RNAs and formation of the 60S ribosome (Miles et al., 2005; Tang et al., 2008; Baßler et al., 2010). DOM34-interacting protein involved in protein translation, together with HBS1, may function in recognizing stalled ribosomes and triggering endonucleolytic cleavage of the mRNA, a mechanism to release nonfunctional ribosomes and degrade damaged mRNAs. The complex formed by DOM34 and HBS1 has ribonuclease activity toward double-stranded RNA substrates but does not cleave single-stranded RNA. It acts as an endonuclease, has no exonuclease activity and increases the affinity of HBS1 for GTP but not for GDP. Additionally, it promotes G1 progression and differentiation and is involved in mitotic and meiotic cell divisions (Doma and Parker, 2006; Lee et al., 2007; Graille et al., 2008). ATP-dependent RNA helicase DRS1 is involved in ribosome assembly. rRNA 2’-O-methyltransferase fibrillarin; S-adenosyl-L-methionine-dependent methyltransferase that has the ability to methylate both RNAs and proteins. The ribosome biogenesis protein ERB1 is a component of the NOP7 complex, which is required for maturation of 25S and 5.8S ribosomal RNAs and formation of the 60S ribosome (Pestov et al., 2001). MKI67 FHA domain-interacting nucleolar phosphoprotein function is related to RNA binding. The results of the functional analysis of hub genes and GO enrichment analysis provide a plan for how nanoparticles influence the cell. After binding nanoparticles to the cell surface due to electrostatic properties, the membrane is affected, and the cell upregulates the expression of genes involved in membrane organization. By maintaining the presence of nanoparticles, disrupting the electron transport chain and downregulating the expression of genes involved in catalytic activity, ROS accumulate inside the cell, and oxidative stress occurs, which damage macromolecules, eventually leading to fungal cell death.



CONCLUSION

The findings of this study provide a comprehensive view of the transcriptional responses to Zinc Oxide nanoparticles in M. grisea fungi. Among the DEGs with up-regulated expression in response to nanoparticles were genes involved in the formation of cell membrane components, ion (calcium) transporting activity, and the ergosterol biosynthesis KEGG pathway. Most of the genes whose expression decreased in response to zinc oxide were related to metabolic processes, catalytic activity, binding, redox processes, and oxidoreductase activity. Metabolic pathways, biosynthesis of secondary metabolites and biosynthesis of antibiotics were among the most important pathways that in the presence of zinc oxide nanoparticles had a decreased expression of the related genes. However, the down-regulated genes were often associated with metabolic processes, catalytic activity, binding, redox processes, oxidoreductase activity; and metabolic pathways, biosynthesis of secondary metabolites, and biosynthesis of antibiotics were the most vital pathways related to down-regulated DEGs. According to the evidence and obtained results, zinc oxide nanoparticles primarily affect the cell membrane and then induce oxidative stress through the production and accumulation of reactive oxygen species, and due to the inability of cells to detoxify ROSs mediated by down-regulation of the expression of involved genes in catalytic activity, the intracellular homeostasis is disrupted, which eventually leads to cell death. Overall, understanding the different layers of zinc oxide nanoparticles mechanism as a nanobiofungicide on M. grisea requires more effort based on the results of this study.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

AA contributed to the conceptualization and led the research. RG executed the experiments and original draft writing. MB and RG analyzed the RNA-seq data. MT and MB contributed to the new analytical tools and review and editing. All authors contributed to the article and approved the submitted version.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.896283/full#supplementary-material



REFERENCES

 Adam-Vizi, V., and Starkov, A. A. (2010). Calcium and mitochondrial reactive oxygen species generation: how to read the facts. J. Alzheimers Dis. 20, S413–S426. doi: 10.3233/JAD-2010-100465 

 Azam, A., Ahmed, A. S., Oves, M., Khan, M. S., Habib, S. S., and Memic, A. (2012). Antimicrobial activity of metal oxide nanoparticles against gram-positive and gram-negative bacteria: a comparative study. Int. J. Nanomedicine 7:6003. doi: 10.2147/IJN.S35347

