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Abstract

:

Manganese superoxide dismutases (MnSODs) play a pivotal role in the preservation of mitochondrial integrity and function in fungi under various endogenous and exogenous stresses. Deletion of Aspergillus nidulans mnSOD/SodB increased oxidative stress sensitivity and apoptotic cell death rates as well as affected antioxidant enzyme and sterigmatocystin productions, respiration, conidiation and the stress tolerance of conidiospores. The physiological consequences of the lack of sodB were more pronounced during carbon starvation than in the presence of glucose. Lack of SodB also affected the changes in the transcriptome, recorded by high-throughput RNA sequencing, in menadione sodium bisulfite (MSB)-exposed, submerged cultures supplemented with glucose. Surprisingly, the difference between the global transcriptional changes of the ΔsodB mutant and the control strain were relatively small, indicating that the SodB-dependent maintenance of mitochondrial integrity was not essential under these experimental conditions. Owing to the outstanding physiological flexibility of the Aspergilli, certain antioxidant enzymes and endogenous antioxidants together with the reduction in mitochondrial functions compensated well for the lack of SodB. The lack of sodB reduced the growth of surface cultures more than of the submerged culture, which should be considered in future development of fungal disinfection methods.
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1. Introduction


Superoxide dismutases (SODs) are ubiquitous, ancient metalloenzymes present in both prokaryotes and eukaryotes that dismutate superoxide anion radicals (O2●−) into molecular oxygen (O2) and hydrogen peroxide (H2O2) and, hence, they are basic elements of oxidative stress defense [1,2]). Manganese-SODs (MnSODs) are primarily localized in the mitochondria of yeasts and filamentous fungi and are key players in the maintenance of mitochondrial integrity and functions [2,3,4,5].



The physiological consequences of the ablation of MnSOD-encoding genes have been studied in detail in some model organisms, including mapping global gene expression changes compensating for the loss of this important mitochondrial enzyme.



For example, in exponential-growth-phase Saccharomyces cerevisiae cultures, deletion of POS5 (coding for the mitochondrial NADH kinase), SOD1 (encodes the cytoplasmic CuZnSOD) or SOD2 (the MnSOD enzyme gene) results in surprisingly similar global transcriptomic changes reflecting the downregulation of a number of oxidative stress response genes in addition to amino acid metabolism, carbohydrate metabolism, RNA and DNA metabolism, transport, protein folding, etc. processes [6]. Furthermore, POS5 mutants show upregulation of many genes associated with anaerobic/hypoxic growth. In conclusion, mutant cells seem to respond to altered (reduced) mitochondrial activity and not directly to elevations in intracellular ROS concentrations [6].



Most recently, it was also demonstrated that S. cerevisiae cells shut down respiration under paraquat exposures to reduce harmful intramitochondrial O2●− production via genetically controlled deletion of mitochondrial oxidative phosphorylation genes [7]. This swift adaptation process relies on Sod2 activity as well as on two-way mitochondrial-nuclear communication through Rtg2 (encoding a sensor of mitochondrial dysfunction) and Rtg3 (transcription factor for retrograde pathway) [7].



Interestingly, deletion of the Pasod3 gene encoding MnSOD does not affect the life span of the biological aging model organism Podospora anserina because the disadvantageous physiological changes (high intracellular O2●− levels, impaired Complex I-dependent respiration) is mitigated by upregulated autophagy, especially mitophagy [8]. Importantly, lack of PaSod3 triggers a global transcriptional response via upregulating genes coding for components of mitochondrial processes involved in mitochondrial biogenesis, mitochondrial metabolism or mitochondrial respiration [8].



In the filamentous fungus model organism Aspergillus nidulans, deletion of the mnSOD/sodB gene negatively affects menadione and PAF (Penicillium chrysogenum antifungal protein, eliciting apoptotic cell death in sensitive fungi) tolerances, increases intracellular glutathione reductase and catalase activities (in growing cultures) and sterigmatocystin production (in starving cultures), lowers total, KCN-sensitive cytochrome c-dependent and AOX-dependent alternative respirations while increasing KCN + SHAM (salicyl hydroxamate, which blocks alternative oxidase)-resistant, residual respiration (in carbon-starving cultures), decreases KCN + SHAM-resistant respiration in glucose-supplemented cultures and reduces conidia yields as well as decreases heat (50 °C) tolerance and viability (stored at 4 °C) of conidia [5]. The ΔmnSOD/ΔsodB strain grows more slowly with 4 h of incubation time when transferred to a fresh, glucose-supplemented culture medium, but this delayed growth phenotype disappears when the incubation time is extended up to 10 h [5].



It is important to note that sodB orthologous genes have been functionally characterized in other Aspergilli as well. For example, Afsod2 coding for the mitochondrial MnSOD of the opportunistic human pathogenic fungus Aspergillus fumigatus is highly expressed in conidia and in growing mycelium at later time points and is inducible by menadione and heat treatments [9]. As expected, the ablation of Afsod2 results in superoxide and heat-sensitive phenotypes [9]. The Aspergillus flavus Δsod (mnSOD deleted strain) mutant grows more slowly than the wild-type strain under all culture conditions tested and also produces a lower amount of aflatoxin B1 in vivo when grown on maize ears in the field [10]. Interestingly, cumene hydroperoxide treatment d0es not influence the growth of the Δsod mutant but decreases its aflatoxin B1 production in static Czapek-Dox medium [10].



Considering the outstanding industrial, biomedical and agricultural importance of the Aspergilli, we aimed at the in-depth analysis of the global transcriptome changes provoked by sodB gene deletion and menadione (as a superoxide-generating compound) exposure in submerged liquid cultures of A. nidulans. As a result, we shed light on the role of SodB in the menadione stress response and also on the effective compensatory mechanisms, which were set into operation in the absence of the sodB gene. We hope that these new observations will be exploitable in future antifungal drug research and in future industrial strain developments as well.




2. Materials and Methods


2.1. Strains, Culturing Conditions


The A. nidulans THS30.3 reference strain and the ΔmnSOD (ΔsodB) mutant, with sodB gene deletion (AN5577; [5]), were maintained on Barratt’s minimal nitrate agar plates [11] at 37 °C, and freshly grown conidia from 6-day cultures [5] were used in further experiments.



