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Abstract

:

The mitochondrial electron transport chain consists of the classical protein complexes (I–IV) that facilitate the flow of electrons and coupled oxidative phosphorylation to produce metabolic energy. The canonical route of electron transport may diverge by the presence of alternative components to the electron transport chain. The following study comprises the bioinformatic identification and functional characterization of a putative alternative oxidase in the smut fungus Sporisorium reilianum f. sp. zeae. This alternative respiratory component has been previously identified in other eukaryotes and is essential for alternative respiration as a response to environmental and chemical stressors, as well as for developmental transitionaoxs during the life cycle of an organism. A growth inhibition assay, using specific mitochondrial inhibitors, functionally confirmed the presence of an antimycin-resistant/salicylhydroxamic acid (SHAM)-sensitive alternative oxidase in the respirasome of S. reilianum. Gene disruption experiments revealed that this enzyme is involved in the pathogenic stage of the fungus, with its absence effectively reducing overall disease incidence in infected maize plants. Furthermore, gene expression analysis revealed that alternative oxidase plays a prominent role in the teliospore developmental stage, in agreement with favoring alternative respiration during quiescent stages of an organism’s life cycle.
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1. Introduction


Sporisorium reilianum is a phytopathogenic basidiomycete with two formae speciales, able to infect maize (S. reilianum f. sp. zeae, SRZ) and sorghum (S. reilianum f. sp. reilianum, SRS). Much like its better known relative, Ustilago maydis, SRZ displays a dimorphic lifestyle, existing as yeast-like haploid sporidia that reproduce asexually by budding [1]. Sexual reproduction can take place and is dependent on a tetrapolar mating-type system that begins with a pheromone-pheromone receptor interaction and allows the fungus to enter its pathogenic stage, first as dikaryotic hyphae, and eventually, as diploid teliospores that can germinate under the right conditions and restart the life cycle [2]. Unlike U. maydis, however, SRZ causes systemic infection on the plant host, emerging as teliospore sori on both male (tassel) and female (ear) inflorescences and causes additional developmental abnormalities, such as phyllody and irregular branching architecture [3,4].



The bioenergetics and intermediary metabolism of fungal systems are poorly understood, despite the relevance of mitochondria and the associated electron transport chain (ETC) as the main source of metabolic currency. Like its mammalian counterpart, the fungal “powerhouse” is comprised of the four classical protein complexes (NADH ubiquinone oxidoreductase or complex I, succinate dehydrogenase or complex II, cytochrome bc1 or complex III and cytochrome c oxidase or complex IV) that can function as proton pumps (with the exception of complex II) to help maintain the electrochemical gradient that drives ATP synthesis via oxidative phosphorylation. Pumping of protons is facilitated by the fixed movement of electrons through the protein complexes, from NADH as the initial donor to molecular oxygen as the final acceptor.



Alternative respiratory pathways recently received special attention, in which additional components diverge electron movement from the classical cytochrome c pathway. For instance, plants were known to deviate from the norm in response to specific metabolic needs, as is the case of the peanut plant, Arachis hypogea, whose embryos are deficient in cytochrome c, are insensitive to potassium cyanide (KCN) and are able to use NADH and succinate as substrates for uncoupled respiration, with significantly reduced ATP production [5]. Another notable alternative component of the ETC was discovered early in a variety of yeasts, which are among the only organisms devoid of complex I [6]. Instead, yeasts have internal and external rotenone-insensitive NADH dehydrogenases that utilize matrix NADH as substrate.



The alternative respiratory component first identified in the peanut plant is a quinol oxidase, also known as alternative oxidase (Aox), which functions like complex IV and catalyzes the reduction of oxygen into water but does not function as a proton pump [7]. In this manner, electron flow is limited to complexes I and II, with complex I being the sole contributor to the electrochemical gradient in the mitochondrial intermembrane space. In plants, deviation from the cytochrome c pathway has been associated with thermotolerance [8,9], chemical [10,11] and oxidative [12,13] stresses, and immunity [14,15]. Aox was also identified in parasites like Trypanosoma brucei (Trypanosome alternative oxidase, TAO) [16], in which it is essential for the maintenance of the mammalian bloodstream forms of the pathogen, and may prove a crucial target in the development of novel drug therapies for the sleeping sickness caused by this parasite [17,18]. Aox was also identified in Cryptosporidium parvum (CpAox), the causative agent of cryptosporidiosis, that lacks membrane-bound organelles and is solely dependent on Aox-mediated respiration limited to mitochondrion-like compartments (mitosomes) [19,20].



In the case of fungi, Aox has been identified in most annotated genomes, including a variety of agriculturally relevant phytopathogens like Botrytis cinerea [21], Magnaporthe grisea [22], Mycosphaerella graminicola [23] and several Aspergillus species [24,25,26], making it an excellent fungicidal target for crop management approaches. Aox was also suggested to be involved in developmental regulation, as is the case for the fungus Blastocladiella emersonii, in which respiratory capacity is higher in highly motile zoospores, compared to vegetative cells that favor Aox-mediated respiration due to their lower metabolic demands [27].



The aim of this study was the identification and functional characterization of a putative Aox in SRZ, based on previous studies involving the related species U. maydis [28,29,30], which found that Aox is dispensable for overall welfare of the fungus but crucial during respiratory stress. SRZ differs from U. maydis in the way it infects maize, with symptoms appearing during the late stages of maturity of the plant. This peculiarity makes SRZ an excellent model to determine if Aox is involved in the long-term survival of the fungus in the plant tissue. Additionally, expression analysis of distinct developmental stages of the fungus indicated increased aox transcript levels in teliospores, corresponding with the use of a less energy-providing respiratory pathway during quiescent stages of the life cycle.