 Bakhtiarizadeh, M. R., Salehi, A., Alamouti, A. A., Abdollahi-Arpanahi, R., and Salami, S. A. (2019). Deep transcriptome analysis using RNA-Seq suggests novel insights into molecular aspects of fat-tail metabolism in sheep. Sci. Rep. 9, 1–14. doi: 10.1038/s41598-019-45665-3

 Baruzzo, G., Hayer, K. E., Kim, E. J., Di Camillo, B., Fitzgerald, G. A., and Grant, G. R. (2017). Simulation-based comprehensive benchmarking of RNA-seq aligners. Nat. Methods 14, 135–139. doi: 10.1038/nmeth.4106 

 Baßler, J., Kallas, M., Pertschy, B., Ulbrich, C., Thoms, M., and Hurt, E. (2010). The AAA-ATPase Rea1 drives removal of biogenesis factors during multiple stages of 60S ribosome assembly. Mol. Cell 38, 712–721. doi: 10.1016/j.molcel.2010.05.024 

 Bioinformatics, B. (2011). FastQC: A Quality Control Tool for High Throughput Sequence Data. Cambridge, UK: Babraham Institute.

 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170 

 Boudsocq, M., Willmann, M. R., Mccormack, M., Lee, H., Shan, L., He, P., et al. (2010). Differential innate immune signalling via Ca2+ sensor protein kinases. Nature 464, 418–422. doi: 10.1038/nature08794 

 Brini, F., and Masmoudi, K. (2012). Ion transporters and abiotic stress tolerance in plants. ISRN Mol. Biol. 2012, 1–13. doi: 10.5402/2012/927436

 Chen, M., Zhang, M., Borlak, J., and Tong, W. (2012). A decade of toxicogenomic research and its contribution to toxicological science. Toxicol. Sci. 130, 217–228. doi: 10.1093/toxsci/kfs223 

 Coleman, J. J., and Mylonakis, E. (2009). Efflux in fungi: la piece de resistance. PLoS Pathog. 5:e1000486. doi: 10.1371/journal.ppat.1000486 

 Costa-Silva, J., Domingues, D., and Lopes, F. M. (2017). RNA-Seq differential expression analysis: an extended review and a software tool. PLoS One 12, 4–6. doi: 10.1371/journal.pone.0190152

 Csordás, G., and Hajnóczky, G. (2009). SR/ER–mitochondrial local communication: calcium and ROS. Biochim. Biophys. Acta - Bioenerg. 1787, 1352–1362. doi: 10.1016/j.bbabio.2009.06.004

 Cui, Y., Melby, E. S., Mensch, A. C., Laudadio, E. D., Hang, M. N., Dohnalkova, A., et al. (2019). Quantitative mapping of oxidative stress response to lithium cobalt oxide nanoparticles in single cells using multiplexed in situ gene expression analysis. Nano Lett. 19, 1990–1997. doi: 10.1021/acs.nanolett.8b05172 

 Da Silva Ferreira, M., Colombo, A., Paulsen, I., Ren, Q., Wortman, J., Huang, J., et al. (2005). The ergosterol biosynthesis pathway, transporter genes, and azole resistance in Aspergillus fumigatus. Med. Mycol. 43, S313–S319. doi: 10.1080/13693780400029114

 Dean, R., Van Kan, J. A., Pretorius, Z. A., Hammond-Kosack, K. E., Di Pietro, A., Spanu, P. D., et al. (2012). The top 10 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 13, 414–430. doi: 10.1111/j.1364-3703.2011.00783.x 

 Doma, M. K., and Parker, R. (2006). Endonucleolytic cleavage of eukaryotic mRNAs with stalls in translation elongation. Nature 440, 561–564. doi: 10.1038/nature04530 

 Doumbia, A. S., Vezin, H., Ferreira, M., Campagne, C., and Devaux, E. (2015). Studies of polylactide/zinc oxide nanocomposites: influence of surface treatment on zinc oxide antibacterial activities in textile nanocomposites. J. Appl. Polym. Sci. 132, 1–2. doi: 10.1002/app.41776

 Dupont, S., Lemetais, G., Ferreira, T., Cayot, P., Gervais, P., and Beney, L. (2012). Ergosterol biosynthesis: a fungal pathway for life on land? Evolution: international journal of organic. Evolution 66, 2961–2968. doi: 10.1111/j.1558-5646.2012.01667.x 