For submerged cultivation, 500 mL Erlenmeyer flasks containing 100 mL of Barratt’s minimal nitrate broth were inoculated with 5 × 107 conidia and incubated at 37 °C and at 3.7 Hz shaking frequency for 16 h [5]. Stress exposure with 0.16 mM menadione sodium bisulfite (MSB) was carried out at 16 h of incubation time (exponential growth phase culture; [5]), and mycelial samples were taken at 30 min (for RNA isolation and determination of superoxide formation) and 5 h (for measuring SOD activities) after the stress treatment.



For surface cultivation, Barratt’s minimal nitrate agar plates supplemented with 0 or 0.025 mM MSB were point-inoculated with 5 μL of conidia suspension (2 × 107 conidia/mL; [5]). The cultures were incubated at 37 °C for 5 days, and the diameters of the colonies were measured.




2.2. Measuring Superoxide Formation and Superoxide Dismutase (SOD) Activities


The intracellular superoxide levels were determined by the formation of ethidium (Et) from dihydroethidium as described earlier [12]. The formed Et was quantified spectrofluorimetrically and was expressed on the dry cell mass (DCM) of the samples. Total SOD activities were measured spectrophotometrically by the rate assay of Oberley and Spitz [13] with cell-free extracts prepared by X-pressing [12]. Protein content of the samples was determined with Bradford’s reagent.




2.3. Reverse-Transcriptional Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) Assays


Total RNA was isolated from lyophilized mycelia according to Chomczynski [14]. RT-qPCR assays were performed with an Xceed qPCR SG 1-step 2x Mix Lo-ROX Kit (Applied Biotechnologies, Praha, Czech Republic) following the manufacturer’s instructions using the primer pairs listed in Table S1. The AN9168 gene (encoding a putative glycerol transporter) was used as reference (Table S1) to characterize relative transcription levels using ΔCP (difference between the crossing point of the reference and target genes within a sample) values.




2.4. High-Throughput RNA Sequencing


Lyophilized mycelia were used to isolate total RNA by the Trisol method [14]. Samples were taken from the following four cultures with three biological replicates:




	(1)

	
Untreated cultures of A. nidulans THS30.3 reference strain;




	(2)

	
MSB (0.16 mM) stress-treated cultures of A. nidulans THS30.3 reference strain;




	(3)

	
Untreated cultures of A. nidulans ΔsodB mutant;




	(4)

	
MSB (0.16 mM) stress-treated cultures of A. nidulans ΔsodB mutant









MSB was added to exponential-growing-phase cultures at 16 h, and samples were taken after 30 min of incubation.



RNA sequencing (from library preparation to generation of fastq.gz files) was carried out at the Genomic Medicine and Bioinformatic Core Facility, Department of Biochemistry and Molecular Biology, Faculty of Medicine, University of Debrecen, Debrecen, Hungary. RNA libraries for single-read 75 bp Illumina RNA sequencing were prepared using a TruSeq RNA Sample preparation kit (Illumina, San Diego, CA, USA) according to the manufacturer’s protocols. All 12 library pools were sequenced in the same lane of a sequencing flow cell. The obtained reads varied between 22.2 and 36.5 million reads per sample. Reads were aligned to the genome of A nidulans FGSC A4 (https://fungidb.org/common/downloads/Current_Release/AnidulansFGSCA4/fasta/data/FungiDB-56_AnidulansFGSCA4_Genome.fasta and https://fungidb.org/common/downloads/Current_Release/AnidulansFGSCA4/gff/data/FungiDB-56_AnidulansFGSCA4.gff; both accessed on 24 October 2023) using hisat2 software (version 2.1.0) [15]. In the case of each sample, >94% of reads were successfully aligned. Count values were generated with featureCounts software (Version 2.0.0) [16]. Differential expression analysis of the read counts was performed using DESeq2 (version 1.34.0) [17]. RPKM (reads per kilobase per million mapped reads) values were calculated with the “rpkm” function of the edgeR package [18], and PCA (principle component analysis) was performed with the “prcomp” function.




2.5. Evaluation of Transcriptome Data


When comparing two groups, upregulated and downregulated genes were defined as differentially expressed genes (adjusted p-value < 0.05) where log2FC > 1 or log2FC < −1, respectively. FC stands for “fold change”, and log2FC stands for the log2FoldChange numbers calculated by DESeq2 software (version 1.34.0) using the untreated cultures or the THS30.3 cultures as reference.



Gene set enrichment analyses, performed on the ShinyGO 0.77 (http://bioinformatics.sdstate.edu/go/; accessed on 24 October 2023) platform applying default settings, were used to characterize the composition of selected gene sets. Terms containing fewer than three genes or hits with only one gene were omitted from the analysis, and only hits with a corrected p-value < 0.05 were taken into consideration during evaluation. Since gene set enrichment analyses highly depend on the size of the studied gene sets, the analyses for differentially expressed genes (DEGs) were performed with different log2FC thresholds: log2FC > 0, log2FC > 1 (“upregulated genes”), log2FC > 2, and log2FC < 0, log2FC < −1 (“downregulated genes”), log2FC < −2.



The enrichment of genes belonging to the “Fe-S cluster assembly”, “Antioxidant enzyme”, “Respiration”, and “Sterigmatocystin cluster” gene groups was tested by Fisher’s exact test (“fisher.test” function of R project; www.R-project.org/; accessed on 24 October 2023). “Fe-S cluster assembly” genes were defined as genes involved in [2Fe-2S] cluster assembly, [4Fe-4S] cluster assembly, iron–sulfur cluster assembly, iron–sulfur cluster assembly, protein maturation by [2Fe-2S] cluster transfer, protein maturation by [4Fe-4S] cluster transfer, and protein maturation by iron–sulfur cluster transfer according to the data available at FungiDB (https://fungidb.org/fungidb/app; accessed on 24 October 2023). Antioxidant enzyme genes were genes encoding or putatively encoding enzymes with observed/predicted catalase, cytochrome c peroxidase, glutathione disulfide oxidoreductase, glutathione peroxidase, glutathione transferase, peroxidase, peroxiredoxin, superoxide dismutase and thioredoxin-disulfide reductase activities according to the data available at FungiDB (https://fungidb.org/fungidb/app; accessed on 24 October 2023). Sterigmatocystin cluster genes were collected from the paper of Inglis et al. [19]. The “Respiration” gene group contains known and putative NADH dehydrogenase, ubiquinol-cytochrome c reductase, cytochrome c, cytochrome c oxidase and alternative oxidase genes according to the FungiDB (https://fungidb.org/fungidb/app; accessed on 24 October 2023). In the case of stress genes, the A. nidulans stress gene set described by the Fungal Stress Response Database (FSRD) [20] was used.