2. Materials and Methods


2.1. Strains and Growth Conditions


The SRZ strains used and generated in this study are listed in Table S1. Haploid strains were grown in potato dextrose (PD) broth on a rotary shaker at 200 rpm or on solid PD agar at 28 °C. Transgenic strains were selected by supplementing the PD medium with hygromycin or carboxin at a final concentration of 100 µg/mL or 5 µg/mL, respectively. For cloning purposes and plasmid maintenance, the transformed Escherichia coli DH5α strain (Thermo Fisher Scientific, Waltham, MA, USA) was grown in Lysogeny Broth (LB) on a rotary shaker at 200 rpm or on solid LB agar at 37 °C. Plasmid selection was achieved by supplementing the LB medium with ampicillin at a final concentration of 200 µg/mL or gentamicin at a final concentration of 10 µg/mL.




2.2. Bioinformatics


The amino acid sequence of the U. maydis Aox (Aox1, NCBI Accession No. XP_011389130.1) was used in a BLASTp search against the genome of SRZ2 (GCA_000230245.1). The resulting amino acid sequence was then used for Multiple Sequence Comparison by Log-Expectation (MUSCLE) in SnapGene 5.3.2 (Insightful Science, LLC, San Diego, CA, USA). For comparison, the amino acid sequences of Aox in other species were included: Sporisorium scitamineum Aox (CDU22616.1), Sporisorium graminicola Aox (XP_029737873.1), Ustilago bromivora Aox (SAM82122.1), U. maydis Aox1 (XP_011389130.1) and Pseudozyma hubeiensis Aox (XP_012186999.1).




2.3. Molecular Techniques


DNA isolation from SRZ and transformation protocols were carried out as previously described for U. maydis [31]. Primers used for the generation of the individual fragments of the desired transformation construct were designed using the open access Primer3 software [32] with complementary overlaps based on the Gibson Assembly cloning method [33]. Primer sequences and respective amplicons are listed in Table S2. Transformation constructs were assembled by first generating individual flanking fragments to the target gene to modify, and individual fragments containing fungal and bacterial selectable markers. The individual pieces were ligated in a single Gibson reaction and the resulting fragment was used for transformation of E. coli.



For the development of the aox deletion construct, the primer pair oHM39/40 was used to generate a single fragment containing both an ampicillin resistance cassette and an origin of replication element using pUC19 (New England Biolabs, Ipswich, MA, USA) DNA as template. Subsequently, the primer pairs oHM35/36 and oHM37/38 were used to generate upstream and downstream flanking regions, respectively, to aox using SRZ2 genomic DNA as template. The primer pair oHM33/34 was used to amplify the hygromycin resistance cassette from pUMA1507 [34] DNA. These fragments were then ligated in a single Gibson reaction and the resulting product was used for transformation of E. coli.



The final plasmid was then isolated and linearized with EcoRV (New England Biolabs, Ipswich, MA, USA). Subsequently, the primer pair oHM36/38 was used to amplify the aox deletion construct (4582 bp), made up of the flanking upstream region, followed by the hygromycin resistance cassette and the flanking downstream region. The amplified construct was used in the transformation of different strains of SRZ facilitated by homologous recombination. Preliminary verification of deletion mutants was achieved by polymerase chain reaction (PCR) using the primer pair oHM33/68, which resulted in the synthesis of a 4582 bp fragment in successful aox deletion mutants. Wildtype (WT) strains were simultaneously used as controls, in which production of a 4005 bp fragment corresponded to the intact aox locus.



For the development of the aox complementation construct, the primer pair oHM40/146 was used to generate a single fragment containing both the ampicillin resistance cassette and origin of replication element using pUC19 (New England Biolabs, Ipswich, MA, USA) DNA as template. The primer pairs oHM147/148 and oHM39/155 were used to generate upstream and downstream flanking regions, respectively, to aox using SRZ2 genomic DNA as template (in this second construct, the upstream region contains Aox in its entirety). The primer pair oHM149/156 was used to amplify the carboxin resistance cassette fragment from pMF4-1c [35] DNA. These fragments were then ligated in a single Gibson reaction and the resulting product was used for transformation of E. coli.



The final plasmid was then isolated and linearized with EcoRV (New England Biolabs, Ipswich, MA, USA). Subsequently, the primer pair oHM30/147 was used to amplify the aox complementation construct (5670 bp), made up of the flanking upstream region containing aox in its entirety, followed by the carboxin resistance cassette and the downstream flanking region. The amplified construct was used in the transformation of aox deletion mutants facilitated by homologous recombination. Preliminary verification of successful transformants was achieved by PCR using the primer pair oHM146/156, which resulted in the production of a fragment 4400 bp in size (WT strains were used as negative controls).



For the investigation of mitochondrial localization of Aox, a fusion construct with a fluorescent protein was designed. The primer pair oHM39/40 was used to generate a single fragment containing both the ampicillin resistance cassette and origin of replication element using pUC19 DNA as template. The primer pairs oHM70/104 and oHM37/38 were used to generate upstream and downstream flanking regions, respectively, to aox, using SRZ2 genomic DNA as template (in this third construct, the upstream region contains the aox coding sequence without the STOP codon). The primer pair oHM102/103 was used to generate a fragment containing eGFP from pMF4-1c [35] DNA. The primer pair oHM34/105 was used to generate the hygromycin resistance cassette from pUMA1507 [34] DNA. These fragments were then ligated in a single Gibson reaction and the resulting product was used for transfomation of E. coli.



