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Fungi and bacteria are the main terrestrial decomposers as they act in virtually all ecological niches (Ivarsson et al., 2016). Fungi are also widely used in human activities in the production of beverages, food, and high-value biotechnological molecules such as enzymes, pigments, vitamins, and antibiotics (Polizeli et al., 2005; Narsing Rao et al., 2017). Beyond that, fungi are model organisms for basic and applied research from genetics to ecology (dos Santos Castro et al., 2016; Peay et al., 2016). However, they can also be a threat as many of them are pathogens of plants, invertebrates, humans, and other vertebrates (Arvanitis et al., 2013; Hohl, 2014; Peay et al., 2016). Undoubtedly, rapid and accurate identification of fungi is fundamentally important.

Megadiverse countries, such as Brazil (Mittermeier et al., 2005), have underutilized biological resources embedded in a microbial diversity that is poorly studied (Pylro et al., 2014). This diversity has immeasurable societal value (Bodelier, 2011), but the paucity of taxonomic knowledge on microbial species hinders bioprospection projects (Paterson and Lima, 2017), ultimately affecting biotechnology, conservation ecology, medicine, and public health (Hawksworth, 1991). The scarcity of specialized microbial culture collections, particularly in hot spot areas (Lourenço and Vieira, 2004), makes microbial surveys a daunting, but necessary task.

Culture collections identify, catalog, store, and supply microorganisms to end users (Simões et al., 2016). Through those activities, they train scientists and shape the development of microbial taxonomy. Historically, fungal taxonomy and identification have been based mainly on morphological traits (Guarro et al., 1999). However, morphology proved to be insufficient given intraspecific variation and interspecific similarities (Geiser et al., 2007). A polyphasic approach using as many traits as possible seemed to be the best alternative, as the combination of diverse characters could provide a better representation of similarities and robust identifications (Samson and Varga, 2009). Biochemical and physiological characters, such as secondary metabolites and growth profiles, were used, followed by molecular data from multiple housekeeping genes, such as ITS, calmodulin, and beta-tubulin (Frisvad et al., 2007). In the new era of spectral techniques in microbial identification using the matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), mycologists have added spectral data to their polyphasic approach (Lima and Santos, 2017). MALDI-TOF MS proved to be a suitable method to identify fungi as it generates species-specific spectral data of large organic molecules, such as proteins (Santos et al., 2010). Santos et al. (2017) and Lima and Santos (2017) have described MALDI-TOF MS' basic principles that can be summarized as follows: the fungal sample is covered with an organic matrix, which functions as an energy mediator, and then subjected to a pulsed laser. When the laser shuts the sample, the matrix mixture generates a gas-phase ions plume.The ions will fly separately according to their ionic mass and eventually they will reach the detector.

Rapidly, MALDI-TOF MS revolutionized clinical microbiology and streamlined the polyphasic approach as being accurate, rapid, and cost-effective. The technique has been successfully applied in the identification of filamentous fungi (Santos et al., 2010), yeasts (Lima-Neto et al., 2014), bacteria (Rodrigues et al., 2014), and viruses (Calderaro et al., 2014). Yet, MALDI-TOF MS has limited capacity in identifying closely related fungal taxa, such as the dimorphic fungi with mycelial-to-yeast phase transitions or highly encapsulated yeasts (Lima and Santos, 2017). Another drawback is the quality and the extension of spectra from microbial taxa that each database delivers (Santos et al., 2017).

FUNGAL COMMUNITY ECOLOGY USING MALDI-TOF MS REQUIRES COLLABORATIVE EFFORTS TOWARD CURATED MASS SPECTRAL DATABASES

Traditional polyphasic identifications may not always be appropriate for strictly clinical settings, because they are time-consuming and onerous. Taking a long time to identify a pathogen can ultimately cost the life of patients (Brown et al., 2012). That is why rapid and accurate methods such as MALDI-TOF MS (Alanio et al., 2011) or sequence-based analyses (Balajee et al., 2009) are attractive. Conversely, microbial surveys in ecological studies should aim to identify and characterize microorganisms in a more complete manner (Hanemaaijer et al., 2015). A polyphasic approach is therefore suitable, as it not only reduces misidentifications, but it also gives a more holistic picture of the organisms sampled (Samson and Varga, 2009).

