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Abstract

:

Fungal secondary metabolites play important roles not only in fungal ecology but also in humans living as beneficial medicine or harmful toxins. In filamentous fungi, bZIP-type transcription factors (TFs) are associated with the proteins involved in oxidative stress response and secondary metabolism. In this study, a connection between a bZIP TF and oxidative stress induction of secondary metabolism is uncovered in an opportunistic pathogen Aspergillus flavus, which produces carcinogenic and mutagenic aflatoxins. The bZIP transcription factor AflRsmA was identified by a homology research of A. flavus genome with the bZIP protein RsmA, involved in secondary metabolites production in Aspergillus nidulans. The AflrsmA deletion strain (ΔAflrsmA) displayed less sensitivity to the oxidative reagents tert-Butyl hydroperoxide (tBOOH) in comparison with wild type (WT) and AflrsmA overexpression strain (AflrsmAOE), while AflrsmAOE strain increased sensitivity to the oxidative reagents menadione sodium bisulfite (MSB) compared to WT and ΔAflrsmA strains. Without oxidative treatment, aflatoxin B1 (AFB1) production of ΔAflrsmA strains was consistent with that of WT, but AflrsmAOE strain produced more AFB1 than WT; tBOOH and MSB treatment decreased AFB1 production of ΔAflrsmA compared to WT. Besides, relative to WT, ΔAflrsmA strain decreased sclerotia, while AflrsmAOE strain increased sclerotia. The decrease of AFB1 by ΔAflrsmA but increase of AFB1 by AflrsmAOE was on corn. Our results suggest that AFB1 biosynthesis is regulated by AflRsmA by oxidative stress pathways and provide insights into a possible function of AflRsmA in mediating AFB1 biosynthesis response host defense in pathogen A. flavus.
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Key Contribution: Without oxidative treatment, deletion of AflrsmA has no impact on aflatoxin B1 (AFB1) biosynthesis in comparison with the wild type strain. However, the AflrsmA disruptant produces less AFB1 on corn seeds and on YGT medium containing oxidative reagent menadione sodium bisulfite or tert-Butyl hydroperoxide.










1. Introduction


Transcription factors (TFs) as the last link between signal flow and target genes are essential players in the signal transduction pathways. Based on the conserved DNA-binding domain, transcription factors are generally classified into structures and categories. In the Fungal Transcription Factor Database [1], 118,563 putative transcription factors found in 249 fungal and 6 oomycete strains were classified into 61 families. Among the TF families, a family of dimerizing TFs contains the conserved basic leucine zipper (bZIP) domain. The bZIP-type transcription factor as one of the largest families of dimerizing TFs is widely distributed in the all eukaryotes genomes. The first bZIP-type TF was discovered in humans over 30 years ago [2]. Then, it was found that bZIP-type TFs are involved in metabolism, development, cell cycle, reproduction, and programmed cell death [1]. In plants, the functions of bZIP-type TFs include abiotic stress response, metabolism, mediating pathogen defense, hormone signaling, and senescence [3]. bZIP-type TFs are involved in various biological processes in fungi (described below).



In Saccharomyces cerevisiae, the first bZIP-type TF called Yap (yeast activator protein) was found [4], then a subset of YAP TFs (YAP1-YAP8) have been well defined [5]. Several bZIP proteins have been reported in filamentous fungi, such as Aspergillus spp. [6,7,8,9,10,11], Neurospora crassa [12], plant pathogens Fusarium graminearum [13], Magnaporthe oryzae [14], and Verticillium dahlia [15], fungal endophyte Epichloë festucae and Pestalotiopsis fici [16,17], human pathogen Aspergillus fumigatus [18], and insect pathogen Metarhizium robertsii [19]. Furthermore, bZIP proteins from oomycetes and the mushroom have been characterized [20,21]. bZIP-type TFs in fungi mainly function in mediating development, stress responses, sexuality, secondary metabolism, and pathogenicity. A novel Yap-like bZIP, RsmA (restorer of secondary metabolism A), was found using a multicopy-suppressor approach in Aspergillus nidulans [22]. Overexpression of rsmA partially restores sterigmatocystin in A. nidulans ∆laeA strain [22]. Then, the regulation mechanism reveals that RsmA regulation on secondary metabolite production links to the response to environmental stresses through aflR [23]. More recently, several orthologs of RsmA have been characterized in the filamentous ascomycetes, including RsmA in A. fumigatus, MoRsmA/MoFcr3 in M. oryzae, and PfZipA in P. fici [17,18,24,25]. The RsmA ortholog from A. fumigatus positively regulates the biosynthesis of gliotoxin and its precursor cyclo (L-Phe-L-Ser) [18]. PfZipA in the endophytic fungus P. fici has an impact on oxidative stress response and secondary metabolites production [17]. However, no distinguishable phenotypes were observed in MoRsmA in plant pathogen M. oryzae [24,25]. However, the ortholog of RsmA has not been functionally studied in Aspergillus flavus as the producer of carcinogenic and mutagenic aflatoxins.



The saprotrophic fungus A. flavus as an opportunistic pathogen causes disease of several important crops, such as peanuts, treenuts, corn, and cottonseed [26]. It is notorious because it produces aflatoxins (AFs) as secondary metabolites in the seed both before and after harvest [26]. Besides leading to contaminant of food and feed, AFs especially AFB1 are potent carcinogens, and A. flavus is the second leading pathogen of aspergillosis [27]. The primary disseminating and infection unit of A. flavus is asexual spores. When the growth conditions are unfavorable, A. flavus forms the resting structure sclerotia capable of long periods of dormancy. Then, sclerotia can produce the primary inoculum during the next infection cycle [28].



Understanding how the production of secondary metabolites, fungal development, and virulence are regulated is critical to control Aspergillus diseases and AFs production. Several genes have been identified, which regulate the virulence and production of AFs [26,27,28]. Among the regulators, several bZIP transcription factors mediate virulence and secondary metabolism [29]. In A. flavus, bZIP TF MeaB regulates secondary metabolism and virulence [30]. AtfB regulates aflatoxin production by binding to the promoters of seven aflatoxin biosynthesis genes that carry CREs [10]. A recent study revealed that the bZIP transcription factor Afap1 positively regulates the production of aflatoxin B1 and oxidative stress response [31]. Interestingly, bZIP transcription factor Yap-1Leu558Trp substitution in A. flavus is confirmed as being responsible for voriconazole-resistant phenotypes [32]. When A. flavus was exposed to piperine, transcript levels of bZIP transcription factors atfA, atfB and ap-1 were increased [33]. Genome analysis of A. flavus identified 22 bZIP-type TFs [34], however, the functions of most bZIP-type TFs are still not clear.



In this study, the ortholog gene of bZIP-type TF rsmA, termed AflRsmA, was deleted and functionally characterized in A. flavus. We showed that AflRsmA mediates the regulation of oxidative stress response, sclerotia production, virulence against hosts, and aflatoxins production of A. flavus.