The resulting plasmid was isolated and linearized with EcoRV (New England Biolabs, Ipswich, MA, USA). Subsequently, the primer pair oHM38/70 was used to amplify the aox-eGFP fusion construct (6835 bp), made up of the flanking upstream region containg the aox sequence without the STOP codon, followed by eGFP fragment, the hygromycin cassette and the flanking downstream region. The amplified construct was used in the transformation of different strains of SRZ facilitated by homologous recombination. Preliminary verification of successful transformants was achieved by PCR using the primer pair oHM34/102, which resulted in the production of a 3101 bp fragment in succesful transformants (WT strains were used as negative controls.



PCR was carried out in a T100 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) with Ex Taq Hot Start DNA Polymerase (TaKaRa Bio USA, Inc., San Jose, CA, USA), PrimeSTAR Max DNA Polymerase (TaKaRa Bio USA, Inc., San Jose, CA, USA) or DreamTaq Hot Start PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA). PCR cycling conditions for Hot Start DNA polymerases involved an initial denaturation step at 94 °C for 4 min, followed by 34 cycles of a three-step process (denaturation at 94 °C for 30 s, annealing at 58–62 °C for 30 s and extension at 72 °C for 1 min per 1 kb of anticipated product) and a final extension step at 72 °C for 10 min. PCR cycling conditions for PrimeSTAR Max DNA Polymerase involved an initial denaturation step at 98 °C for 2 min, followed by 34 cycles of a three-step process (denaturation at 98 °C for 10 s, annealing at 58–62 °C for 15 s and extension at 72 °C for 30–45 s) and a final extension at 72 °C for 5 min. In preparation for Gibson Assembly, all PCR products were generated using PrimeSTAR Max DNA Polymerase. Gibson Assembly was carried out using the Gibson Assembly Master Mix kit (New England Biolabs, Ipswich, MA, USA) and according to the manufacturer’s instructions.




2.4. Growth Inhibition Assays


Haploid SRZ strains were grown overnight in 4 mL of PD broth on a rotary shaker at 200 rpm at 28 °C. Cells were harvested by centrifugation at 14,000 rpm, quantified using a hemocytometer and adjusted with fresh PD broth, supplemented with antimycin A (AMA; 50 µM) and/or sailcylhydroxamic acid (SHAM; 2 mM), to 105 cells/mL. Control treatments included PD broth supplemented with the respective respiratory inhibitor solvent (ethanol for AMA, and DMSO for SHAM). Cells were incubated overnight on a rotary shaker at 200 rpm at 28 °C and subsequently sub-cultured onto PD agar for determination of total viable colonies (TVC) per mL of medium. One-way ANOVA followed by Tukey’s Multiple Comparison test was performed in GraphPad Prism 9.2.0 (GraphPad Software, LLC, San Diego, CA, USA) to determine statistical significance, with p < 0.05 = significant and p > 0.05 = not significant.




2.5. Pathogenicity Assays


Strains were grown in 50 mL of PD broth on a rotary shaker at 28 °C until an OD600 of 0.5–0.8 was reached. Cells were harvested by centrifugation at 3500 rpm and resuspended in ddH2O to a final OD600 of 2. The desired strain combinations were then mixed in a 1:1 ratio and used to inoculate 7-day old Tom Thumb maize (High Morning Organic Seeds, Wolcott, VT, USA) seedlings. Disease evaluation was performed 7–8 weeks post infection (wpi), in which plant height was recorded and symptoms were scored for the calculation of disease incidence indexes and according to preestablished criteria [4]. One-way ANOVA followed by Tukey’s Multiple Comparison test was performed in GraphPad Prism 9.2.0 (GraphPad Software, LLC, San Diego, CA, USA) to determine statistical significance, with p < 0.05 = significant and p > 0.05 = not significant




2.6. Expression Studies


Two-step reverse transcription quantitative PCR (RT-qPCR) was used for the verification of gene deletions and differential gene expression analysis. Nucleic acids were isolated from SRZ haploid sporidia, diploid teliospores and mated cells by homogenization in a frozen mortar and pestle and treatment with TRIzol reagent (Invitrogen, Waltham, MA, USA). Following cell disruption, RNA was isolated using the Direct-zol RNA Miniprep kit (Zymo, Irvine, CA, USA). Subsequent cDNA synthesis was carried out using Super Script IV (Invitrogen, Waltham, MA, USA) and followed the manufacturer’s instructions. qPCR was carried out in a StepOne Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) using EvaGreen dye (Mango Biotechnology, Cambridge, MA, USA) following the manufacturer’s instructions. Cycling conditions involved an initial denaturation step at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min.



Melting curve analysis was performed at the end of each cycle to ensure specificity of the reaction. Gene-specific primers were designed using the open access Primer3 software [32] and are included in Table S2. The glyceraldehyde 3-phosphate dehydrogenase (gapdh, sr109402) was used as endogenous control for the calculation of relative expression levels using the 2−ΔΔCt (Livak) method [36]. Ct values above 30 or not detectable were indicators of no gene expression. The Student’s t-test was performed in GraphPad Prism 9.2.0 (GraphPad Software, LLC, San Diego, CA, USA) to determine statistical significance, with p < 0.05 = significant and p > 0.05 = not significant.




2.7. Microscopy


Fluorescence images were acquired using a Nikon A1R confocal microscope. Transformed SRZ strains were grown overnight at 28 °C in PD broth to an OD600 of 1. Ten-fold dilutions of each culture were made and 500 µL were placed in the wells of 35-mm CELLview culture dishes (Greiner Bio-One, Monroe, NC, USA). eGFP signal was acquired using a 488 nm line of an Argon laser and was detected at 510 nm. A transmitted light image was acquired during scanning for visualization of cell outline by grouping of the transmitted detector with the argon laser. For confirmation of localization, cells were treated with 100 µM MitoView Blue (Biotium, Fremont, CA 94538, USA) for 10 min. Blue fluorescence was acquired using the DAPI detection channel and overlapped with eGFP fluorescence.