MALDI-TOF MS has potential use in microbial ecology studies (Santos et al., 2016) given adequate data handling. The main obstacle is the lack of reference databases for non-medical strains (Rahi et al., 2016). Every single study on MALDI-TOF MS species identification points to the importance of reference databases, as sample preparation methods, matrix components, and even type of material analyzed (either whole cell or supernatant) may influence the quality and accuracy of spectra (Santos et al., 2017). Accordingly, databases need standardization for as many microbial groups as possible.

As different taxa can demand different protocols, generating new reference spectra should be a cooperative work among different laboratories to generate standardized (and comparable) public databases (Sauget et al., 2017). Other public databases, such as the National Center for Biotechnology Information–Sequence Read Archive (NCBI-SRA), can provide excellent material for comparative studies (Sanitá Lima and Smith, 2017a,b), because they are teeming with high quality genomic and transcriptomic data (Smith and Sanitá Lima, 2016). Hitherto, gene and protein databases are also crammed with poorly annotated sequences and datasets (Sanitá Lima and Smith, 2017c), so their spectral counterpart should avoid running into the same problem.

CHALLENGES OF STUDYING EUKARYOTIC MICROBIAL COMMUNITIES

Characterizing and identifying the constituents of microbial assemblages unravel surprising ways microorganisms affect ecosystems and human activities (Peay et al., 2016). For instance, belowground microbial decomposer communities respond to ecosystem engineers in Boreal peatland (Palozzi and Lindo, 2017a) suggesting local adaptation to plant litter nutrients (Palozzi and Lindo, 2017b). Microbial co-cultures also produce synergistic enzymatic mixtures widely used in industrial fermentative processes (Lima et al., 2016). Yet, the diversity of microbial communities is mostly unknown, particularly in megadiverse countries (Scheffers et al., 2012). The “meta-omics” approach, namely metagenomics, metatranscriptomics, metaproteomics, and metabolomics, changed our understanding of microbial communities (Jansson and Baker, 2016), mainly for prokaryotes. Eukaryotic microorganisms impose greater challenges to community-level studies because their genomes do not robustly predict their ecological roles as in bacteria (Keeling and del Campo, 2017). Traditional transcriptomics and the more recent approach of single-cell genomics/transcriptomics can aid in the characterization of eukaryotic microbial communities (Kolisko et al., 2014), but better understanding the ecology of eukaryotic microbes will only be possible if organisms are isolated, cultured, and studied at the cellular level (Keeling and del Campo, 2017). Reiterative pipelines of phylogenomics and sub-culturing studies can then help to disentangle microbial communities (Cibrián-Jaramillo and Barona-Gómez, 2016) facilitating their final identification through MALDI-TOF MS, for instance.

Estimates on the number of fungi species vary considerably and even as many as 1.5 million species seems to be a conservative number (Hawksworth and Lücking, 2017). Fungi are everywhere, from the bottom of the oceans (Richards et al., 2012) to the alpine glaciers (Brunner et al., 2011). Identifying these fungal communities will then shape our understanding of evolution, ecosystems services, and biogeochemical cycles as well as influence human progress (Hawksworth, 2009). Given the dimension of fungi diversity, the demand for skilled personnel is high (Hibbett and Taylor, 2013). Indeed, the deluge of genomic and transcriptomic data from all sorts of organisms, requires traditional taxonomists like never before and calls back the old-school naturalist approach to Biology (Keeling and del Campo, 2017). Culture collections together with their broader counterpart, microbial Biological Resource Centers (mBRCs), will play fundamental roles in this process, as they are hubs for taxonomic training and long-term preservation of microorganisms. Standardized identification methods and catalogs of microbial strains (Stackebrandt and Smith, 2018) will assist microbial ecology, whereas MALDI-TOF MS has the potential to become a unifying method of identification. However, integration among laboratories to standardize protocols and to improve databases is the main bottleneck.