2. Results


2.1. Identification and Phylogenetic Analysis of AflRsmA, a RsmA ortholog in A. flavus


Since A. nidulans RsmA was a suppressor of a secondary metabolism mutant (i.e., laeA) through the activation of gene expression by binding to Yap-like sites [22,23], its ortholog in A. flavus could also regulate secondary metabolism. By searching the A. flavus whole genome using the RsmA amino acid sequence of A. nidulans as a query, a gene AFLA_133560 was identified with the highest identity to RsmA (65%). NCBI data showed that the AFLA_133560 ORF, consisting of 660 bp with an intron (102 bp), encodes a putative bZIP protein of 185 amino acids (aa). However, compared with the reported RsmA homologs in fungi, the length of the protein encoded by the AFLA_133560 gene is shorter. To identify the encoding sequence of the RsmA ortholog gene accurately, the ORF and cDNA were both amplified and sequenced, and the sequence was then analyzed using the DNAMAN 7.0 software (Lynnon Biosoft, San Ramon, CA, USA ) and SoftBerry software (Softberry, Inc., Mount Kisco, NY, USA) [35]. We found that rsmA ortholog gene in A. flavus is from the start codon of AFLA_133570 to the stop codon of AFLA_133560, consists of 1070 bp with two introns (47 and 102 bp), and encodes a 305 aa protein, henceforth called AflRsmA (Figure 1A). Besides the most conserved bZIP domain in all reported RsmA homologs, the redox domain was the conserved domain of AflRsmA in comparison with A. nidulans RsmA, A. fumigatus RsmA, M. oryzae MoRsmA, and F. graminearum GzbZIP020 (Figure 1B). Based on the bZIP domain sequences, a phylogenetic analysis with functionally characterized RsmA indicated that AflRsmA is more closely related to the RsmA in A. nidulans and A. fumigatus (Figure 1C).




2.2. Expression of AflrsmA and Creation of AflrsmA Mutant


To identify the function of AflrsmA using reverse genetics methods, we firstly examined the transcription level of AflrsmA. The transcription level of AflrsmA gene was detected by RT-PCR analysis, when A. flavus was grown on PDA at 29 °C for 3 days (Figure 2A). Then we created an AflrsmA deletion strain (ΔAflrsmA) by the replacement of AflrsmA with pyrG gene and an overexpression (OE) strain (AflrsmAOE) using the constitutive promoter gpdA(p) from A. nidulans in wild type (WT) background via PEG-mediated protoplast transformation (Figure 2B). The selected mutants were verified by diagnostic PCR. Furthermore, the knockout strains were verified using southern blot (Figure 2C), and the transcription level of the overexpression strains verified by RT-PCR showed that in comparison with WT, the transcript level of AflrsmA in AflrsmAOE strain was higher (Figure 2D).




2.3. AflRsmA Responses to Oxidative Stress in A. flavus


To investigate the tolerance of A. flavus stress to oxidant stress, the correct mutant strains were inoculated on YGT media containing oxidant reagents. Without oxidative stress, there was no difference in the colony diameters of WT, ΔAflrsmA and AflrsmAOE strains (Figure 3). Growth assays on YGT supplemented with various oxidative reagents demonstrated that ΔAflrsmA strain was less sensitive to tBOOH, but AflRsmAOE strain was more sensitive to MSB, as determined by the diameter measurement (Figure 3). However, there is no difference in colony diameter among WT, ΔAflrsmA and AflrsmAOE strains with H2O2 treatment (Figure 3). Taken together, AflRsmA is critical for the response of A. flavus to oxidative stress, but the regulation mechanism is dependent on the oxidant reagent.




2.4. AflRsmA Involved in AFB1 Production is Oxidative Stress Related


To investigate the effect of AflRsmA on the biosynthesis of secondary metabolite AFB1, we assessed the AFB1 production on the artificial media YES (Yeast Extract Sucrose agar) and YGT (Yeast Extract Glucose Trace element agar). We found that the AFB1 production showed no difference between WT and ΔAflrsmA, however, there was increased AFB1 production from the AflrsmAOE strain in comparison with WT on the artificial medium YES (Figure 4).



It is reported that secondary metabolite synthesis is linked with the oxidative stress. AFB1 production on YGT supplemented with oxidant stressor was also measured. When the strains were grown on YGT medium supplemented with MSB, or tBOOH, AFB1 production produced by ΔAflrsmA decreased compared to WT and AflrsmAOE (Figure 4). However, no obvious differences were observed in AFB1 production among WT, ΔAflrsmA and AflrsmAOE under H2O2-induced stress by TLC analysis (Figure 4). These results support that the role of AflRsmA in mediating AFB1 responses to oxidative stress with differential responses is dependent on which oxidative pathway is activated.




2.5. AflRsmA Positively Regulates Sclerotia Formation


Sclerotia are resistant structures of fungi which allow survival under adverse environmental conditions [37]. A. flavus is a kind of fungus that forms sclerotia capable of surviving environmental extremes. To study the role of AflRsmA on sclerotia formation, we examined sclerotial production in WT, ΔAflrsmA and AflrsmAOE strains grown on a modified Wickerham medium. The number of sclerotia of ΔAflrsmA strain was significantly decreased compared to that of WT strain (Figure 5). Conversely, the sclerotia formed by AflrsmAOE strain was significantly more than that by WT strain (Figure 5). The opposite effects of the deletion and overexpression of AflrsmA on sclerotia formation indicated that AflRsmA positively regulates the sclerotia formation.




2.6. AflrsmA is a Positive Regulator of Virulence toward Corn


To confirm whether AflRsmA is a regulator of A. flavus virulence, the effect of deletion and overexpression of AflrsmA on the production of spores and toxin AFB1 on corn were examined. Spores from WT, ΔAflrsmA and AflrsmAOE strains were inoculated on corn kernels. We found that overexpression of AflrsmA resulted in a significant decrease in the number of spores compared to WT, but a significant increase of spores compared to ΔAflRsmA strain (Figure 6A,B). However, among the WT, deletion, and overexpression strains, the change trend of AFB1 production was different from that of spore production. The AFB1 yield of the AflrsmAOE strain was higher than that of the WT strain. Conversely, the ΔAflrsmA strain produced less AFB1 in comparison to WT (Figure 6C). Thus, the above results suggest that AflRsmA may be involved in sporulation and AFB1 synthesis on corn by different mechanisms.