3. Results


3.1. Identification of a Putative Alternative Oxidase in SRZ


The amino acid sequence of the U. maydis Aox1 was used in a BLASTp search against the nuclear genome of SRZ. The resulting sequence of 409 amino acids was then used for MUSCLE analysis against known alternative oxidases in closely and distantly related species (Figure 1). Protein identities of the putative Aox of SRZ were 85.02% for S. scitamineum, 85.48% for S. graminicola, 67.06% for U. bromivora, 70.91% for U. maydis and 72.22% for P. hubeiensis. The highest amino acid identities were between the closest relatives of SRZ (S. scitamineum and S. graminicola) and were consistent with the sizes of their predicted polypeptides (402 and 412 amino acids, respectively). Greater size discrepancies were seen in U. maydis (448 amino acids), U. bromivora (417 amino acids) and, more notably, in the distantly related P. hubeiensis (323 amino acids). Amino acid conservation was strongest in the carboxyl end of the aligned polypeptide sequences, coinciding with a ferritin-like diiron-binding domain (cd01053, E-value = 2.43−85) common in alternative oxidases of plants, fungi and protists. This preliminary bioinformatic evidence strongly suggests the presence of an aox gene in SRZ, encoding a polypeptide of approximately 45 kDa and rich in alanine (13.45%).




3.2. SRZ Aox Localizes to the Mitochondrial Membrane


To determine whether the SRZ Aox ortholog identified bioinformatically corresponds to a mitochondrial protein, a fluorescent Aox-eGFP fusion protein was designed. The SRZ transformants generated with this construct were then analyzed using confocal microscopy. Fluorescence was detected as thin threads that spread out throughout the cell, and even extended to budding daughter cells (Figure 2).



To further confirm that the fluorescence detected originated from mitochondrial structures, cells were treated with the mitochondrial fluorogenic dye MitoView Blue. This chemical has light absorbance and emission at 398 nm and 440 nm, respectively, and can permeate membranes. Upon accumulation in the mitochondrial membrane, the chemical becomes brightly fluorescent. Treatment of cells with this mitochondrial fluorogenic dye confirmed that the green fluorescence coincided with mitochondrial structures (Figure 3).




3.3. Aox Provides an Alternative Route for the Transport of Electrons during Oxidative Phosphorylation


To functionally confirm the presence of an alternative oxidase in the ETC of SRZ, cells were grown in the presence of specific respiratory inhibitors. Cells were treated with antimycin A (AMA), salicylhydroxamic acid (SHAM), or both to infer the predominant respiratory pathway as a function of cell survival, with AMA targeting complex III and SHAM targeting Aox. In addition to an untreated control group, cells were treated with the respective solvents used to prepare the respiratory inhibitors to account for their basal toxicity on SRZ cells. Treatment with AMA and/or SHAM resulted in reduced survival rate in WT strains, although it did not eliminate growth (Figure 4). A significantly higher number of cells was viable after treatment with SHAM alone than with AMA alone, and growth increase was smallest when cells were treated with both AMA and SHAM (Figure 4). This suggests that SRZ is relatively sensitive to AMA and, to a lesser degree, to SHAM. This finding suggests that cells can survive despite the inhibitory action of AMA on the standard cytochrome c pathway by virtue of an alternative respiratory pathway promoted by Aox.



We next tested the effect of the respiration inhibitory substances AMA and SHAM on the growth of the generated aox deletion strains. Addition of AMA and of AMA and SHAM, but not of SHAM alone had a severe growth inhibitory effect on the deletion strains (Figure 4). AMA had a more serious effect on the mutants than it did on the WT strains, suggesting that in aox deletion strains, movement of electrons is predominantly via the cytochrome c pathway.



Lastly, complementation of the deleted aox gene was achieved by transformation of protoplasts of the deletion mutant strains with the complementation construct. This construct incorporated the aox gene in its entirety as part of the upstream flank, in addition to the extra DNA sequence flanking the insertion target site. Successful homologous recombination resulted in the replacement of the hygromycin resistance cassette used to disrupt aox by a carboxin resistance cassette and the aox gene in its native state. The resulting complemented strains were subjected to the same inhibitory treatment as the WT strains. Complementation successfully restored respiratory capacity of aox deletion strains in presence of AMA (Figure S1).




3.4. Alternative Respiration Is Involved in Pathogenicity of SRZ


To determine whether Aox is a crucial component of SRZ during its pathogenic stage, maize seedlings were inoculated with compatible combinations of both WT and aox mutant strains. Symptomatic profiles were analyzed once plants were fully matured (7–8 weeks post inoculation) and are illustrated in Figure 5a. Interestingly, all symptoms were present in plants infected by both WT and mutant strains. However, plants inoculated with the aox deletion strains displayed a reduction in serious symptoms (tassel with spores, leafy tassel and ear with spores) compared to plants inoculated with the WT strains. This last finding was discernable in the overall disease incidence analysis, in which individual symptoms were taken into consideration to ascribe single ratings to the different symptomatic profiles generated. Along these lines, mating combinations of the WT strains were responsible for significantly higher disease incidence indexes than those caused by combinations between the aox mutants. The mutants’ reduced disease incidence without fully disrupting the fungal life cycle may indicate that Aox is acting synergistically with other cellular components during the pathogenic stage of SRZ.