3. Results


3.1. Intracellular Superoxide Formation and SOD Activity


The importance of mitochondrial MnSOD/SodB [5] during MSB-induced oxidative stress was studied in A. nidulans using genome-wide transcription data recorded by RNA sequencing. MSB-treated and untreated submerged cultures of a sodB gene-deletion mutant (ΔsodB) and its reference strain (THS30.3) were included in this study. Both strains were much less sensitive to MSB stress in submerged cultures than on stress agar plates, and it was particularly true for the ΔsodB mutant (Figure 1 and Figure 2A). Furthermore, the growth inhibitory effect of MSB was quite similar in the case of the submerged cultures of THS30.3 reference and ΔsodB strains (Figure 2A). MSB treatment increased Et production (characteristic for superoxide formation; [21]) significantly in both strains (Figure 2B). The Et production values were significantly higher in the MSB-treated cultures of the ΔsodB mutant than in the reference strain (Figure 2B), suggesting that despite the similar growth profiles (Figure 2A), MSB treatment disturbed redox homeostasis more strongly in the mutant. Although the specific SOD activities were significantly lower in the ΔsodB mutant in untreated cultures, after MSB treatment, no significant differences were observed (Figure 2B).




3.2. Genome-Wide Transcriptional Consequences of MSB Treatment and Deletion of the sodB Gene in A. nidulans


MSB treatment and sodB gene deletion substantially altered the transcriptome in both strains, and the consequences of MSB treatment were greater than those of sodB gene deletion (Figure S1). The biological replicates had well-matched transcriptomes as indicated by principal component analyses (Figure S1), and the RNAseq data showed good positive correlation with the RT-qPCR data of the selected genes (Table S1). In the case of the reference strain, the transcriptional changes caused by MSB stress showed a strong positive Pearson’s correlation (correlation coefficient = 0.73; Table S2) with our previous dataset recorded with 60-mer oligonucleotide high-density DNA chips (GSE63019; Gene Expression Omnibus; GEO; http://www.ncbi.nlm.nih.gov/geo/, accessed on 24 October 2023 [22,23,24].



The numbers of MSB stress-responsive genes were similar in the two strains (Figure 3A), concurring well with the observation that sodB gene deletion did not cause substantial difference in MSB-induced growth inhibitions in submerged cultures (Figure 2A). The overlap between the two MSB stress-responsive gene sets was also substantial: Out of the MSB stress-responsive genes of the mutant, 1955 (74%) upregulated genes and 1848 (67%) downregulated genes showed stress responsiveness in the reference strain as well (Figure 3A). Gene set enrichment analyzes suggested substantial overlap between the two stress responses too (Figure 4, Table S3). Vegetative growth-related processes (e.g., mitotic cell cycle, DNA replication, translation, ribosome biogenesis, cell wall biogenesis), endoplasmic reticulum (ER), Golgi and mitochondrion functions, as well as glucose utilization were downregulated, while autophagy, ubiquitin-dependent protein catabolic process, oxidative stress response genes and mitochondrion assembly genes were upregulated in both strains (Figure 4, Table S3). Fe–S cluster assembly genes, antioxidative enzymes genes (e.g., catA and catB catalase and glrA glutathione reductase genes) and other stress genes were also upregulated by MSB treatment in both strains (Tables S1 and S4). Both sodA (AN0241) and sodB (AN5577) genes were upregulated under MSB stress in the reference strain (Table S4). Deletion of the sodB gene did not result in upregulation of any known or putative antioxidative enzyme genes (including the sodA, sodM and AN1131 SOD genes) tested (Tables S1 and S4). However, certain genes like catB catalase and AN5440 putative cytochrome c peroxidase genes showed strong upregulation in the mutant after MSB treatment, and consequently the transcriptional activity of these genes was at least twice as high in the ∆sodB mutant than in the reference strain in the presence of MSB (Tables S1 and S4). Downregulation of mitotic cell cycle, ribosome biogenesis, translation, citrate cycle and endoplasmic reticulum to Golgi vesicle-mediated transport genes as well as the upregulation of iron–sulfur cluster assembly and antioxidative enzyme genes were also observed previously with the reference strain using a DNA chip approach [23].



Despite the similarities between the two stress responses, the difference between the transcriptomes of the reference strain and the ΔsodB mutant increased by the stress treatment from 279 + 529 = 808 genes (untreated cultures) to 691 + 1050 = 1741 genes (MSB-treated cultures) (Figure 3B) suggesting some differences between the stress responses of the strains. Gene set enrichment analyses showed that more or less similar processes showed differences between the mutant and the reference strain under the tested two (MSB-exposed and unstressed) culture conditions. Mitotic cell cycle and DNA replication genes, ER and Golgi-dependent processes, protein catabolism as well as mitochondrion organization and mitochondrial functions were upregulated in the mutant relative to the reference strain both in untreated and MSB-treated cultures (Figure 5, Table S3). In contrast, genes of the “Negative regulation of mitotic cell cycle” and “Negative regulation of DNA replication” GO terms as well as “peroxisome” and “stress response” genes were enriched in the upregulated gene set only in the presence of MSB, while “Ribosome biogenesis” GO term genes were enriched in the upregulated gene set in the absence of MSB but enriched in the downregulated gene set under MSB exposure in the ∆sodB vs. THS30.3 comparison (Figure 5, Tables S3 and S4).