3. Discussion


Our interest in exploring the impact of AflRsmA (RsmA ortholog) on AFs production in A. flavus arose from the reported function of RsmA in the model fungus A. nidulans [22,23]. In A. nidulans, the bZIP protein RsmA (restorer of secondary metabolism A) as a novel Yap-like bZIP was first identified in a ΔlaeA strain, which regulates not only the production of the anti-predation metabolite sterigmatocystin but also the biosynthesis of anthraquinone asperthecin [22,23]. The RsmA ortholog in A. fumigatus was found to positively regulate the production of gliotoxin [18]. Over 70 new bioactive secondary metabolites were isolated from plant endophyte P. fici, such as the first chlorinated pupukeanane metabolite chloropupukeananin and its precursors pestheic acid and iso-A82775C [38]. A RsmA ortholog PfZipA from P. fici negatively regulates the production of isosulochrin and iso-A82775C on rice medium, but positively regulates pestheic acid on rice medium and isulochrin and ficipyroneA on PDA medium [17]. Similar to the reported RsmA from other fungi, AflRsmA in A. flavus contributes to the regulation of AFB1 production. Though RsmA is conserved in the regulation of SM production, there are several differences among fungi. Firstly, AflrsmA in A. flavus, rsmA in A. fumigatus and PfzifA in P. fici are low expressed genes, however, RsmA in A. nidulans is not expressed [17,18,22,23]. In contrast to medium-dependent regulation of secondary metabolites by PfZifA in P. fici [17], regulation of AFB1 production by AflRsmA was independent of medium in A. flavus, and ΔAflrsmA strain produced a similar TLC profile as WT strain. Surprisingly, ΔAflrsmA strain produces less AFB1 and spores than WT on host corn. According to the result, we speculate that the biomass reduction might have mainly led to a decline in AFB1 production in ΔAflrsmA strain. Similar to more multiple gli pathway metabolites produced by A. fumigatus OErsmA strain [18], more AFB1 was detected in AflrsmAOE strain not only on artificial media YGT and YES, but also on host plant corn. However, AflrsmAOE strain produced less spores than WT, but more AFB1 than WT, suggesting that AflrsmA overexpression improved the AFB1 producing ability of A. flavus.



In A. nidulans, RsmA binds to two sites in the promoter of the transcription factor aflR, which is required for sterigmatocystin and aflatoxin biosynthesis, and activates its expression [23,39,40]. The transcription factor RsmA binds to two sites in the bidirectional promoter region of aflR/aflJ in A. nidulans, TTAGTAA (Y) and TGACACA (R) with one base variation (underlined letter) [23]. The A. flavus AflRsmA shares 65% identity with RsmA in A. nidulans, which suggests that AflRsmA may regulate AFB1 biosynthesis by impacting the expression of aflR gene. Further analysis showed that the A. flavus AflR shares only 37.78% identity with that of A. nidulans, and AflS is the ortholog gene of A. nidulans AflJ with 34.13% identity. However, only one binding site TGACCCA was found in the bidirectional promoter region of aflR/aflS in A. flavus. Based on the above analysis, we reasoned that AflRsmA may regulate AFB1 biosynthesis in a novel way.



bZIP transcription factors are associated with oxidative stress response in aflatoxigenic Aspergillus species, such as Afap1 in A. flavus and Apyap1 in A. parasiticus [31,41]. In this study, we found that A. flavus AflRsmA was involved in response to oxidative stress like that reported in A. fumigatus and P. fici, but unlike that reported in A. nidulans [17,18,22]. However, contrast to less sensitive to MSB in A. fumigatus OErsmA mutant [18], A. flavus AflrsmAOE strain was more sensitive to MSB (Figure 3). Interestingly, deletion of PfzifA in P. fici resulted in less sensitivity to MSB, but A. flavus ΔAflrsmA strain and A. fumigatus ΔrsmA strain have the same sensitivity to MSB as their respective WT strain [17,18]. In contrast to its response to MSB, ΔAflrsmA is less sensitive to tBOOH, which is similar to P. fici [17]. Therefore, oxidative stress sensing of rsmA in A. flavus, A. fumigatus and P. fici may indicate that RsmA plays important role in the oxidative stress response in fungi, but the specific regulatory mechanism is species-dependent. The differential role of AfRsmA involved in oxidative stress response may be related with the action mechanism of oxidant. MSB increases the intracellular superoxide levels, while H2O2 generates peroxide anions [42]. AflRsmA may not regulate the genes involved in the oxidative stress pathway, which is activated by superoxide and peroxide. Following the previously reported membrane lipid peroxidation by tBOOH [43], we considered that the main role of AflRsmA may be membrane lipid peroxidation. In this study, these observations suggested that AflRsmA may directly or indirectly regulate genes that are involved in the response to oxidative stress in A. flavus, but it remains to be determined how AflRsmA regulate oxidative stress response.



Various biological roles of secondary metabolites produced by fungi are known, including stress tolerance, fungivore resistance, and quorum sensing [40,44,45]. The biosynthesis of a series of secondary metabolites is induced by ROS in aspergilli [46]. Similarly, if ROS is applied in vitro, aflatoxin production can be stimulated [47], such as aflatoxin biosynthesis stimulated by H2O2 in A. flavus [31]. Previous studies have shown that several transcription factors have been involved in oxidative stress and secondary metabolism, including numerous bZIP-type TFs [29,48,49]. In aspergilli, Yap1 orthologs were reported as the coregulator of oxidative stress response with secondary metabolism, such as napA in A. nidulans, Aoyap1 in A. ochraceus, Apyap1 in A. parasiticus, and Afap1 in A. flavus [6,9,10,31]. Among AP-1 reported in aspergillus, deletion of ApyapA of A. parasiticus resulted in a strain that was more sensitivity to extracellular oxidants and produced more aflatoxin, while the Afap1 disruptant increased sensitivity to H2O2, but decreased AFB1 production in A. flavus [31,41]. Deletion of Agyap1 in Ashbya gossypii resulted in a higher sensitivity to oxidative stress, but decreased riboflavin production [50]. In the plant pathogen F. graminearum, Fgap1 is involved in the response to oxidative stress and trichothecene production [51]. Besides, the transcription factor AtfB, a member of the bZIP/CREB family, integrates oxidative stress with secondary metabolism in aspergillus, such as A. flavus [11]. A recent study showed that H2O2 promotes the production of AFB1 in A. flavus [31]. It was found that the AFB1 production was dependent on AflRsmA in this study. Furthermore, AFB1 production was altered by oxidative stress treatment in A. flavus ΔAflrsmA strain, which was completely different from that with no oxidative stress treatment. In general, the change trend of AFB1 production in the ΔAflrsmA strain under MSB-inducing stress is similar to that with tBOOH treatment (Figure 4). However, under oxidative stress induced by H2O2, the low sensitivity of TLC analysis may result in no obvious difference of AFB1 production being observed between WT and ΔAflrsmA. This suggests that AflRsmA as a regulator plays an important role in AFB1 production. In plant endophyte P. fici, when many compounds were detected, PfZipA was found to not only positively regulate several compounds, but also negatively regulate some compounds against oxidative stress [17]. In view of the above, we speculate that the regulation mechanism of AflRsmA is more complex. Further analysis of more secondary metabolites would reveal more detailed functions of AflRsmA in A. flavus. In future studies, we would address how AflRsmA regulates AFB1 production by oxidative stress response in artificial media, and determine what this regulatory pattern is in host.



The change of secondary metabolite production has been correlated with conidiophore formation and sclerotia production [28,52]. A number of genetic regulators were found to not only control the formation of developmental structures, such as spores and sclerotia, but also govern the secondary metabolites production in fungi [52,53]. In A. flavus, several genetic co-regulators were found, which activate the genes involved in secondary metabolites production and formation of spores and sclerotia. For example, more conidia, but no sclerotium, were produced in A. flavus ΔveA strain. Importantly, veA was required for the production of AFs, CPA, and asparasone in A. flavus, which have been isolated from the A. flavus sclerotia [28,54,55]. Compared to WT, overexpression of AflrsmA increases sclerotia and AFB1 production, while the deletion of AflrsmA gene decreases sclerotia but has no effect on AFB1 production. These suggest that AflrsmA may be a co-regulator of secondary metabolism and sclerotia production. However, detection of other secondary metabolites, such as CPA and asparasone involved in sclerotia formation has not been performed. Thus, we should determine whether the production of CPA and asparasone is regulated by AflRsmA in the future.