3.5. Aox Expression Is Upregulated during Teliospore Stage of Fungal Life Cycle


To determine whether Aox is involved in developmental regulation, gene expression analysis was implemented. Accordingly, aox transcriptional expression was compared via qRT-PCR during the teliospore (diploid), mated (beginning of dikaryon phase) and sporidium (haploid) stages of SRZ. Relative expression analysis of aox in teliospores was performed separately in reference to SRZ1 (Figure 6) and SRZ2 (Figure S2) sporidia. As controls, teliospores resulting from a compatible cross between aox deletion mutants, as well as mated cells resulting from combining compatible haploid sporidia, were included. In aox deletion strains, no expression was observed. In WT strains, aox was found not to be upregulated in mated cells but be upregulated in teliospores (Figure 6, Figure S2). These results suggest that Aox-mediated respiration is favored during the teliospore developmental stage, consistent with the lower metabolic demands of a quiescent life phase. These findings, however, should be subject of further experimentation to confirm that the higher amounts of Aox transcript detected in teliospores coincides with higher amount of active Aox and higher respiratory capacity.





4. Discussion


Identification and characterization of alternative components of the ETC recently received special attention across different fungal groups, linking them to thermotolerance, pathogenicity and the overall cellular welfare in the face of chemical and environmental stresses. In some cases, however, the benefit of alternative respiration remains unclear. For instance, studies in U. maydis were inconclusive regarding when the fungus switches respiratory routes at different stages of its life cycle. Accordingly, the current study focused on identifying an Aox homolog in the related species SRZ, as it provides some peculiarities during its life cycle that may shed light on the advantages of Aox-mediated respiration. The bioinformatic analysis used for the identification of Aox in SRZ revealed high amino acid identity to that encoded by the U. maydis ortholog, Aox1. The analysis also included Aox amino acid sequences of species closely and distantly related to SRZ, providing further support for the identification of a putative Aox in SRZ. Despite some polypeptide size differences between the predicted Aox polypeptide of SRZ and that of distantly related species, amino acid identity was relatively high across all species. More importantly, the analysis revealed the presence of an iron binding domain in all sequences, that was previously characterized in other organisms [16,17].



Functional verification of the putative Aox was based on the effect of mitochondrial inhibitors on overall cell growth. This assay proved to be uncomplicated and cost-effective, as it permitted the direct assessment of the effects of specific mitochondrial inhibitors on cell survival. The classical cytochrome c pathway (Figure 7) was blocked by inhibiting cytochrome bc1 (complex III) using AMA. AMA is a bacterial secondary metabolite that acts by binding to the Qi site of complex III, thereby competing with coenzyme Q to arrest the movement of electrons. Ultimately, this blockage leads to electron efflux, with the potential to become harmful as electrons leak into mitochondrial spaces to form highly toxic products, such as reactive oxygen species (ROS).



The presence of an alternative oxidase provides an alternate route for electron transport, receiving electrons directly from reduced ubiquinol to reduce oxygen into water. This one-step process only depends on NADH oxidoreductase (complex I) as the sole contributor to the proton motive force in the intermembrane space of the mitochondrion. An organism equipped with this diverging route for electron transport can dissipate the build-up of electrons caused by AMA and survive the inhibition of the classical cytochrome c pathway, albeit with a significant decrease in ATP synthesis.



A loss-of-function approach suggested notable differences during the pathogenic stage of SRZ. Although WT and mutant crosses of SRZ successfully colonized, invaded and induced symptoms in the plant, they did so at significantly different frequencies and deletion of aox resulted in overall weaker symptoms. Deletion of aox in U. maydis did not result in weaker virulence. However, U. maydis only produces local infections, and symptoms are scored as early as 2 wpi. SRZ infection provides the ability for long-term evaluation of the phytopathogen, as disease evaluation requires fully mature maize plants. Accordingly, Aox may be involved in the endurance of the fungus once inside of the host plant. The controlled nature of the infection experiments possibly contributed to the survival of the deletion mutants in the plant tissue, as a natural population of maize is constantly challenged by environmental insults. Further experimentation is required and should take into consideration environmental factors that may affect both the fungus and the host plant, such as extreme temperatures, to uncover additional aspects of the involvement of Aox in pathogenicity.



Expression analysis of different stages of the life cycle of SRZ revealed that aox is upregulated in teliospores, in contrast with haploid sporidia and even mated cells. The analysis was performed in reference to different haploid strains, as these behaved differently in the conducted qRT-PCR experiments. However, aox transcript levels of teliospores remained significantly higher regardless of the reference strain used. This finding is consistent with what was found in other organisms, in which specific life cycle stages favor secondary respiration in response to different metabolic demands. This finding suggests that Aox may play an important role in the teliospore stage of SRZ. Additional experimentation is needed to confirm if these specialized developmental structures, which remain relatively quiescent until they disseminate and germinate, do in fact have increased respiration rates mediated by Aox. In contrast, given that haploid sporidia are in constant division and must grow by budding or, after successful mating, filamentously for successful pathogenic development, ATP requirements are significantly higher. The higher metabolic demand imposed by sporidia can thus be fulfilled by the canonical cytochrome c pathway of the ETC, with three of the four classical protein complexes contributing to the mitochondrial proton motive force.



The presence of Aox in plants contributes additional complexities to studies of this nature, as the evolutionary history of host-pathogen interactions should not be ignored. Quite surprisingly, the Aox of Zea mays (Aox1a, NCBI Accession No. LOC100273671) that was identified and extensively characterized early, was linked to thermotolerance and osmotic and oxidative regulation [37,38,39]. Along these lines, many arguments could be made regarding the biological interactions between SRZ and maize throughout their evolutionary history that may explain the emergence of Aox as an adaptive innovation or as simply the result of divergent evolution.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/jof8020148/s1, Figure S1—Growth inhibition assay of complemented SRZ∆aox strains; Figure S2—Fold change differences of aox expression in teliospores and haploid cells of SRZ in reference to SRZ2; Table S1—Strains used and generated in this study; Table S2—Primers used in this study.