 Engström, P. G., Steijger, T., Sipos, B., Grant, G. R., Kahles, A., Alioto, T., et al. (2013). Systematic evaluation of spliced alignment programs for RNA-seq data. Nat. Methods 10, 1185–1191. doi: 10.1038/nmeth.2722 

 Everaert, C., Luypaert, M., Maag, J. L., Cheng, Q. X., Dinger, M. E., Hellemans, J., et al. (2017). Benchmarking of RNA-sequencing analysis workflows using whole-transcriptome RT-qPCR expression data. Sci. Rep. 7, 1–11. doi: 10.1038/s41598-017-01617-3

 Fisher, M. C., Hawkins, N. J., Sanglard, D., and Gurr, S. J. (2018). Worldwide emergence of resistance to antifungal drugs challenges human health and food security. Science 360, 739–742. doi: 10.1126/science.aap7999 

 Fisher, M. C., Henk, D. A., Briggs, C. J., Brownstein, J. S., Madoff, L. C., Mccraw, S. L., et al. (2012). Emerging fungal threats to animal, plant and ecosystem health. Nature 484, 186–194. doi: 10.1038/nature10947 

 Görlach, A., Bertram, K., Hudecova, S., and Krizanova, O. (2015). Calcium and ROS: a mutual interplay. Redox Biol. 6, 260–271. doi: 10.1016/j.redox.2015.08.010 

 Goswami, S. K. (2020). “Aging, free radicals, and reactive oxygen species: an evolving concept,” in Models, Molecules and Mechanisms in Biogerontology. ed. R. C. Pramod (Germany: Springer), 199–212.

 Graille, M., Chaillet, M., and Van Tilbeurgh, H. (2008). Structure of yeast Dom34 A protein related to translation termination factor erf1 and involved in no-go decay. J. Biol. Chem. 283, 7145–7154. doi: 10.1074/jbc.M708224200 

 Hameed, A. S. H., Karthikeyan, C., Ahamed, A. P., Thajuddin, N., Alharbi, N. S., Alharbi, S. A., et al. (2016). In vitro antibacterial activity of ZnO and Nd doped ZnO nanoparticles against ESBL producing Escherichia coli and Klebsiella pneumoniae. Sci. Rep. 6:24312. doi: 10.1038/srep24312

 Horrigan, L., Lawrence, R. S., and Walker, P. (2002). How sustainable agriculture can address the environmental and human health harms of industrial agriculture. Environ. Health Perspect. 110, 445–456. doi: 10.1289/ehp.02110445 

 Howard, D., Sebastian, S., Le, Q. V.-C., Thierry, B., and Kempson, I. (2020). Chemical mechanisms of nanoparticle radiosensitization and radioprotection: a review of structure-function relationships influencing reactive oxygen species. Int. J. Mol. Sci. 21:579. doi: 10.3390/ijms21020579 

 Hu, C., Zhou, M., Wang, W., Sun, X., Yarden, O., and Li, S. (2018). Abnormal ergosterol biosynthesis activates transcriptional responses to antifungal azoles. Front. Microbiol. 9:9. doi: 10.3389/fmicb.2018.00009 

 Jeworutzki, E., Roelfsema, M. R. G., Anschütz, U., Krol, E., Elzenga, J. T. M., Felix, G., et al. (2010). Early signaling through the Arabidopsis pattern recognition receptors FLS2 and EFR involves Ca2+−associated opening of plasma membrane anion channels. Plant J. 62, 367–378. doi: 10.1111/j.1365-313X.2010.04155.x 

 Joe, A., Park, S.-H., Shim, K.-D., Kim, D.-J., Jhee, K.-H., Lee, H.-W., et al. (2017). Antibacterial mechanism of ZnO nanoparticles under dark conditions. J. Ind. Eng. Chem. 45, 430–439. doi: 10.1016/j.jiec.2016.10.013

 Kodedová, M., and Sychrová, H. (2015). Changes in the sterol composition of the plasma membrane affect membrane potential, salt tolerance and the activity of multidrug resistance pumps in Saccharomyces cerevisiae. PLoS One 10:e0139306. doi: 10.1371/journal.pone.0139306 