In conclusion, the bZIP transcription factor AflRsmA were characterized in the an aflatoxigenic A. flavus. The AflrsmA gene involves in the oxidative stress response dependent on specific oxidant and sclerotia formation, and regulates the AFB1 biosynthesis by the oxidative stress response pathways. The results will provide comprehensive understanding as to how A. flavus responses the host defense.




4. Materials and Methods


4.1. Strains, Media and Culture Conditions


A. flavus strains and plasmid used and generated in this study were listed in Table 1. All strains were maintained as glycerol stocks at −80 °C. All strains were grown on potato dextrose agar (PDA, Difco) for spore production at 37 °C for five days in the dark or for RNA extraction at 29 °C for 48 h in the dark. Liquid YGT medium was used to collect the mycelia for DNA extraction, and YGT agar plates were used to study oxidative stress susceptibility. For sclerotia production, spores were maintained on a Wickerham medium at 37 °C for 7 days in the dark. YGT media were supplemented with 10 mM uridine and 10 mM uracil as needed.




4.2. Identification, Phylogentic Analysis and Domain Prediction of AflrsmA


We used the protein sequence of RsmA from A. nidulans (EAA60905.1) as the query to perform BLAST search to find its homologous genes in A. flavus. To predict the protein domain, the proteins were performed manually using InterProScan 5 on EBI web server [36], including FCR3 from Candida albicans (accession no. Q8X229), Yap3 from S. cerevisiae (accession no. NP_011854.1), RsmA from A. fumigatus (accession no. XP_749389), RsmA from A. nidulans (accession no. XP_662166), MoRsmA from M. oryzae (accession no. XP_003721157.1), and GzbZIP020 from F. graminearum (accession no. ESU14603). Then, the domains were visualized using IBS software [57]. The protein sequences of bZIP-type TFs RsmA from fungi functionally verified by the experiment were aligned with the homologue gene from A. flavus with Clustal X 2.0. A maximum-likelihood tree was generated using a JTT Matrix model with 1000 replicates for bootstrapping using the program MEGA 7.0 [58].




4.3. RNA Extraction of A. flavus and Reverse Transcription-Polymerase Chain Reaction (RT-PCR) of AflrsmA


A. flavus was cultured at 29 °C on PDA media for 48 h. Then, mycelia and spores were harvested and total RNA was extracted using TRIzol_Reagent (ambion) (Life Technologies, Carlsbad, CA, USA). DNA was digested with RNase-free DNase I (ThermoFisher Scientific, Waltham, MA, USA). Subsequently, RNA was reverse transcribed into first-strand cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). To assess the transcription level of AflrsmA, the sequence of this gene coding region was amplified using primer pair 133560RT_F and 133560RT_R (Table 2). The internal control was the house-keeping gene actin.



To identify AflRsmA accurately, the AflrsmA coding gene was sequenced. The fragments were amplified from A. flavus genomic DNA and cDNA using primer the pair 133560L/F and 133560/R and the pair 133560/F and 133560/R, respectively. Then, the PCR product was sequenced at Biosune biotechnology (Shanghai, China) Co., Ltd. China. MEGA 7.0 was used to obtain consensus sequences from DNA sequences generated from forward and reverse primers. Then, the consensus sequence was compared with DNA and cDNA sequences from NCBI’s GenBank database using the software DNAMAN 7.0. The protein sequence was predicted using the software SoftBerry [35].




4.4. Creation of AflrsmA Mutant Strains


The PCR primers sequences are listed in Table 2. TransStart_FastPfu DNA polymerase (Transgene Biotech) was used for PCR amplification. For the creation of AflrsmA deletion strains of A. flavus (ΔAflrsmA), 1.1 kb upstream and 1.1 kb downstream fragments of the part of AflrsmA AFLA_133560 were amplified from A. flavus genomic DNA, respectively. Meanwhile, A. fumigatus orotidine-5′-monophosphate decarboxylase (pyrG) gene was amplified. Then, a 3.8 kb deletion cassette of AflrsmA carrying AflrsmA bZIP domain upstream fragment, A. fumigatus pyrG, and AflrsmA downstream fragment was constructed by fusion PCR, then transformed into A. flavus recipient strain [59]. To construct AflRsmA overexpression (AflRsmAOE) strains, AflrsmA coding region with 0.28 kb terminator was amplified from A. flavus genomic DNA using primers RsmA/F and RsmA/R. Meanwhile, the gpdA promoter and A. fumigatus pyrG were amplified from the plasmid pWY25.16 and the A. fumigatus, respectively. Then, the fragments were combined using fusion PCR [59], then the overexpression cassette was transformed into A. flavus. A. flavus protoplast preparation and fungal transformation were both performed as the described method [53]. The disruption and overexpression mutants were firstly verified using diagnostic PCR with primers inside and outside the corresponding gene (Table 2). Then, disruption strains were further verified by southern blot, and overexpression strains were further verified by RT-PCR analysis.




4.5. Oxidative Stress Susceptibility of A. flavus Mutants


The different concentrations of oxidation reagents were used to estimate the sensitivity of the mutants to oxidative stress, including the following agents (concentrations and mechanisms of action were given in parentheses): tert-Butyl hydroperoxide (tBOOH; 1.2 mM, 1.4 mM, and 1.6 mM; accelerates lipid peroxidation), menadione sodium bisulfite (MSB; 0.1 mM, 0.2 mM, and 0.4 mM; increases intracellular superoxide concentrations), and H2O2 (6 mM, 8 mM, and 10 mM; increases intracellular peroxide concentrations). The indicators of condition optimization are the colony diameters. Two hundred freshly grown (5 days) conidia were suspended in 2 μL 0.1% Tween 80 and were spotted on YGT plates supplemented with the optimal oxidation agents. All stress plates were incubated at 29 °C for 5 days. During the growth process, the colony diameters we measured from the third day to the fifth day. The appropriate concentrations of tBOOH (1.2 mM) and MSB (0.2 mM), H2O2 (6 mM) were chosen and used in the stress sensitivity assays. Three replicates were included in all treatments, and the whole experiment was repeated three times.




4.6. Analysis of Aflatoxin B1 Produced by A. flavus


Approximately 105 spores of WT and AflRsmA mutants were spotted onto a Petri dish plate (60 × 60 mm) containing 10 mL YES medium (15% sucrose, 2% yeast extract, and 1% soytone, pH 5.5), and incubated at 29 °C for five days. For the YGT medium, the same cultures used for oxidative stress assessment were extracted for aflatoxin B1 assessment using thin layer chromatography (TLC) on the fifth day. Briefly, seven agar plugs (7 mm diameter/each plug) were taken from each plate, then transferred to a 4 mL Eppendorf tube. The plugs were extracted with 2 mL dichloroethane in each tube by sonication for 1 h at room temperature. The extracts were dried completely at room temperature, then suspended in 100 μL dichloroethane. In total, 5 μL extract and AFB1 standard were applied to the TLC plates respectively. TLC plates were developed using dichloroethane: acetone (90:10, vol/vol) solvent system and visualized under 254 nm light. All treatments included three biological replicates, and the whole experiment were repeated three times.