Author Contributions


H.M. and M.H.P. conceived and designed the experiments. H.M. and M.H.P. wrote the manuscript. H.M., M.H.P. and J.S. edited the manuscript. C.D.C., E.A.L. and L.A.S. carried out the experiments. S.K., C.M. and J.S. provided technical guidance in the genetic manipulation of SRZ strains for the generation of deletion mutants. H.M. created all Figures. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants to HM from the Southern Regional Educational Board (SREB) and the Graduate School and the College of Arts & Sciences at the University of Louisville, including both a Diversity Fellowship and a Dissertation Completion Grant. Additionally, financial support for this this project came from National Science Foundation/IRES Award #1824851 to MHP.




Institutional Review Board Statement


Not Applicable.




Informed Consent Statement


Not Applicable.




Data Availability Statement


Gene and protein sequences are available at NCBI.




Acknowledgments


The authors also wish to express their gratitude to Nisha Agrawal, from the Friedrich-Schiller University (Jena, Germany), for assistance with genetic manipulation of SRZ, and Robert Skolik and Clinton Belott, from the University of Louisville (Kentucky, USA), whose expertise in mitochondrial respiration and confocal microscopy, respectively, were crucial in the preparation of this study. We also thank two anonymous reviewers whose constructive criticism led to an improved final paper.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or in the decision to publish the results.




References


	



Martinez, C.; Roux, C.; Jauneau, A.; Dargent, R. The biological cycle of sporisorium reilianum f.sp. zeae: An overview using microscopy. Mycologia 2002, 94, 505–514. [Google Scholar] [PubMed]

	



Schirawski, J.; Heinze, B.; Wagenknecht, M.; Kahmann, R. Mating type loci of Sporisorium reilianum: Novel pattern with three a and multiple b specificities. Eukaryot. Cell 2005, 4, 1317–1327. [Google Scholar] [CrossRef] [PubMed]

	



Ghareeb, H.; Becker, A.; Iven, T.; Feussner, I.; Schirawski, J. Sporisorium reilianum infection changes inflorescence and branching architectures of maize. Plant Physiol. 2011, 156, 2037–2052. [Google Scholar] [CrossRef] [PubMed]

	



Ghareeb, H.; Zhao, Y.; Schirawski, J. Sporisorium reilianum possesses a pool of effector proteins that modulate virulence on maize. Mol. Plant Pathol. 2019, 20, 124–136. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, S.B.; Bonner, W.D. Studies of electron transport in dry and imbibed peanut embryos. Plant Physiol. 1971, 48, 340–344. [Google Scholar] [CrossRef]

	



Nosek, J.; Fukuhara, H. NADH dehydrogenase subunit genes in the mitochondrial DNA of yeasts. J. Bacteriol. 1994, 176, 5622–5630. [Google Scholar] [CrossRef] [PubMed]

	



Moore, A.L.; Siedow, J.N. The regulation and nature of the cyanide-resistant alternative oxidase of plant mitochondria. Biochim. Biophys. Acta 1991, 1059, 121–140. [Google Scholar] [CrossRef]

	



Erdal, S.; Genisel, M.; Turk, H.; Dumlupinar, R.; Demir, Y. Modulation of alternative oxidase to enhance tolerance against cold stress of chickpea by chemical treatments. J. Plant Physiol. 2015, 175, 95–101. [Google Scholar] [CrossRef]

	



Grabelnych, O.I.; Borovik, O.A.; Tauson, E.L.; Pobezhimova, T.P.; Katyshev, A.I.; Pavlovskaya, N.S.; Koroleva, N.A.; Lyubushkina, I.V.; Bashmakov, V.Y.; Popov, V.N.; et al. Mitochondrial energy-dissipating systems (alternative oxidase, uncoupling proteins, and external NADH dehydrogenase) are involved in development of frost-resistance of winter wheat seedlings. Biochemistry 2014, 79, 506–519. [Google Scholar] [CrossRef]

	



Smith, C.A.; Melino, V.J.; Sweetman, C.; Soole, K.L. Manipulation of alternative oxidase can influence salt tolerance in Arabidopsis thaliana. Physiol. Plant. 2009, 137, 459–472. [Google Scholar] [CrossRef]

	



Wu, G.; Li, S.; Li, X.; Liu, Y.; Zhao, S.; Liu, B.; Zhou, H.; Lin, H. A functional alternative oxidase modulates plant salt tolerance in Physcomitrella patens. Plant Cell Physiol. 2019, 60, 1829–1841. [Google Scholar] [CrossRef] [PubMed]

	



Mhadhbi, H.; Fotopoulos, V.; Mylona, P.V.; Jebara, M.; Aouani, M.E.; Polidoros, A.N. Alternative oxidase 1 (Aox1) gene expression in roots of Medicago truncatula is a genotype-specific component of salt stress tolerance. J. Plant Physiol. 2013, 170, 111–114. [Google Scholar] [CrossRef] [PubMed]

	



Dinakar, C.; Vishwakarma, A.; Raghavendra, A.S.; Padmasree, K. Alternative oxidase pathway optimizes photosynthesis during osmotic and temperature stress by regulating cellular ROS, malate valve and antioxidative systems. Front. Plant Sci. 2016, 7, 68. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Oh, Y.; Li, H.; Baldwin, I.T.; Galis, I. Alternative oxidase in resistance to biotic stresses: Nicotiana attenuata AOX contributes to resistance to a pathogen and a piercing-sucking insect but not Manduca sexta larvae. Plant Physiol. 2012, 160, 1453–1467. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Cui, R.; Xu, X.; Cheng, Q.; Li, X. Jasmonic acid- and ethylene-induced mitochondrial alternative oxidase stimulates Marssonina brunnea defense in poplar. Plant Cell Physiol. 2021, 61, 2031–2042. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhuri, M.; Ajayi, W.; Hill, G.C. Biochemical and molecular properties of the Trypanosoma brucei alternative oxidase. Mol. Biochem. Parasitol. 1998, 95, 53–68. [Google Scholar] [CrossRef]