 Kumar, V., and Yadav, S. K. (2009). Plant-mediated synthesis of silver and gold nanoparticles and their applications. J. Chem. Technol. Biotechnol. 84, 151–157. doi: 10.1002/jctb.2023

 Lapik, Y. R., Fernandes, C. J., Lau, L. F., and Pestov, D. G. (2004). Physical and functional interaction between Pes1 and Bop1 in mammalian ribosome biogenesis. Mol. Cell 15, 17–29. doi: 10.1016/j.molcel.2004.05.020 

 Lee, H. H., Kim, Y.-S., Kim, K. H., Heo, I., Kim, S. K., Kim, O., et al. (2007). Structural and functional insights into Dom34, a key component of no-go mRNA decay. Mol. Cell 27, 938–950. doi: 10.1016/j.molcel.2007.07.019 

 Lerch-Gaggl, A. F., Sun, K., and Duncan, S. A. (2007). Light chain 1 of microtubule-associated protein 1B can negatively regulate the action of Pes1. J. Biol. Chem. 282, 11308–11316. doi: 10.1074/jbc.M610977200 

 Lobo, V., Patil, A., Phatak, A., and Chandra, N. (2010). Free radicals, antioxidants and functional foods: impact on human health. Pharmacogn. Rev. 4, 118–126. doi: 10.4103/0973-7847.70902 

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 1–21. doi: 10.1186/s13059-014-0550-8

 Malandrakis, A. A., Kavroulakis, N., and Chrysikopoulos, C. V. (2019). Use of copper, silver and zinc nanoparticles against foliar and soil-borne plant pathogens. Sci. Total Environ. 670, 292–299. doi: 10.1016/j.scitotenv.2019.03.210 

 Malandrakis, A. A., Kavroulakis, N., and Chrysikopoulos, C. V. (2020). Synergy between cu-NPs and fungicides against Botrytis cinerea. Sci. Total Environ. 703:135557. doi: 10.1016/j.scitotenv.2019.135557 

 Manke, A., Wang, L., and Rojanasakul, Y. (2013). Mechanisms of nanoparticle-induced oxidative stress and toxicity. Biomed. Res. Int. 2013, 1–15. doi: 10.1155/2013/942916

 Maréchal, A., and Zou, L. (2013). DNA damage sensing by the ATM and ATR kinases. Cold Spring Harb. Perspect. Biol. 5:a012716. doi: 10.1101/cshperspect.a012716 

 Martin-Urdiroz, M., Oses-Ruiz, M., Ryder, L. S., and Talbot, N. J. (2016). Investigating the biology of plant infection by the rice blast fungus Magnaporthe oryzae. Fungal Genet. Biol. 90, 61–68. doi: 10.1016/j.fgb.2015.12.009 

 Medina-Velo, I. A., Barrios, A. C., Zuverza-Mena, N., Hernandez-Viezcas, J. A., Chang, C. H., Ji, Z., et al. (2017). Comparison of the effects of commercial coated and uncoated ZnO nanomaterials and Zn compounds in kidney bean (Phaseolus vulgaris) plants. J. Hazard. Mater. 332, 214–222. doi: 10.1016/j.jhazmat.2017.03.008 

 Miles, T. D., Jakovljevic, J., Horsey, E. W., Harnpicharnchai, P., Tang, L., and Woolford, J. L. (2005). Ytm1, Nop7, and Erb1 form a complex necessary for maturation of yeast 66S preribosomes. Mol. Cell. Biol. 25, 10419–10432. doi: 10.1128/MCB.25.23.10419-10432.2005 

 Mishra, P. K., Mishra, H., Ekielski, A., Talegaonkar, S., and Vaidya, B. (2017). Zinc oxide nanoparticles: a promising nanomaterial for biomedical applications. Drug Discov. Today 22, 1825–1834. doi: 10.1016/j.drudis.2017.08.006 

 Mozduri, Z., Bakhtiarizadeh, M., and Salehi, A. (2018). Integrated regulatory network reveals novel candidate regulators in the development of negative energy balance in cattle. Animal 12, 1196–1207. doi: 10.1017/S1751731117003524

 Nepusz, T., Yu, H., and Paccanaro, A. (2012). Detecting overlapping protein complexes in protein-protein interaction networks. Nat. Methods 9, 471–472. doi: 10.1038/nmeth.1938 