It is noteworthy that genes related to the “Aerobic respiration” GO term were enriched in the downregulated gene sets by MSB treatment in both strains, meanwhile they were enriched in the upregulated gene sets after deletion of sodB (∆sodB mutant vs. THS30.3 reference strain) both in the presence and absence of MSB (Table S3). In contrast, several genes encoding/putatively encoding NADH dehydrogenase or cytochrome c oxidase subunits were upregulated by MSB treatment, and many of them also showed upregulation in the sodB gene-deletion mutant when compared to the reference strain irrespectively of the presence of MSB (Table S4). Furthermore, the aodA/aoxA (AN2099, alternative oxidase) gene showed MSB-dependent upregulation in both strains, and no significant difference between the aodA/aoxA transcriptional activities of the two strains was detected independently of MSB (Table S4).



Importantly, genes of the “Conidium development” GO term, including stuA (AN5836) encoding a transcription factor regulating conidiophore morphogenesis [25], were enriched in the downregulated gene set of both strains when MSB-treated and untreated cultures were compared (Figure 4, Table S3). The stcK gene (AN7814) encoding a polyketide synthase of the sterigmatociystin gene cluster was downregulated in the ∆sodB mutant relative to the reference strain both in the presence and absence of MSB (Table S4). Sterigmatocystin cluster genes were enriched in the downregulated gene set when the transcriptomes of the ∆sodB mutant and the reference strain were compared in the presence of MSB, but no significant enrichment was observed in any other comparisons tested (Table S4).





4. Discussion


Fungal MnSODs play a complex role in oxidative stress defense via maintaining the integrity and functions of mitochondria under both endogenous and exogenous superoxide stresses [2,3,4,5]. Not surprisingly, MnSODs have been reported as key elements in the regulation of versatile physiological processes responding to changing intracellular reactive oxygen species levels, including aging and stationary growth phase survival [2,26,27,28], invasion of hosts by pathogenic fungi [2,4,29,30,31,32] and the production of harmful mycotoxins [5,10,33,34]. Importantly, fungal MnSODs also play important roles in asexual sporulation and the preservation of conidia under various environmental stress conditions, including heat, cold (during storage) and oxidative stresses [5,9,31].



The A. nidulans sodB gene encodes a mitochondrial MnSOD (SodB) enzyme, which is important in the protection of mitochondria against the deleterious effects of both endogenous and exogenous oxidative stress [5]. As expected, deletion of the sodB gene was accompanied by increased sensitivity to the superoxide-generating agent MSB on agar plates ([5]; Figure 1). It is worth noting that the MSB stress tolerance of the fungus was much higher in submerged cultures (Figure 2), and it was particularly true for the ΔsodB mutant, which was unable to grow at 0.025 mM MSB on the surface stress agar culture but showed only approximately a 35% growth reduction in submerged cultures at a 0.16 mM MSB concentration (Figure 2A).



The major difference between the two types of experiments (stress agar vs. submerged liquid) is that conidia have to germinate in the presence of MSB in stress-exposed surface cultures, while only growing pelleted mycelia sense MSB stress in submerged cultures. Previous studies demonstrated that (i) fungal MnSODs are necessary in the maintenance of conidia under environmental stress conditions [5,9,31], and (ii) mitochondrial activity even increases markedly during germination [35,36]. Because Fe–S cluster proteins of mitochondria are sensitive to superoxide stress [37], the elevated mitochondrial activity during germination can be accompanied by increased O2●− formation and, as a consequence, by an increased need for superoxide-neutralizing enzymes like SodB. Therefore, the decreased stability of conidia under oxidative stress in general and the increased mitochondrial activity during germination together may explain the increased MSB stress sensitivity observed on surface cultures, and these processes may also elucidate why the ΔsodB mutant was much more sensitive to MSB stress in surface agar cultures than the reference strain. In good accordance with this hypothesis, increased tert-butylhydroperoxide (generates lipid peroxides) and heavy metal (Cu2+, Cd2+) tolerances were recorded when A. nidulans mycelial mats were pre-grown on cellophane sheets on unstressed agar plates (“cellophane colony harvest cultures”), lifted and transferred onto stress agar plates [38,39].



Not surprisingly, sodB was upregulated by MSB treatment in liquid submerged cultures (Tables S1 and S4), and deletion of sodB caused detectable loss of specific SOD activity of mycelia which was accompanied by increased superoxide production after MSB treatment (Figure 2B). These data demonstrate that SodB was also involved in the protection of mitochondria when exponentially growing mycelia had to cope with MSB stress. In line with this, A. fumigatus AfSOD2 was highly expressed in growing mycelium at later, 20–30 h incubation times in addition to conidia [9].



Somewhat contradicting the above, the MSB stress-induced growth reduction of the ΔsodB mutant was similar to that of the reference strain in submerged cultures (Figure 1A) and the MSB stress-elicited transcriptional changes of the two strains were also similar both in their intensity and nature (Figure 3 and Figure 4, Table S3). One explanation of this unexpected behavior is that the relatively small differences between the transcriptional changes of the two strains were enough for the ΔsodB mutant to overcome the disadvantages caused by gene deletion. Indeed, certain antioxidative enzyme genes, like sodA (cytosolic CuZnSOD), ccp1 and AN5440 (verified and putative cytochrome c peroxidase genes), catB (catalase) and trxR (thioredoxin reductase) as well as tpxB and trxA (thioredoxin-dependent peroxidase genes) showed significantly higher transcriptional activity in the ΔsodB mutant than in the reference strain after MSB treatment (Tables S1 and S4), and no significant difference was observed between the specific SOD activities of the strains (Figure 2B). Moreover, several stress genes, like oxidative stress, starvation stress, pH stress, ER stress, DNA damage stress genes enriched in the upregulated gene set of only the ΔsodB mutant after MSB treatment (Table S3, Figure 5).