	



Ott, R.; Chibale, K.; Anderson, S.; Chipeleme, A.; Chaudhuri, M.; Guerrah, A.; Colowick, N.; Hill, G.C. Novel inhibitors of the trypanosome alternative oxidase inhibit Trypanosoma brucei growth and respiration. Acta Trop. 2006, 100, 172–184. [Google Scholar] [CrossRef]

	



Nakamura, K.; Fujioka, S.; Fukumoto, S.; Inoue, N.; Sakamoto, K.; Hirata, H.; Kido, Y.; Yabu, Y.; Suzuki, T.; Watanabe, Y.; et al. Trypanosome alternative oxidase, a potential therapeutic target for sleeping sickness, is conserved among Trypanosoma brucei subspecies. Parasitol. Int. 2010, 59, 560–564. [Google Scholar] [CrossRef]

	



Roberts, C.W.; Roberts, F.; Henriquez, F.L.; Akiyoshi, D.; Samuel, B.U.; Richards, T.A.; Milhous, W.; Kyle, D.; McIntosh, L.; Hill, G.C.; et al. Evidence for mitochondrial-derived alternative oxidase in the apicomplexan parasite Cryptosporidium parvum: A potential anti-microbial agent target. Int. J. Parasitol. 2004, 34, 297–308. [Google Scholar] [CrossRef]

	



Liu, S.; Roellig, D.M.; Guo, Y.; Li, N.; Frace, M.A.; Tang, K.; Zhang, L.; Feng, Y.; Xiao, L. Evolution of mitosome metabolism and invasion-related proteins in Cryptosporidium. BMC Genom. 2016, 17, 1006. [Google Scholar] [CrossRef]

	



Lin, Z.; Wu, J.; Jamieson, P.A.; Zhang, C. Alternative oxidase is involved in the pathogenicity, development, and oxygen stress response of Botrytis cinerea. Phytopathology 2019, 109, 1679–1688. [Google Scholar] [CrossRef] [PubMed]

	



Yukioka, H.; Inagaki, S.; Tanaka, R.; Katoh, K.; Miki, N.; Mizutani, A.; Masuko, M. Transcriptional activation of the alternative oxidase gene of the fungus Magnaporthe grisea by a respiratory-inhibiting fungicide and hydrogen peroxide. Biochim. Biophys. Acta 1998, 1442, 161–169. [Google Scholar] [CrossRef]

	



Miguez, M.; Reeve, C.; Wood, P.M.; Hollomon, D.W. Alternative oxidase reduces the sensitivity of Mycosphaerella graminicola to QOI fungicides. Pest Manag. Sci. 2004, 60, 3–7. [Google Scholar] [CrossRef]

	



Magnani, T.; Soriani, F.M.; Martins Vde, P.; Policarpo, A.C.; Sorgi, C.A.; Faccioli, L.H.; Curti, C.; Uyemura, S.A. Silencing of mitochondrial alternative oxidase gene of Aspergillus fumigatus enhances reactive oxygen species production and killing of the fungus by macrophages. J. Bioenerg. Biomembr. 2008, 40, 631–636. [Google Scholar] [CrossRef] [PubMed]

	



Hou, L.; Liu, L.; Zhang, H.; Zhang, L.; Zhang, L.; Zhang, J.; Gao, Q.; Wang, D. Functional analysis of the mitochondrial alternative oxidase gene (aox1) from Aspergillus niger CGMCC 10142 and its effects on citric acid production. Appl. Microbiol. Biotechnol. 2018, 102, 7981–7995. [Google Scholar] [CrossRef] [PubMed]

	



Tian, F.; Lee, S.Y.; Woo, S.Y.; Chun, H.S. Alternative Oxidase: A potential target for controlling aflatoxin contamination and propagation of Aspergillus flavus. Front. Microbiol. 2020, 11, 419. [Google Scholar] [CrossRef]

	



Luevano-Martinez, L.A.; Caldeira da Silva, C.C.; Nicastro, G.G.; Schumacher, R.I.; Kowaltowski, A.J.; Gomes, S.L. Mitochondrial alternative oxidase is determinant for growth and sporulation in the early diverging fungus Blastocladiella emersonii. Fungal Biol. 2019, 123, 59–65. [Google Scholar] [CrossRef] [PubMed]

	



Juarez, O.; Guerra, G.; Martinez, F.; Pardo, J.P. The mitochondrial respiratory chain of Ustilago maydis. Biochim. Biophys. Acta 2004, 1658, 244–251. [Google Scholar] [CrossRef]

	



Juarez, O.; Guerra, G.; Velazquez, I.; Flores-Herrera, O.; Rivera-Perez, R.E.; Pardo, J.P. The physiologic role of alternative oxidase in Ustilago maydis. FEBS J. 2006, 273, 4603–4615. [Google Scholar] [CrossRef]

	



Cardenas-Monroy, C.A.; Pohlmann, T.; Pinon-Zarate, G.; Matus-Ortega, G.; Guerra, G.; Feldbrugge, M.; Pardo, J.P. The mitochondrial alternative oxidase Aox1 is needed to cope with respiratory stress but dispensable for pathogenic development in Ustilago maydis. PLoS ONE 2017, 12, e0173389. [Google Scholar] [CrossRef]

	



Schulz, B.; Banuett, F.; Dahl, M.; Schlesinger, R.; Schafer, W.; Martin, T.; Herskowitz, I.; Kahmann, R. The b alleles of U. maydis, whose combinations program pathogenic development, code for polypeptides containing a homeodomain-related motif. Cell 1990, 60, 295–306. [Google Scholar] [CrossRef]

	