 Oeffinger, M., Dlakić, M., and Tollervey, D. (2004). A pre-ribosome-associated HEAT-repeat protein is required for export of both ribosomal subunits. Genes Dev. 18, 196–209. doi: 10.1101/gad.285604 

 Ogunyemi, S. O., Abdallah, Y., Zhang, M., Fouad, H., Hong, X., Ibrahim, E., et al. (2019). Green synthesis of zinc oxide nanoparticles using different plant extracts and their antibacterial activity against Xanthomonas oryzae pv. oryzae. Artif. Cells Nanomed. Biotechnol. 47, 341–352. doi: 10.1080/21691401.2018.1557671 

 Park, H.-J., Kim, S.-H., Kim, H.-J., and Choi, S.-H. (2006). A new composition of nanosized silica-silver for control of various plant diseases. Plant Pathol. J. 22, 295–302. doi: 10.5423/PPJ.2006.22.3.295

 Pestov, D. G., Stockelman, M. G., Strezoska, Z., and Lau, L. F. (2001). ERB1, the yeast homolog of mammalian Bop1, is an essential gene required for maturation of the 25S and 5.8 S ribosomal RNAs. Nucleic Acids Res. 29, 3621–3630. doi: 10.1093/nar/29.17.3621 

 Phule, A. S., Barbadikar, K. M., Maganti, S. M., Seguttuvel, P., Subrahmanyam, D., Babu, M. P., et al. (2019). RNA-seq reveals the involvement of key genes for aerobic adaptation in rice. Sci. Rep. 9, 1–10. doi: 10.1038/s41598-019-41703-2

 Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V., et al. (2017). Oxidative stress: harms and benefits for human health. Oxidative Med. Cell. Longev. 2017, 1–13. doi: 10.1155/2017/8416763 

 Raudvere, U., Kolberg, L., Kuzmin, I., Arak, T., Adler, P., Peterson, H., et al. (2019). G: Profiler: a web server for functional enrichment analysis and conversions of gene lists (2019 update). Nucleic Acids Res. 47, W191–W198. doi: 10.1093/nar/gkz369 

 Ray, S., Singh, P. K., Gupta, D. K., Mahato, A. K., Sarkar, C., Rathour, R., et al. (2016). Analysis of Magnaporthe oryzae genome reveals a fungal effector, which is able to induce resistance response in transgenic rice line containing resistance gene, Pi54. Front. Plant Sci. 7:1140. doi: 10.3389/fpls.2016.01140

 Senthilkumar, S., and Sivakumar, T. (2014). Green tea (Camellia sinensis) mediated synthesis of zinc oxide (ZnO) nanoparticles and studies on their antimicrobial activities. Int J Pharm Pharm Sci 6, 461–465.

 Shang, J., Zhu, F., Vongsangnak, W., Tang, Y., Zhang, W., and Shen, B. (2014). Evaluation and comparison of multiple aligners for next-generation sequencing data analysis. Biomed. Res. Int. 2014, 1–16. doi: 10.1155/2014/309650

 Shukla, R., Kumar, A., Singh, P., and Dubey, N. K. (2009). Efficacy of Lippia alba (mill.) NE brown essential oil and its monoterpene aldehyde constituents against fungi isolated from some edible legume seeds and aflatoxin B1 production. Int. J. Food Microbiol. 135, 165–170. doi: 10.1016/j.ijfoodmicro.2009.08.002 

 Simon, D. F., Domingos, R. F., Hauser, C., Hutchins, C. M., Zerges, W., and Wilkinson, K. J. (2013). Transcriptome sequencing (RNA-seq) analysis of the effects of metal nanoparticle exposure on the transcriptome of Chlamydomonas reinhardtii. Appl. Environ. Microbiol. 79, 4774–4785. doi: 10.1128/AEM.00998-13 

 Sinz, A. (2018). Cross-linking/mass spectrometry for studying protein structures and protein–protein interactions: where are we now and where should we go from here? Angew. Chem. Int. Ed. 57, 6390–6396. doi: 10.1002/anie.201709559 