It is reasonable to assume that exogenous or endogenous antioxidants and/or up-regulation of mitochondrial quality control genes can mitigate the disadvantageous physiological consequences of the ablation of MnSOD genes [8,40,41]. For example, primaquine (an antimalarial drug) sensitivity of the S. cerevisiae Δsod2 mutant could be counterbalanced by the addition of ascorbate and N-acetyl cysteine as well as by the overexpression of AIM32 (coding for a 2Fe–2S mitochondrial protein contributing to redox quality control) and MCR1 (encoding mitochondrial NADH-cytochrome b5 reductase) genes [40]. Furthermore, any blockage of the glutathione/glutaredoxin and thioredoxin redox systems [42,43] may intensify the effects of environmental stress on the MnSOD gene-deletion mutants. In accordance with this, targeted repression of baker’s yeast SOD2 increases ethanol sensitivity (not in respiration-deficient strains) via preventing the ethanol-induced relocalization of Yap1 resulting in decreased Trx2 (cytoplasmic thioredoxin isoenzyme) and Gsh1 (γ-glutamylcysteine synthetase, catalyzing the first reaction of glutathione biosynthesis) protein levels [41].



Upregulation of DNA damage stress genes in the A. nidulans ΔsodB mutant was also foreseeable because Baker’s yeast Sod2 together with Sod1 (encodes cytosolic CuZnSOD) and Ccs1 (the copper chaperone for superoxide dismutase Sod1) profoundly contributes to the preservation of the integrity of the nuclear DNA in replicatively old yeast cells [44]. Furthermore, in the fission yeast Schizosaccharomyces pombe, deletion of sod2 decreases chronological life span via increasing nuclear DNA mutation frequency and accelerating the degradation of cellular proteins and nuclear DNA with concurrent cell death [45].



Another alternative explanation for the relatively small differences between the MSB stress responses of the ΔsodB mutant and the THS30.3 control strains can be that prevention of mitochondrial damages is not strictly essential under these experimental conditions. Decreasing mitochondrial activity, replacing damaged mitochondrial proteins and elimination of unrepairable mitochondria can also be important and adequate responses to successfully adapt to stresses threatening mitochondrial integrity and functions [6,8]. Transcriptional changes demonstrate that MSB stress reduced the activity of mitochondrial functions (e.g., mitochondrial translation, aerobic respiration and acetyl-CoA biosynthesis genes were downregulated; Figure 4, Table S3), upregulated mitochondrial assembly processes (e.g., mitochondrial respiratory chain complex assembly genes in the reference strain and mitochondrion organization genes in the gene-deletion mutant, while iron–sulfur cluster assembly genes in both strains showed upregulation; Figure 4, Table S3) as well as mitochondrion disassembly and/or autophagy genes (Figure 4, Table S3).



A previous study by Leiter et al. [5] demonstrated that the deletion of A. midulans sodB gene negatively affects the total, KCN-sensitive cytochrome c-dependent (the main source of endogenous O2●−) and AOX (alternative oxidase)-dependent alternative respirations only in carbon-starving cultures of the fungus, which was clearly indicative of significantly decreased mitochondrial activity under these experimental conditions. In glucose-supplemented cultures, sodB deletion influences the KCN + SHAM-resistant, residual (not cytochrome c and not alternative oxidase-dependent; [5,46,47] respiration only [5]. In our experiments, sodB deletion even resulted in higher-level expression of the aerobic respiration genes (but not the aodA/aoxA alternative oxidase gene) in relation to the THS30.3 reference strain independently of MSB stress in glucose-supplemented cultures (Tables S3 and S4). These upregulations may have helped the ∆sodB mutant to maintain respiration activity at the level of the reference strain in the presence of glucose. These findings challenge the view that sodB deletion alone would threaten mitochondrial integrity and function (including respiration) in glucose-supplemented, growing, liquid-submerged cultures.



Similarly, sodB deletion increases sterigmatocystin production only in carbon-starving cultures [5], and this was also reflected in this study by the insensitivity of the biosynthetic gene cluster to sodB deletion and MSB exposure. Although SodB is necessary for conidiogenesis and the maintenance of conidia in surface cultures [5], the general downregulation of conidium development genes is foreseeable in liquid submerged cultures where the formation of asexual spores is blocked [48].



In summary, we can speculate that although upregulation of sodB expression in the reference strain was an important element of the oxidative stress response, it was far from sufficient to prevent mitochondrion damages under MSB stress. Because the significance of other mitochondrial quality control and maintenance processes (e.g., replacement of damaged proteins, decreasing mitochondrial activity and elimination of unrepairable mitochondria by mitophagy) seems to exceed that of SodB in the prevention of the deleterious consequences of MSB exposure, the overall physiological consequences of sodB deletion were smaller than expected. This was also nicely reflected by the similar transcriptomic changes recorded in MSB-exposed submerged liquid cultures of the ΔsodB mutant and the reference strains. On the other hand, the activity of mitochondria was intensified under germination of conidia when the downregulation of mitochondrial processes and the replacement of damaged mitochondrial proteins can be a far less efficient strategy than preventing mitochondrial damages by antioxidative enzymes, including SodB. Consequently, sodB deletion triggered more spectacular MSB sensitivity phenotypes in stress agar surface cultures [5]. To verify the significant role of SodB in the maintenance of conidia and vegetative tissue [5,9] in A. nidulans stress agar cultures, mycelial and conidial transcriptomes will be mapped and compared in both unstressed and MSB-treated cultures of the ΔsodB mutant and THS30.3 control strains [49].



Our results demonstrate the superior flexibility of the Aspergilli to adapt to versatile environmental stress conditions and support the view that germination is a critical part of the fungal life cycle. Therefore, future antifungal strategies should focus more on killing germinating conidia rather than eliminating growing hyphae when possible [50,51].



Because the role of SodB in the stabilization of mitochondrial functions and facilitating hyphal growth under superoxide stress seems to be less than expected in glucose-supplemented liquid submerged cultures, further research should focus on the hypothesized role of this superoxide dismutase in the stationary phase survival of A. nidulans similar to yeasts and other filamentous fungi [2,26,27,28]. We suggest that the effects of sodB deletion and overexpression on the vitality and secondary metabolite yields of carbon-starved and carbon-limited A. nidulans liquid submerged cultures [5] should be studied in-depth in the future using different omics techniques.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/jof9111060/s1, Figure S1: Principal component (PC) analysis of the RNAseq data obtained from MSB-treated and untreated cultures of A. nidulans THS30.3 (reference strain) and ∆sodB mutant, Table S1: RT-qPCR data of selected genes, Table S2: Correlation between RNAseq and DNA chip data, Table S3: Results of the gene set enrichment analyses, Table S4: RNAseq data of “Fe-S cluster assembly”, “Antioxidant enzyme”, “Respiration”, and “Sterigmatocystin cluster” genes.