4.7. Assay for Sclerotia Production


For quantitative analysis of sclerotial production, 104 freshly grown (5 days) spores were spotted on modified Wickerham medium plates, which were suspended in 2 μL 0.1% Tween 80. The plates were incubated at 37 °C for 7 days in dark conditions. 70% ethanol was sprayed on the plates to kill and wash away conidia to help the enumeration of sclerotia. Then, seven agar plugs (7 mm diameter/plug) were taken from the diameter of each plate and the number of sclerotia was counted. Three replicates were included in all treatments, and the whole experiment was repeated three times.




4.8. Corn Infection and Aflatoxin Extraction from Seed


The corn infection experiment was performed as described by Chang et al. [60]. Prior to inoculation, the seeds were surface-sterilized. Firstly, the seeds were immersed in 70% ethanol that contained 0.02% Triton-X 100 with gentle shaking for 4 min to surface-sterilize the seeds; then, the seeds were rinsed three times with sterile water containing 0.02% Triton-X 100. Eight seeds as a group were placed onto a Petri dish plate (60 × 60 mm), briefly air dried, and each seed was inoculated with 2 μL of a freshly grown conidial suspension (two thousand conidial suspended in 0.01% Tween 80 solution). The control was seeds that were each spotted with 2 μL 0.01% Tween 80 solution. During the whole infection process, five hundred milliliters of sterile water was added to every Petri dish plate each day. The plates were incubated at 29 °C in the dark for five days. After incubation, pictures of the plates were taken. Eight seeds from each plate were transferred to 50 mL tubes containing 5 mL of the 0.01% Tween 80 solution, then the tube was vortexed vigorously for 2 min to dislodge conidia. In total, 1 mL suspension from each tube was used to count conidia using hemocytometer, and the rest of the suspension was extracted with 4 mL dichloroethane. The extracts were dried completely at room temperature, then were resuspended in 100 μL dichloroethane. Five μL extract and AFB1 standard was applied to the TLC plates respectively. The TLC plates were developed using dichloroethane:acetone (90:10, vol/vol) solvent system and visualized under 254 nm light. All treatments included three biological replicates and the whole experiment was repeated three times.




4.9. Statistical Analysis


For statistical analysis, GraphPad Instat software package, version 5.01 (GraphPad software Inc.) were used to analyze data, according to the Tukey–Kramer multiple comparison test at p < 0.05. The different letters indicate the significant difference between data.








Author Contributions


Conceptualization, X.W. and S.W; methodology, X.W. and S.W; validation, X.W. and S.W; formal analysis, X.W., W.Z., L.L., L.W. and S.W; investigation, X.W. and W.Z.; resources, X.W.; data curation, X.W.; writing—original draft preparation, X.W., O.E.S. and S.W; writing—review and editing, X.W., O.E.S. and S.W.; visualization, X.W.; supervision, S.W.; project administration, S.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Natural Science Foundation of Fujian Province, 2017J05044 and National Natural Science Foundation of China, 31800040.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fungal Transcription Factor Database (FTFD 1.2) program. Available online: http://ftfd.snu.ac.kr/index.php?a=view (accessed on 1 February 2020).

	



Amoutzias, G.D.; Veron, A.S.; Weiner, J.; Robinson-Rechavi, M.; Bornberg-Bauer, E.; Oliver, S.G.; Robertson, D.L. One billion years of bZIP transcription factor evolution: Conservation and change in dimerization and DNA-binding site specificity. Mol. Biol. Evol. 2007, 24, 827–835. [Google Scholar] [CrossRef] [PubMed]

	



Llorca, C.M.; Potschin, M.; Zentgraf, U. bZIPs and WRKYs: Two large transcription factor families executing two different functional strategies. Front. Plant Sci. 2014, 5, 169. [Google Scholar] [CrossRef]

	



Moye-Rowley, W.S.; Harshman, K.D.; Parker, C.S. Yeast YAP1 encodes a novel form of the jun family of transcriptional activator proteins. Genes Dev. 1989, 3, 283–292. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, L.; Rodrigues-Pousada, C.; Struhl, K. Yap, a novel family of eight bZIP proteins in Saccharomyces cerevisiae with distinct biological functions. Mol. Cell. Biol. 1997, 17, 6982–6993. [Google Scholar] [CrossRef] [PubMed]

	



Yin, W.B.; Reinke, A.W.; Szilágyi, M.; Emri, T.; Chiang, Y.M.; Keating, A.E.; Pócsi, I.; Wang, C.C.; Keller, N.P. bZIP transcription factors affecting secondary metabolism, sexual development and stress responses in Aspergillus nidulans. Microbiology 2013, 159, 77–88. [Google Scholar] [CrossRef]

	



Balázs, A.; Pócsi, I.; Hamari, Z.; Leiter, E.; Emri, T.; Miskei, M.; Oláh, J.; Tóth, V.; Hegedus, N.; Prade, R.A.; et al. AtfA bZIP-type transcription factor regulates oxidative and osmotic stress responses in Aspergillus nidulans. Mol. Genet. Genom. 2010, 283, 289–303. [Google Scholar] [CrossRef]

	



Qiao, J.; Kontoyiannis, D.P.; Calderone, R.; Li, D.; Ma, Y.; Wan, Z.; Li, R.; Liu, W. Afyap1, encoding a bZip transcriptional factor of Aspergillus fumigatus, contributes to oxidative stress response but is not essential to the virulence of this pathogen in mice immunosuppressed by cyclophosphamide and triamcinolone. Med. Mycol. 2008, 46, 773–782. [Google Scholar] [CrossRef]

	



Reverberi, M.; Zjalic, S.; Punelli, F.; Ricelli, A.; Fabbri, A.A.; Fanelli, C. Apyap1 affects aflatoxin biosynthesis during Aspergillus parasiticus growth in maize seeds. Food Addit. Contam. 2007, 24, 1070–1075. [Google Scholar] [CrossRef]

	



Reverberi, M.; Gazzetti, K.; Punelli, F.; Scarpari, M.; Zjalic, S.; Ricelli, A.; Fabbri, A.A.; Fanelli, C. Aoyap1 regulates OTA synthesis by controlling cell redox balance in Aspergillus ochraceus. Appl. Microbiol. Biotechnol. 2012, 95, 1293–1304. [Google Scholar] [CrossRef]

	



Roze, L.V.; Chanda, A.; Wee, J.; Awad, D.; Linz, J.E. Stress-related transcription factor AtfB integrates secondary metabolism with oxidative stress response in aspergilli. J. Biol. Chem. 2011, 286, 35137–35148. [Google Scholar] [CrossRef]

	