 Sirelkhatim, A., Mahmud, S., Seeni, A., Kaus, N. H. M., Ann, L. C., Bakhori, S. K. M., et al. (2015). Review on zinc oxide nanoparticles: antibacterial activity and toxicity mechanism. Nanomicro Lett. 7, 219–242. doi: 10.1007/s40820-015-0040-x 

 Skamnioti, P., and Gurr, S. J. (2009). Against the grain: safeguarding rice from rice blast disease. Trends Biotechnol. 27, 141–150. doi: 10.1016/j.tibtech.2008.12.002 

 Strange, R. N., and Scott, P. R. (2005). Plant disease: a threat to global food security. Annu. Rev. Phytopathol. 43, 83–116. doi: 10.1146/annurev.phyto.43.113004.133839

 Szklarczyk, D., Morris, J. H., Cook, H., Kuhn, M., Wyder, S., Simonovic, M., et al. (2016). The STRING database in 2017: quality-controlled protein–protein association networks, made broadly accessible. Nucleic Acids Res. 45, D362–D368. doi: 10.1093/nar/gkw937 

 Talbot, N. J. (2003). On the trail of a cereal killer: exploring the biology of Magnaporthe grisea. Annu. Rev. Microbiol. 57, 177–202. doi: 10.1146/annurev.micro.57.030502.090957 

 Tang, L., Sahasranaman, A., Jakovljevic, J., Schleifman, E., and Woolford, J. L. Jr. (2008). Interactions among Ytm1, Erb1, and Nop7 required for assembly of the Nop7-subcomplex in yeast preribosomes. Mol. Biol. Cell 19, 2844–2856. doi: 10.1091/mbc.E07-12-1281 

 Tian, Z., Li, X., Ma, Y., Chen, T., Xu, D., Wang, B., et al. (2017). Quantitatively intrinsic biomimetic catalytic activity of nanocerias as radical scavengers and their ability against H2O2 and doxorubicin-induced oxidative stress. ACS Appl. Mater. Interfaces 9, 23342–23352. doi: 10.1021/acsami.7b04761 

 Uttara, B., Singh, A. V., Zamboni, P., and Mahajan, R. (2009). Oxidative stress and neurodegenerative diseases: a review of upstream and downstream antioxidant therapeutic options. Curr. Neuropharmacol. 7, 65–74. doi: 10.2174/157015909787602823 

 Waard, M., Georgopoulos, S., Hollomon, D., Ishii, H., Leroux, P., Ragsdale, N., et al. (1993). Chemical control of plant diseases: problems and prospects. Annu. Rev. Phytopathol. 31, 403–421. doi: 10.1146/annurev.py.31.090193.002155

 Wang, X., and Valent, B. (2009). Advances in Genetics, Genomics and Control of Rice Blast Disease. Germany: Springer Science & Business Media.

 Wiegand, I., Hilpert, K., and Hancock, R. E. (2008). Agar and broth dilution methods to determine the minimal inhibitory concentration (MIC) of antimicrobial substances. Nat. Protoc. 3, 163–175. doi: 10.1038/nprot.2007.521 

 Wilson, R. A., and Talbot, N. J. (2009). Under pressure: investigating the biology of plant infection by Magnaporthe oryzae. Nat. Rev. Microbiol. 7, 185–195. doi: 10.1038/nrmicro2032 

 Zhu, F.-Y., Chen, M.-X., Ye, N.-H., Qiao, W.-M., Gao, B., Law, W.-K., et al. (2018). Comparative performance of the BGISEQ-500 and Illumina HiSeq4000 sequencing platforms for transcriptome analysis in plants. Plant Methods 14:69. doi: 10.1186/s13007-018-0337-0 

 Zorov, D. B., Juhaszova, M., and Sollott, S. J. (2014). Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev. 94, 909–950. doi: 10.1152/physrev.00026.2013 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ghamari, Ahmadikhah, Tohidfar and Bakhtiarizadeh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-13-896283-g005.jpg





OPS/images/fpls-13-896283-g006.jpg





OPS/images/fpls-13-896283-g003.jpg
i

5

s
EE
E

8w plog 7307
- .
& 1 &

g b





OPS/images/fpls-13-896283-g004.jpg
‘membrane
membrane part

inuinsic component of membrane

integral component of membrane.