Author Contributions


Conceptualization, I.P.; methodology, K.A. and T.E.; software, K.A.; validation, K.A. and T.E.; formal analysis, K.P., K.A. and T.E.; investigation, K.P., K.A. and T.E.; data curation, K.A. and T.E.; writing—original draft preparation, K.P., K.A., T.E. and I.P.; writing—review and editing, T.E., K.A. and I.P.; visualization, K.P., K.A. and T.E.; funding acquisition, T.E. and I.P. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Research, Development and Innovation Office (Hungary) projects NN125671 and K131767. Project no. TKP2021-EGA-20 has been implemented with the support provided by the Ministry of Culture and Innovation of Hungary from the National Research, Development and Innovation Fund, financed under the TKP2021-EGA funding scheme. This project has received funding from the HUN-REN Hungarian Research Network.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The transcriptome data sets are available in the Gene Expression Omnibus database (GEO; http://www.ncbi.nlm.nih.gov/geo/; accessed on 24 October 2023) with the following accession number: GSE244381.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Miller, A.F. Superoxide dismutases: Ancient enzymes and new insights. FEBS Lett. 2012, 586, 585–595. [Google Scholar] [CrossRef] [PubMed]

	



de Obeso Fernandez Del Valle, A.; Scheckhuber, C.Q. Superoxide dismutases in eukaryotic microorganisms: Four case studies. Antioxidants 2022, 11, 188. [Google Scholar] [CrossRef] [PubMed]

	



O’Brien, K.M.; Dirmeier, R.; Engle, M.; Poyton, R.O. Mitochondrial protein oxidation in yeast mutants lacking manganese-(MnSOD) or copper- and zinc-containing superoxide dismutase (CuZnSOD): Evidence that MnSOD and CuZnSOD have both unique and overlapping functions in protecting mitochondrial proteins from oxidative damage. J. Biol. Chem. 2004, 279, 51817–51827. [Google Scholar] [CrossRef]

	



Fréalle, E.; Noël, C.; Nolard, N.; Symoens, F.; Felipe, M.S.; Dei-Cas, E.; Camus, D.; Viscogliosi, E.; Delhaes, L. Manganese superoxide dismutase based phylogeny of pathogenic fungi. Mol. Phylogenet. Evol. 2006, 41, 28–39. [Google Scholar] [CrossRef]

	



Leiter, É.; Park, H.S.; Kwon, N.J.; Han, K.H.; Emri, T.; Oláh, V.; Mészáros, I.; Dienes, B.; Vincze, J.; Csernoch, L.; et al. Characterization of the aodA, dnmA, mnSOD and pimA genes in Aspergillus nidulans. Sci. Rep. 2016, 6, 20523. [Google Scholar] [CrossRef] [PubMed]

	



Stuart, G.R.; Humble, M.H.; Strand, M.K.; William, C.; Copeland, W.C. Transcriptional response to mitochondrial NADH kinase deficiency in Saccharomyces cerevisiae. Mitochondrion 2009, 9, 211–221. [Google Scholar] [CrossRef]

	



Stenberg, S.; Li, J.; Gjuvsland, A.B.; Persson, K.; Demitz-Helin, E.; Peña, C.G.; Yue, J.X.; Gilchrist, C.; Ärengård, T.; Ghiaci, P.; et al. Genetically controlled mtDNA deletions prevent ROS damage by arresting oxidative phosphorylation. eLife 2022, 11, e76095. [Google Scholar] [CrossRef]

	



Knuppertz, L.; Warnsmann, V.; Hamann, A.; Grimm, C.; Osiewacz, H.D. Stress-dependent opposing roles for mitophagy in aging of the ascomycete Podospora anserina. Autophagy 2017, 13, 1037–1052. [Google Scholar] [CrossRef]

	



Lambou, K.; Lamarre, C.; Beau, R.; Dufour, N.; Latgé, J.P. Functional analysis of the superoxide dismutase family in Aspergillus fumigatus. Mol. Microbiol. 2010, 75, 910–923. [Google Scholar] [CrossRef]

	



Reverberi, M.; Punelli, M.; Scala, V.; Scarpari, M.; Uva, P.; Mentzen, W.I.; Dolezal, A.L.; Woloshuk, C.; Pinzari, F.; Fabbri, A.A.; et al. Genotypic and phenotypic versatility of Aspergillus flavus during maize exploitation. PLoS ONE 2013, 8, e68735. [Google Scholar] [CrossRef]

	



Barratt, R.W.; Johnson, G.B.; Ogata, W.N. Wild type and mutant stocks of Aspergillus nidulans. Genetics 1965, 52, 233–246. [Google Scholar] [CrossRef] [PubMed]

	



Emri, T.; Pócsi, I.; Szentirmai, A. Analysis of the oxidative stress response of Penicillium chrysogenum to menadione. Free Radic. Res. 1999, 30, 125–132. [Google Scholar] [CrossRef] [PubMed]

	



Oberley, L.W.; Spitz, D.R. Assay of superoxide dismutase activity in tumour tissue. Meth. Enzymol. 1984, 105, 457–464. [Google Scholar]

	



Chomczynski, P.A. Reagent for the single-step simultaneous isolation of RNA, DNA and proteins from cell and tissue samples. BioTechniques 1993, 15, 532–534, 536–537. [Google Scholar]

	



Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-based genome alignment and genotyping with HISAT2 and 169 HISAT-genotype. Nat. Biotechnol. 2019, 37, 907–915. [Google Scholar] [CrossRef]

	



Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 2014, 30, 923–930. [Google Scholar] [CrossRef] [PubMed]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 2010, 26, 139–140. [Google Scholar] [CrossRef]

	