Tian, C.; Li, J.; Glass, N.L. Exploring the bZIP transcription factor regulatory network in Neurospora crassa. Microbiology 2011, 157, 747–759. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Liu, W.; Hou, Z.; Wang, C.; Zhou, X.; Jonkers, W.; Ding, S.; Kistler, H.C.; Xu, J.R. A novel transcriptional factor important for pathogenesis and ascosporogenesis in Fusarium graminearum. Mol. Plant Microbe Interact. 2011, 24, 118–128. [Google Scholar] [CrossRef] [PubMed]

	



Guo, M.; Chen, Y.; Du, Y.; Dong, Y.; Guo, W.; Zhai, S.; Zhang, H.; Dong, S.; Zhang, Z.; Wang, Y.; et al. The bZIP transcription factor MoAP1 mediates the oxidative stress response and is critical for pathogenicity of the rice blast fungus Magnaporthe oryzae. PLoS Pathog. 2011, 7, e1001302. [Google Scholar] [CrossRef] [PubMed]

	



Fang, Y.; Xiong, D.; Tian, L.; Tang, C.; Wang, Y.; Tian, C. Functional characterization of two bZIP transcription factors in Verticillium dahliae. Gene 2017, 626, 386–394. [Google Scholar] [CrossRef]

	



Cartwright, G.M.; Scott, B. Redox regulation of an AP-1-like transcription factor, YapA, in the fungal symbiont Epichloë festucae. Eukaryot. Cell 2013, 12, 1335–1348. [Google Scholar] [CrossRef]

	



Wang, X.; Wu, F.; Liu, L.; Liu, X.; Che, Y.; Keller, N.P.; Guo, L.; Yin, W.B. The bZIP transcription factor PfZipA regulates secondary metabolism and oxidative stress response in the plant endophytic fungus Pestalotiopsis fici. Fungal Genet. Biol. 2015, 81, 221–228. [Google Scholar] [CrossRef]

	



Sekonyela, R.; Palmer, J.M.; Bok, J.W.; Jain, S.; Berthier, E.; Forseth, R.; Schroeder, F.; Keller, N.P. RsmA regulates Aspergillus fumigatus gliotoxin cluster metabolites including cyclo(L-Phe-L-Ser), a potential new diagnostic marker for invasive aspergillosis. PLoS ONE 2013, 8, e62591. [Google Scholar] [CrossRef]

	



Huang, W.; Shang, Y.; Chen, P.; Cen, K.; Wang, C. Basic leucine zipper (bZIP) domain transcription factor MBZ1 regulates cell wall integrity, spore adherence, and virulence in Metarhizium robertsii. J. Biol. Chem. 2015, 290, 8218–8231. [Google Scholar] [CrossRef]

	



Ye, W.; Wang, Y.; Dong, S.; Tyler, B.M.; Wang, Y. Phylogenetic and transcriptional analysis of an expanded bZIP transcription factor family in Phytophthora sojae. BMC Genom. 2013, 14, 839. [Google Scholar] [CrossRef]

	



Navarro, P.; Billette, C.; Ferrer, N.; Savoie, J.M. Characterization of the aap1 gene of Agaricus bisporus, a homolog of the yeast YAP1. Comptes Rendus Boil. 2014, 337, 29–43. [Google Scholar] [CrossRef] [PubMed]

	



Shaaban, M.I.; Bok, J.W.; Lauer, C.; Keller, N.P. Suppressor mutagenesis identifies a velvet complex remediator of Aspergillus nidulans secondary metabolism. Eukaryot. Cell 2010, 9, 1816–1824. [Google Scholar] [CrossRef] [PubMed]

	



Yin, W.B.; Amaike, S.; Wohlbach, D.J.; Gasch, A.P.; Chiang, Y.M.; Wang, C.C.; Bok, J.W.; Rohlfs, M.; Keller, N.P. An Aspergillus nidulans bZIP response pathway hardwired for defensive secondary metabolism operates through aflR. Mol. Microbiol. 2012, 83, 1024–1034. [Google Scholar] [CrossRef] [PubMed]

	



Tang, W.; Ru, Y.; Hong, L.; Zhu, Q.; Zuo, R.; Guo, X.; Wang, J.; Zhang, H.; Zheng, X.; Wang, P.; et al. System-wide characterization of bZIP transcription factor proteins involved in infection-related morphogenesis of Magnaporthe oryzae. Environ. Microbiol. 2015, 17, 1377–1396. [Google Scholar] [CrossRef] [PubMed]

	



Kong, S.; Park, S.Y.; Lee, Y.H. Systematic characterization of the bZIP transcription factor gene family in the rice blast fungus, Magnaporthe oryzae. Environ. Microbiol. 2015, 17, 1425–1443. [Google Scholar] [CrossRef]

	



Klich, M.A. Aspergillus flavus: The major producer of aflatoxin. Mol. Plant Pathol. 2007, 8, 713–722. [Google Scholar] [CrossRef] [PubMed]

	



Amaike, S.; Keller, N.P. Aspergillus flavus. Annu. Rev. Phytopathol. 2011, 49, 107–133. [Google Scholar] [CrossRef]

	



Calvo, A.M.; Cary, J.W. Association of fungal secondary metabolism and sclerotial biology. Front. Microbiol. 2015, 6, 62. [Google Scholar] [CrossRef]

	



Hong, S.Y.; Roze, L.V.; Linz, J.E. Oxidative stress-related transcription factors in the regulation of secondary metabolism. Toxins 2013, 5, 683–702. [Google Scholar] [CrossRef]

	



Amaike, S.; Affeldt, K.J.; Yin, W.B.; Franke, S.; Choithani, A.; Keller, N.P. The bZIP protein MeaB mediates virulence attributes in Aspergillus flavus. PLoS ONE 2013, 8, e74030. [Google Scholar] [CrossRef] [PubMed]

	



Guan, X.; Zhao, Y.; Liu, X.; Shang, B.; Xing, F.; Zhou, L.; Wang, Y.; Zhang, C.; Bhatnagar, D.; Liu, Y. The bZIP transcription factor Afap1 mediates the oxidative stress response and aflatoxin biosynthesis in Aspergillus flavus. Rev. Argent. Microbiol. 2019, 51, 292–301. [Google Scholar] [CrossRef] [PubMed]

	



Ukai, Y.; Kuroiwa, M.; Kurihara, N.; Naruse, H.; Homma, T.; Maki, H.; Naito, A. Contributions of yap1 mutation and subsequent atrF upregulation to voriconazole resistance in Aspergillus flavus. Antimicrob. Agents Chemother. 2018, 62, e01216–e01218. [Google Scholar] [CrossRef] [PubMed]

	



Caceres, I.; El Khoury, R.; Bailly, S.; Oswald, I.P.; Puel, O.; Bailly, J.D. Piperine inhibits aflatoxin B1 production in Aspergillus flavus by modulating fungal oxidative stress response. Fungal Genet. Biol. 2017, 107, 77–85. [Google Scholar] [CrossRef] [PubMed]

	



Payne, G.A.; Nierman, W.C.; Wortman, J.R.; Pritchard, B.L.; Brown, D.; Dean, R.A.; Bhatnagar, D.; Cleveland, T.E.; Machida, M.; Yu, J. Whole genome comparison of Aspergillus flavus and A. oryzae. Med. Mycol. 2006, 44, S9–S11. [Google Scholar] [CrossRef] [PubMed]

	



SoftBerry software. Available online: http://linux1.softberry.com/berry.phtml (accessed on 20 May 2018).