on ransmembrane ransportr activity, phospharyltive mechanism
calcum fon ransmembrane transporter activiy

calcum fon ransport

calcium ransmembrane wansportr activiy, phosphoryltive mechanism
Steroid biosynhesis

metabolic process

calytc activity

ion binding,

small molecule binding

oxidation-reducton process

oxidoreductse actvity

‘small molecule metabolic process.

cofactor binding

wansmembrane wransport

organic acid metabolic process

oxoacid meubolic pocess

‘carboxylic acid metabolic process

coenzyme binding

celular amino acid metbolic process

small molecule catabolc process

alpha-amino acid mewbolic process

drug metabolic process.

Iyase activiey

viamin binding

carboxylic acid cataboli process

organicacid caabolic process

acid caabolic process
alpha-amino acid caabolic process
ibosomal lrge subunit iogenesis
drug catabolic process.

celllar

anibiotic metaboic process
monocarboxylic acid catabolic process
anibiotc catabolic process

one-carbon metabolic process

PeBoW complex

Meabolic pathways

Biosynthesis of secondary metabolies
Biosynihesis of anibiotics

Carbon mesabolism

Valine, leucin and isoleucine degradation
Methane metabolism

Glyoxylate and dicarboxylate metabolism
Glycolysis / Gluconeogenesis

Propanoate metabolism

Alanine,aspartate and glutamate metabolism
Pentose and glucuronate interconversions
bea-Alanine metbolism

S

ool
ool
S





OPS/images/fpls-13-896283-g007.jpg
IS

w

| II il L

Eﬁ 1
z
<
=2
; i
Eﬁ-l
3
2
-3
-4
)
-6
SDH1 MEP AOX1 ERB1 DRS1 CYN1
RNA-Seq - 2.845 1.430 1.243 -1.062 -1.369 -1.689
QrrecRfll| 4316 3.073 1435 2429 -3.003 2,985






OPS/images/fpls-13-896283-t001.jpg
sample

Control-1
Control-2
Treatment-1
Treatment-2

Total raw reads.

22,356,230
21,890,182
22,822,245
26,961,581

Cleaned reads

22,356,101
21,890,104
22,822,093
26,961,436

Hisat2 overall
mapped (%)

20,175,351 (90)
19,796,774 (90)
20,718,338 (90)
24,488,120 (90)

STAR overall
mapped (%)

20,082,482 (88.4)
19,700,115 (88.5)
20,683,712 (89.2)
24,449,990 (89.1)

Hisat2 unique
mapped (%)

18,896,537 (84)
18,560,881 (84)
19,561,933 (84)
23,087,701 (84)

STAR unique
mapped (%)

19,430,400 (86)
19,055,551 (87)
20,142,222 (88)
23,797,283 (88)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		RNA-Seq Analysis of Magnaporthe grisea Transcriptome Reveals the High Potential of ZnO Nanoparticles as a Nanofungicide



		Introduction



		Materials and Methods



		Ethics Statement, Fungal Growth Condition, ZnO Nanoparticle Synthesis



		Total RNA Extraction and Transcriptome Sequencing



		Preprocessing, Quality Control, and Read Trimming



		Reads Mapping to Genome and DEGs Analysis



		Gene Regulatory Network Analysis



		Gene Ontology and KEGG Pathway Enrichment Analysis



		q-RT-PCR Validation of Selected DEGs









		Results



		Antifungal Effect of ZnO NPs on Magnaporthe grisea



		RNA-Seq Raw Data Generation



		Differential Gene Expression Analysis



		Functional Enrichment Analysis



		Network Analysis and Hub Genes Identification



		Verification of DEGs Through q-RT-PCR









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Supplementary Material



		References



















OPS/images/fpls-13-896283-g001.jpg





OPS/images/fpls-13-896283-g002.jpg
log, fold change

log, fold change

16400

T T
10402 10404

‘Mean of normalized counts

10406

T
10402 1e+04

Mean of normalized counts

10406





OPS/images/cover.jpg
& frontiers | Frontiers in Plant Scier

RNA-Seq Analysis of Magnaporthe
grisea Transcriptome Reveals the
High Potential of ZnO Nanoparticles
as a Nanofungicide









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers Frontiers in Plant Science