Untergasser, A.; Cutcutache, I.; Koressaar, T.; Ye, J.; Faircloth, B.C.; Remm, M.; Rozen, S.G. Primer3--new capabilities and interfaces. Nucleic Acids Res. 2012, 40, e115. [Google Scholar] [CrossRef] [PubMed]

	



Gibson, D.G.; Young, L.; Chuang, R.Y.; Venter, J.C.; Hutchison, C.A., 3rd; Smith, H.O. Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat. Methods 2009, 6, 343–345. [Google Scholar] [CrossRef] [PubMed]

	



Brachmann, A.; Konig, J.; Julius, C.; Feldbrugge, M. A reverse genetic approach for generating gene replacement mutants in Ustilago maydis. Mol. Genet. Genom. 2004, 272, 216–226. [Google Scholar] [CrossRef] [PubMed]

	



Terfruchte, M.; Joehnk, B.; Fajardo-Somera, R.; Braus, G.H.; Riquelme, M.; Schipper, K.; Feldbrugge, M. Establishing a versatile Golden Gate cloning system for genetic engineering in fungi. Fungal Genet. Biol. 2014, 62, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(−Delta Delta C(T)) Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Stewart, C.R.; Martin, B.A.; Reding, L.; Cerwick, S. Seedling growth, mitochondrial characteristics, and alternative respiratory capacity of corn genotypes differing in cold tolerance. Plant Physiol. 1990, 92, 761–766. [Google Scholar] [CrossRef]

	



Stewart, C.R.; Martin, B.A.; Reding, L.; Cerwick, S. Respiration and alternative oxidase in corn seedling tissues during germination at different temperatures. Plant Physiol. 1990, 92, 755–760. [Google Scholar] [CrossRef]

	



Polidoros, A.N.; Mylona, P.V.; Pasentsis, K.; Scandalios, J.G.; Tsaftaris, A.S. The maize alternative oxidase 1a (Aox1a) gene is regulated by signals related to oxidative stress. Redox Rep. 2005, 10, 71–78. [Google Scholar] [CrossRef]








[image: Jof 08 00148 g001 550] 





Figure 1. Multiple Sequence Comparison by Log-Expectation (MUSCLE) analysis of amino acid sequence of putative S. reilianum f. sp. zeae (SRZ) Aox against known polypeptides. Aox amino acid sequences of the following organisms were used: S. scitamineum (Ss, CDU22616.1), S. graminicola (Sg, XP_029737873.1), U. bromivora (Ub, SAM82122.1), U. maydis (Um, XP_011389130.1) and P. hubeiensis (Ph, XP_012186999.1). Amino acids with similar physico-chemical properties are represented by the same color. Bars represent amino acid conservation across all sequences analyzed, with darker and taller bars corresponding to higher conservation indexes. Amino acids in bold make up the consensus sequence and represent 100% conservation in that position. 
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Figure 2. Confocal microscopy of cells transformed with the Aox-eGFP fusion construct. The Aox-eGFP protein fusion renders mitochondrial structures (arrowheads) as thin threads within budding cells. 
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Figure 3. Confirmation of localization of Aox in SRZ. (a) eGFP fluorescence. (b) MitoView Blue fluorescence. (c) Merged green and blue fluorescence. 
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Figure 4. Growth inhibition assay of SRZ. A total of 105 cells/mL were treated as indicated in the figure key and incubated at 28 °C for 24 h. Control groups consisted of untreated cells grown in PD broth. AMA and SHAM were used at concentrations of 50 µM and 2 mM, respectively. Cultures were then plated onto PD agar to determine number of surviving colonies. Bars represent averages of biological triplicates with standard errors indicated. One-way ANOVA followed by Tukey’s Multiple Comparison Test was performed in Graphpad 9.0. Letters above bars represent significant differences (p < 0.05) between different treatments in reference to corresponding control group of each strain. Comparisons of treatments between different strains are indicated by connecting black line brackets and significant differences (p < 0.05) are represented by asterisks. 
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Figure 5. Assessment of pathogenicity of SRZ on maize. (a) Mutant and WT strains of SRZ were used to inoculate maize seedlings. Inoculations were performed in triplicate, with 20 plants per replicate (N = 60). Symptoms were scored at 7–8 wpi according to preestablished criteria [4]. (b) Mean disease incidence indexes were calculated based on the individual symptoms ranking. Bars represent averages of biological triplicates, with standard errors indicated. Comparisons were made between WT crosses and their corresponding aox deletion mutant crosses, with significant differences indicated by asterisks above bars (p < 0.05). 
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Figure 6. Fold change differences of aox expression in teliospores and haploid cells of SRZ in reference to SRZ1. Analysis was performed relative to gapdh expression as endogenous control. Relative expression levels were calculated using the 2−ΔΔCt method and were performed in reference to SRZ1. Mated cells and teliospores produced in a cross between aox deletion mutants were included as controls. Coloring of bars corresponds to cell type: blue = haploid cells, green = teliospores, pink = mated cells. Significant differences are indicated by letters on top of bars (p < 0.05). 
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Figure 7. Aox-mediated respiration. Black arrows indicate movement of electrons. The canonical cytochrome c pathway includes the classical protein complexes, depicted in green, with protons pumped into the intermembrane space by complexes I, III and IV. This pathway is coupled to ATP synthesis by contributing to the proton gradient in the intermembrane space that will drive ATP synthesis via ATP synthase (complex V, in yellow). Inhibition of complex III by drugs like anti-mycin A (AMA) halts movement of electrons via the classical route. Aox (in orange) functions as complex IV, reducing oxygen into water, thus providing an additional route to finalize electron flow. However, Aox does not function as a proton pump, effectively diminishing the proton gradient and, consequently, reducing ATP synthesis. Aox may be targeted for inhibition by chemicals like salicylhydroxamic acid (SHAM). 
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