	



EBI Web server. Available online: https://www.ebi.ac.uk/Tools/services/web/toolform.ebi?tool=iprscan5&sequence=uniprot:KPYM_HUMAN (accessed on 14 July 2018).

	



Coley-Smith, J.R.; Cooke, R.C. Survival and germination of fungal sclerotia. Annu. Rev. Phytopathol. 1971, 9, 65–92. [Google Scholar] [CrossRef]

	



Liu, L. Bioactive metabolites from the plant endophyte Pestalotiopsis fici. Mycology 2011, 2, 37–45. [Google Scholar] [CrossRef]

	



Chang, P.K.; Ehrlich, K.C.; Yu, J.J.; Bhatnagar, D.; Cleveland, T.E. Increased expression of Aspergillus parasiticus AflR, encoding a sequence-specific DNA-binding protein, relieves nitrate inhibition of aflatoxin biosynthesis. Appl. Environ. Microbiol. 1995, 61, 2372–2377. [Google Scholar] [CrossRef] [PubMed]

	



Fernandes, M.; Keller, N.P.; Adams, T.H. Sequence-specific binding by Aspergillus nidulans AflR, a C6 zinc cluster protein regulating mycotoxin biosynthesis. Mol. Microbiol. 1998, 28, 1355–1365. [Google Scholar] [CrossRef]

	



Reverberi, M.; Zjalic, S.; Ricelli, A.; Punelli, F.; Camera, E.; Fabbri, C.; Picardo, M.; Fanelli, C.; Fabbri, A.A. Modulation of antioxidant defense in Aspergillus parasiticus is involved in aflatoxin biosynthesis: A role for the ApyapA gene. Eukaryot. Cell 2008, 7, 988–1000. [Google Scholar] [CrossRef]

	



Toledano, M.B.; Delaunay, A.; Biteau, B.; Spector, D.; Azevedo, D. Oxidative stress responses in yeast. In Yeast Stress Responses; Hohman, S., Mager, W.H., Eds.; Springer-Verlag: Berlin, Germany, 2003; pp. 305–387. [Google Scholar]

	



Masaki, N.; Kyle, M.E.; Farber, J.L. tert-Butyl hydroperoxide kills cultured hepatocytes by peroxidizing membrane lipids. Arch. Biochem. Biophys. 1989, 269, 390–399. [Google Scholar] [CrossRef]

	



Reverberi, M.; Ricelli, A.; Zjalic, S.; Fabbri, A.A.; Fanelli, C. Natural functions of mycotoxins and control of their biosynthesis in fungi. Appl. Microbiol. Biotechnol. 2010, 87, 899–911. [Google Scholar] [CrossRef]

	



Roze, L.V.; Hong, S.Y.; Linz, J.E. Aflatoxin biosynthesis: Current frontiers. Annu. Rev. Food Sci. Technol. 2013, 4, 293–311. [Google Scholar] [CrossRef] [PubMed]

	



Hong, S.Y.; Roze, L.V.; Wee, J.; Linz, J.E. Evidence that a transcription factor regulatory network coordinates oxidative stress response and secondary metabolism in aspergilli. Microbiol. Open 2013, 2, 144–160. [Google Scholar] [CrossRef] [PubMed]

	



Jayashree, T.; Subramanyam, C. Oxidative stress as a prerequisite for aflatoxin production by Aspergillus parasiticus. Free Radic. Biol. Med. 2000, 29, 981–985. [Google Scholar] [CrossRef]

	



Zhang, F.; Xu, G.; Geng, L.; Lu, X.; Yang, K.; Yuan, J.; Nie, X.; Zhuang, Z.; Wang, S. The stress response regulator AflSkn7 influences morphological development, stress response, and pathogenicity in the fungus Aspergillus flavus. Toxins 2016, 8, E202. [Google Scholar] [CrossRef] [PubMed]

	



Fasoyin, O.E.; Yang, K.; Qiu, M.; Wang, B.; Wang, S.; Wang, S. Regulation of morphology, aflatoxin production, and virulence of Aspergillus flavus by the major nitrogen regulatorygene are A. Toxins 2019, 11, E718. [Google Scholar] [CrossRef] [PubMed]

	



Walther, A.; Wendland, J. Yap1-dependent oxidative stress response provides a link to riboflavin production in Ashbya gossypii. Fungal Genet. Biol. 2012, 49, 697–707. [Google Scholar] [CrossRef]

	



Montibus, M.; Ducos, C.; Bonnin-Verdal, M.N.; Bormann, J.; Ponts, N.; Richard-Forget, F.; Barreau, C. The bZIP transcription factor Fgap1 mediates oxidative stress response and trichothecene biosynthesis but not virulence in Fusarium graminearum. PLoS ONE 2013, 8, e83377. [Google Scholar] [CrossRef]

	



Calvo, A.M.; Wilson, R.A.; Bok, J.W.; Keller, N.P. Relationship between secondary metabolism and fungal development. Microbiol. Mol. Biol. Rev. 2002, 66, 447–459. [Google Scholar] [CrossRef]

	



Calvo, A.M. The VeA regulatory system and its role in morphological and chemical development in fungi. Fungal Genet. Biol. 2008, 45, 1053–1061. [Google Scholar] [CrossRef]

	



Duran, R.M.; Cary, J.W.; Calvo, A.M. Production of cyclopiazonic acid, aflatrem, and aflatoxin by Aspergillus flavus is regulated by veA, a gene necessary for sclerotial formation. Appl. Microbiol. Biotechnol. 2007, 73, 1158–1168. [Google Scholar] [CrossRef]

	



Duran, R.M.; Cary, J.W.; Calvo, A.M. The role of veA in Aspergillus flavus infection of peanut, corn and cotton. Open Mycol. J. 2009, 3, 27–36. [Google Scholar] [CrossRef]

	



Chang, P.K.; Scharfenstein, L.L.; Wei, Q.; Bhatnagar, D. Development and refinement of a high-efficiency gene-targeting system for Aspergillus flavus. J. Microbiol. Methods 2010, 81, 240–246. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Xie, Y.; Ma, J.; Luo, X.; Nie, P.; Zuo, Z.; Lahrmann, U.; Zhao, Q.; Zheng, Y.; Zhao, Y.; et al. IBS: An illustrator for the presentation and visualization of biological sequences. Bioinformatics 2015, 31, 3359–3361. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [Google Scholar] [CrossRef]

	



Szewczyk, E.; Nayak, T.; Oakley, C.E.; Edgerton, H.; Xiong, Y.; Taheri-Talesh, N.; Osmani, S.A.; Oakley, B.R. Fusion PCR and gene targeting in Aspergillus nidulans. Nat. Protoc. 2006, 1, 3111–3120. [Google Scholar] [CrossRef] [PubMed]

	



Chang, P.K.; Zhang, Q.; Scharfenstein, L.; Mack, B.; Yoshimi, A.; Miyazawa, K.; Abe, K. Aspergillus flavus GPI-anchored protein-encoding ecm33 has a role in growth, development, aflatoxin biosynthesis, and maize infection. Appl. Microbiol. Biotechnol. 2018, 102, 5209–5220. [Google Scholar] [CrossRef] [PubMed]