Inglis, D.O.; Binkley, J.; Skrzypek, M.S.; Arnaud, M.B.; Cerqueira, G.C.; Shah, P.; Wymore, F.; Wortman, J.R.; Sherlock, G. Comprehensive annotation of secondary metabolite biosynthetic genes and gene clusters of Aspergillus nidulans, A. fumigatus, A. niger and A. oryzae. BMC Microbiol. 2013, 13, 91. [Google Scholar] [CrossRef]

	



Karányi, Z.; Holb, I.; Hornok, L.; Pócsi, I.; Miskei, M. FSRD: Fungal stress response database. Database 2013, 2013, bat037. [Google Scholar] [CrossRef]

	



Carter, W.O.; Narayanan, P.K.; Robinson, J.P. Intracellular hydrogen peroxide and superoxide anion detection in endothelial cells. J. Leukoc. Biol. 1994, 55, 253–258. [Google Scholar] [CrossRef] [PubMed]

	



Emri, T.; Szarvas, V.; Orosz, E.; Antal, K.; Park, H.; Han, K.; Yu, J.; Pócsi, I. Core oxidative stress response in Aspergillus nidulans. BMC Genom. 2015, 16, 478. [Google Scholar] [CrossRef] [PubMed]

	



Orosz, E.; Antal, K.; Gazdag, Z.; Szabó, Z.; Han, K.H.; Yu, J.H.; Pócsi, I.; Emri, T. Transcriptome-based modeling reveals that oxidative stress induces modulation of the AtfA-dependent signaling networks in Aspergillus nidulans. Int. J. Genom. 2017, 2017, 6923849. [Google Scholar] [CrossRef]

	



Antal, K.; Gila, B.C.; Pócsi, I.; Emri, T. General stress response or adaptation to rapid growth in Aspergillus nidulans? Fungal Biol. 2020, 124, 376–386. [Google Scholar] [CrossRef] [PubMed]

	



Miller, K.Y.; Wu, J.; Miller, B.L. StuA is required for cell pattern formation in Aspergillus. Genes Dev. 1992, 6, 1770–1782. [Google Scholar] [CrossRef] [PubMed]

	



Longo, V.D.; Gralla, E.B.; Valentine, J.S. Superoxide dismutase activity is essential for stationary phase survival in Saccharomyces cerevisiae. Mitochondrial production of toxic oxygen species in vivo. J. Biol. Chem. 1996, 271, 12275–12280. [Google Scholar] [CrossRef]

	



Fabrizio, P.; Liou, L.L.; Moy, V.N.; Diaspro, A.; Valentine, J.S.; Gralla, E.B.; Longo, V.D. SOD2 functions downstream of Sch9 to extend longevity in yeast. Genetics 2003, 163, 35–46. [Google Scholar] [CrossRef]

	



Fabrizio, P.; Pletcher, S.D.; Minois, N.; Vaupel, J.W.; Longo, V.D. Chronological aging-independent replicative life span regulation by Msn2/Msn4 and Sod2 in Saccharomyces cerevisiae. FEBS Lett. 2004, 557, 136–142. [Google Scholar] [CrossRef]

	



Giles, S.S.; Batinic-Haberle, I.; Perfect, J.R.; Cox, G.M. Cryptococcus neoformans mitochondrial superoxide dismutase: An essential link between antioxidant function and high-temperature growth. Eukaryot. Cell 2005, 4, 46–54. [Google Scholar] [CrossRef]

	



Narasipura, S.D.; Chaturvedi, V.; Chaturvedi, S. Characterization of Cryptococcus neoformans variety gattii SOD2 reveals distinct roles of the two superoxide dismutases in fungal biology and virulence. Mol. Microbiol. 2005, 55, 1782–1800. [Google Scholar] [CrossRef]

	



Xie, X.Q.; Li, F.; Ying, S.H.; Feng, M.G. Additive contributions of two manganese-cored superoxide dismutases (MnSODs) to antioxidation, UV tolerance and virulence of Beauveria bassiana. PLoS ONE 2012, 7, e30298. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.G.; Tong, S.M.; Ying, S.H.; Ming-Guang Feng, M.G. Antioxidant activities of four superoxide dismutases in Metarhizium robertsii and their contributions to pest control potential. Appl. Microbiol. Biotechnol. 2018, 102, 9221–9230. [Google Scholar] [CrossRef] [PubMed]

	



Montibus, M.; Ducos, C.; Bonnin-Verdal, M.N.; Bormann, J.; Ponts, N.; Richard-Forget, F.; Christian 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] [PubMed]

	



Furukawa, T.; Yoshinari, T.; Sakuda, S. Intracellular superoxide level controlled by manganese superoxide dismutases affects trichothecene production in Fusarium graminearum. FEMS Microbiol. Lett. 2017, 364, fnx213. [Google Scholar] [CrossRef] [PubMed]

	



Novodvorska, M.; Hayer, K.; Pullan, S.T.; Wilson, R.; Blythe, M.J.; Stam, H.; Stratford, M.; Archer, D.B. Transcriptional landscape of Aspergillus niger at breaking of conidial dormancy revealed by RNA-sequencing. BMC Genom. 2013, 14, 246. [Google Scholar] [CrossRef]

	



Van Leeuwen, M.R.; Krijgsheld, P.; Bleichrodt, R.; Menke, H.; Stam, H.; Stark, J.; Wösten, H.A.B.; Dijksterhuis, J. Germination of conidia of Aspergillus niger is accompanied by major changes in RNA profiles. Stud. Mycol. 2013, 74, 59–70. [Google Scholar] [CrossRef]

	



Imlay, J.A. Iron-sulphur clusters and the problem with oxygen. Mol. Microbiol. 2006, 59, 1073–1082. [Google Scholar] [CrossRef]

	



Balázs, A.; Pócsi, I.; Hamari, Z.; Leiter, É.; Emri, T.; Miskei, M.; Oláh, J.; Tóth, V.; Hegedűs, 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]

	



Boczonádi, I.; Török, Z.; Jakab, Á.; Kónya, G.; Gyurcsó, K.; Baranyai, E.; Szoboszlai, Z.; Döncző, B.; Fábián, I.; Leiter, É.; et al. Increased Cd2+ biosorption capability of Aspergillus nidulans elicited by crpA deletion. J. Basic Microbiol. 2020, 60, 574–584. [Google Scholar] [CrossRef]