[image: Toxins 12 00271 g001 550] 





Figure 1. Gene structure, functional domain, and phylogenetic analysis of A. flavus AflRsmA. (A) Gene structure of A. flavus AflrsmA. The upper lane indicates gene structure of AflrsmA (AFLA_133560) and the adjacent gene (AFLA_133570) from NCBI database. The lower lane indicates gene structure of AflrsmA identified in this study. The blue box and the line represent the exons and the introns of AflrsmA gene, respectively. (B) Functional domains of A. flavus bZIP-type TF AflRsmA. bZIP, basic leucine zipper domain; Redox domain, Yap1 redox domain. The number under the protein indicates the position of domain and the protein length. The protein domains were predicted manually using InterProScan 5 on EBI web server [36]. Candida albicans FCR3 (Q8X229), S. cerevisiae Yap3 (NP_011854.1); A. nidulans RsmA (AN4562.2, XP_662166), A. fumigatus RsmA (AFUA_2G02540, XP_749389), M. oryzae MoRsmA (MGG_02632, XP_003721157.1), and F. graminearum GzbZIP020 (FGSG_13313, ESU14603). (C). Phylogenetic analysis of bZIP-type TF RsmA from and RsmA orthologs that have been functionally verified in different fungi. The protein sequences were aligned with Clustal X and the maximum likelihood tree was generated using MEGA7.0 software. RsmA from A. flavus is in bold. 
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Figure 2. Generation of AflrsmA deletion and overexpression strains. (A). Transcription level analysis of AflrsmA by RT-PCR. (B). Schematic illustration of the deletion and overexpression of AflrsmA gene. The selection marker is the pyrG gene from A. fumigatus. (C). AflrsmA deletion strain verified by southern blot analysis. PCR fragment of 3′ flanking region was used as the probe. Genomic DNA from WT and ΔAflrsmA strains were digested with XhoI. The expected size is 8.2 kb and 3 kp for WT and for ΔAflrsmA respectively. (D). Transcription level of AflrsmA gene in overexpression strain verified by RT-PCR. The internal control gene is actin gene. 
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Figure 3. Comparison of the oxidative stress tolerance of A. flavus WT strains and mutant. (A) Mycelia growth of the A. flavus WT and AflrsmA mutants under oxidative stress. Two hundred conidia of A. flavus WT and AflrsmA mutants were cultured on YGT media supplemented with or without MSB (0.2 mM), H2O2 (6 mM), or tBOOH (1.2 mM) at 29 °C for five days. (B) Statistical analysis of colony diameter of the testing strains measured on the 5th day. Each treatment included three replicates. Error bars represent the standard deviations. 
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Figure 4. Assessment of Aflatoxin B1 production of A. flavus WT and AflrsmA mutants under various conditions by thin-layer chromatography. All testing strains were cultured on YES medium, or YGT medium with or without MSB (0.2 mM), H2O2 (6 mM) and tBOOH (1.2 mM) for five days at 29 °C. AFB1 = aflatoxin B1 standard. 
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Figure 5. Sclerotial formation by A. flavus WT and AflrsmA mutants. (A) Visual phenotype of sclerotia production. 103 conidia/plate was incubation on Wickerham medium and cultured for seven days at 37 °C. (B) Variation in sclerotial production by the WT and AflsrmA mutants on the Wickerham medium for seven days. The letter represents a significant difference at the level p < 0.05. Errors bars represent standard errors from three replicates. 
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Figure 6. Effect of AflrsmA on A. flavus Pathogenicity. (A) Growth of fungal colonies on living corn after five days of inoculation. (B) Spore production on corn after five days of inoculation. Data were analyzed using the GraphPad Instat software package version 5.01 (Graph Pad software Inc., San Diego, CA, USA) according to the Tukey–Kramer multiple comparison test at p < 0.05. The letter indicates statistical significance at p < 0.05. (C) Thin layer chromatography analysis of aflatoxin B1 extracted from host plant corn. AFB1 = aflatoxin B1 standard. 
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Table 1. Fungal strains and plasmid used in this study.
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	Strain/Plasmid
	Description
	Reference





	Recipient strain
	PTS∆ku70∆pyrG
	[56]



	Wild type
	PTS∆ku70∆pyrG: AfpyrG
	[56]



	∆AflrsmA
	pyg: ∆AflrsmA: A. flavus ∆ku70
	This study



	AflrsmAOE
	A. fumigatus pyg: gpdA(p):AflrsmA: A. flavus ∆ku70
	This study



	pWY25.16
	A. fumigatus pyroA:gpdA in pGEMT easy vector
	[23]







pXX, plasmid.
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Table 2. PCR primers used in this study.
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	Name
	Oligonucleotides Sequence (5’-3’)
	Uses





	133560RT_F
	CACAGAACAGAGCAGCGTAG
	For RT-PCR



	133560RT_R
	CTCATGCCCTTGGATTAGG
	For RT-PCR



	actin_F
	CAGCCGCTAAGAGTTCCAG
	For RT-PCR



	actin_R
	CACCGATCCAAACCGAGTAC
	For RT-PCR



	133560/5FE_F
	GCGTCATGCGAGATTGTTTCC
	5′ flanks amplification and for identification of 83100 mutant



	133560/5F_R
	GGGTGAAGAGCATTGTTTGAGGCCACTTCCAGAGGCGGAATGCTTC
	5′ flanks amplification



	133560/3F_F
	GCATCAGTGCCTCCTCTCAGACGGCGTATTCGGTTCACGGTCATAATG
	3′ flanks amplification



	133560/3FE_R
	GCTACTGGGTCTCAGAGTTGCTTC
	3′ flanks amplification and for identification of 83100 mutant



	133560/5F_F
	GACGCTGGACACCTGAAACCCAAC
	For whole length of KO cassette



	133560/3F_R
	CCTACTGTACCGATAACATGC
	For whole length of KO cassette



	pyrG_TF
	GCCAGTACGAGTGTTGTGGAG
	For identification of 133560 mutant



	pyrG_TR
	GTCAGACACAGAATAACTCTC
	For identification of 133560 mutant



	pyrG/F
	GCCTCAAACAATGCTCTTCACCC
	pyrG amplification



	pyrG/R
	GTCTGAGAGGAGGCACTGATGC
	pyrG amplification



	gpdA/F
	GCATCAGTGCCTCCTCTCAGACCATCCGGATGTCGAAGGCTTG
	gpdA amplification



	gpdA/R
	GTGTGATGTCTGCTCAAGCG
	gpdA amplification



	RsmA/F
	GCTACCCCGCTTGAGCAGACATCACACATGACTCCAGCGAATCG
	133560 ORF amplification



	RsmA/R
	GAGTTTGAGGTGCAGCTGG
	133560 ORF amplification



	133560/F
	ATGACTCCAGCGCAATCG
	For AflrsmA ORF identification



	133560L/F
	ATGGAGTACCCATACTATCC
	For AflrsmA ORF identification



	133560/R
	TCAGAGAAGGTCATCATCATTAG
	For AflrsmA ORF identification
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