	



Lalève, A.; Vallières, C.; Golinelli-Cohen, M.P.; Bouton, C.; Song, Z.; Pawlik, G.; Tindall, S.M.; Avery, S.V.; Clain, J.; Meunier, B. The antimalarial drug primaquine targets Fe-S cluster proteins and yeast respiratory growth. Redox Biol. 2016, 7, 21–29. [Google Scholar] [CrossRef]

	



Zyrina, A.N.; Smirnova, E.A.; Markova, O.V.; Severin, F.F.; Dmitry, A.; Knorre, D.A. Mitochondrial superoxide dismutase and Yap1p act as a signaling module contributing to ethanol tolerance of the yeast Saccharomyces cerevisiae. Appl. Environ. Microbiol. 2017, 83, e02759-16. [Google Scholar] [CrossRef] [PubMed]

	



Grant, C.M. Role of the glutathione/glutaredoxin and thioredoxin systems in yeast growth and response to stress conditions. Mol. Microbiol. 2001, 39, 533–541. [Google Scholar] [CrossRef] [PubMed]

	



Pócsi, I.; Prade, R.A.; Penninckx, M.J. Glutathione, altruistic metabolite in fungi. Adv. Microb. Physiol. 2004, 49, 1–76. [Google Scholar] [CrossRef] [PubMed]

	



Muid, K.A.; Karakaya, H.C.; Ahmet Koc, A. Absence of superoxide dismutase activity causes nuclear DNA fragmentation during the aging process. Biochem. Biophys. Res. Commun. 2004, 444, 260–263. [Google Scholar] [CrossRef]

	



Ogata, T.; Senoo, T.; Kawano, S.; Shogo Ikeda, S. Mitochondrial superoxide dismutase deficiency accelerates chronological aging in the fission yeast Schizosaccharomyces pombe. Cell Biol. Int. 2016, 40, 100–106. [Google Scholar] [CrossRef]

	



Bradshaw, R.E.; Bird, D.M.; Brown, S.; Gardiner, R.E.; Hirst, P. Cytochrome c is not essential for viability of the fungus Aspergillus nidulans. Mol. Genet. Genom. 2001, 266, 48–55. [Google Scholar] [CrossRef]

	



Molnár, Á.P.; Németh, Z.; Fekete, E.; Flipphi, M.; Keller, N.P.; Karaffa, L. Analysis of the relationship between alternative respiration and sterigmatocystin formation in Aspergillus nidulans. Toxins 2018, 10, 168. [Google Scholar] [CrossRef]

	



Adams, T.H.; Wieser, J.K.; Yu, J.H. Asexual sporulation in Aspergillus nidulans. Microbiol. Mol. Biol. Rev. 1998, 62, 35–54. [Google Scholar] [CrossRef]

	



Kocsis, B.; Lee, M.K.; Antal, K.; Yu, J.H.; Pócsi, I.; Leiter, É.; Emri, T. Genome-wide gene expression analyses of the AtfA/AtfB-mediated menadione stress response in Aspergillus nidulans. Cells 2023, 12, 463. [Google Scholar] [CrossRef]

	



Taubitz, A.; Bauer, B.; Heesemann, J.; Ebel, F. Role of respiration in the germination process of the pathogenic mold Aspergillus fumigatus. Curr. Microbiol. 2007, 54, 354–360. [Google Scholar] [CrossRef]

	



Grahl, N.; Dinamarco, T.M.; Willger, S.D.; Goldman, G.H.; Cramer, R.A. Aspergillus fumigatus mitochondrial electron trans-port chain mediates oxidative stress homeostasis, hypoxia responses and fungal pathogenesis. Mol. Microbiol. 2012, 84, 383–399. [Google Scholar] [CrossRef] [PubMed]








[image: Jof 09 01060 g001] 





Figure 1. MSB stress tolerance of a ∆sodB gene-deletion mutant and the appropriate reference (THS30.3) A. nidulans strain on agar plates. 
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Figure 2. Changes in the DCM (A) as well as Et production and specific SOD activities (B) after MSB treatment in submerged A. nidulans cultures. A. nidulans cultures (THS30.3 wild type and ∆sodB gene-deletion mutant) were treated with 0.16 mM of MSB. The means ± SDs calculated from three biological replicates are presented. On (B), blue and green columns indicate Et production and total SOD activities, respectively. a—Significant difference between MSB-treated and untreated cultures (Student’s t-test; p < 0.05). b—Significant difference between the mutant and the reference strain (Student’s t-test; p < 0.05). 
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Figure 3. Venn analysis of the genome-wide transcriptional changes elicited by MSB treatment or sodB gene deletion. The numbers of upregulated/downregulated genes are presented. Upregulated and downregulated genes were defined as DEGs where log2FC > 1, and log2FC < −1, respectively. (A): Effect of MSB treatment on the wild-type strain (THS30.3) and the ∆sodB mutant. (B): Consequences of sodB gene deletion in untreated and MSB (0.16 mM)-treated cultures. 
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Figure 4. Gene set enrichment analyses of the effect of MSB treatment on the reference strain (THS30.3; (A)) and the ∆sodB mutant (B). Selected significantly enriched (p adjusted < 0.05) GO terms are presented. The full list of the enriched GO terms are available in Table S3. Letters in parentheses indicate the studied gene set: “A”—all DEGs, “B”—DEGs with |log2FC| > 1, “C”—DEGs with |log2FC| > 2. If a selected term was enriched in more than one gene set, only the set with the strongest criteria is presented. 
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Figure 5. Gene set enrichment analyses of the consequences of sodB gene deletion in untreated (A) and MSB-treated (B) cultures. Selected significantly enriched (p adjusted < 0.05) GO terms are presented. The full list of the enriched GO terms is available in Table S3. Letters in parentheses indicate the studied gene set: “A”—all DEGs, “B”—DEGs with |log2FC| > 1, “C”—DEGs with |log2FC| > 2. If a selected term was enriched in more than one gene set, only the set with the strongest criteria is presented. 
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