AUTHOR CONTRIBUTIONS

NL, CS, and MP proposed and conducted the discussions that led to this opinion piece. MS and RC researched the literature and drafted the manuscript. NL, CS, and MP revised the manuscript. All authors approved the final version.

ACKNOWLEDGMENTS

Authors thank professors Marc-André Lachance and Greg Thorn for critical reading on initial drafts of this piece. Mariana Cereia, English teacher, kindly proofread the final version. Authors also thank Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), Conselho de Desenvolvimento Científico e Tecnológico (CNPq) and National System for Research on Biodiversity (Sisbiota-Brazil, CNPq 563260/2010-6/FAPESP n° 2010/52322-3) for supporting previous work that led to this opinion piece. CS thanks the Universidad de La Frontera (Temuco, Chile) for the partial funding from Project DIUFRO DI18-0121. NL thanks the partial support by the Portuguese Foundation for Science and Technology (FCT), the strategic funding of the UID/BIO/04469/2019 unit, COMPETE 2020 (POCI-01-0145-FEDER-006684) and the BioTecNorte operation (NORTE-01-0145-FEDER-000004), funded by the European Regional Development Fund through Norte2020—Programa Operacional Regional do Norte.

REFERENCES

 Alanio, A., Beretti, J. L., Dauphin, B., Mellado, E., Quesne, G., Lacroix, C., et al. (2011). Matrix-assisted laser desorption ionization time-of-fight mass spectrometry for fast and accurate identification of clinically relevant Aspergillus species. Clin. Microbiol. Infect. 17, 750–755. doi: 10.1111/j.1469-0691.2010.03323.x

 Arvanitis, M., Glavis-Bloom, J., and Mylonakis, E. (2013). Invertebrate models of fungal infection. Biochim. Biophys. Acta 1832, 1378–1383. doi: 10.1016/j.bbadis.2013.03.008

 Balajee, S. A., Borman, A. M., Brandt, M. E., Cano, J., Cuenca-Estrella, M., Dannaoui, E., et al. (2009). Sequence-based identification of Aspergillus, Fusarium, and Mucorales species in the clinical mycology laboratory: where are we and where should we go from here? J. Clin. Microbiol. 47, 877–884. doi: 10.1128/JCM.01685-08

 Bodelier, P. L. (2011). Toward understanding, managing, and protecting microbial ecosystems. Front. Microbiol. 2:80. doi: 10.3389/fmicb.2011.00080

 Brown, G. D., Denning, D. W., Gow, N. A., Levitz, S. M., Netea, M. G., and White, T. C. (2012). Hidden killers: human fungal infections. Sci. Transl. Med. 4:165rv13. doi: 10.1126/scitranslmed.3004404

 Brunner, I., Plötze, M., Rieder, S., Zumsteg, A., Furrer, G., and Frey, B. (2011). Pioneering fungi from the Damma glacier forefield in the Swiss Alps can promote granite weathering. Geobiology 9, 266–279. doi: 10.1111/j.1472-4669.2011.00274.x

 Calderaro, A., Arcangeletti, M.-C., Rodighiero, I., Buttrini, M., Gorrini, C., Motta, F., et al. (2014). Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry applied to virus identification. Sci. Rep. 4:6803. doi: 10.1038/srep06803

 Cibrián-Jaramillo, A., and Barona-Gómez, F. (2016). Increasing metagenomic resolution of microbiome interactions through functional phylogenomics and bacterial sub-communities. Front. Genet. 7:4. doi: 10.3389/fgene.2016.00004

 dos Santos Castro, L., de Paula, R. G., Antoniêto, A. C., Persinoti, G. F., Silva-Rocha, R., and Silva, R. N. (2016). Understanding the role of the master regulator XYR1 in Trichoderma reesei by global transcriptional analysis. Front. Microbiol. 7:175. doi: 10.3389/fmicb.2016.00175

 Frisvad, J. C., Larsen, T. O., de Vries, R., Meijer, M., Houbraken, J., Cabañes, F. J., et al. (2007). Secondary metabolite profiling, growth profiles and other tools for species recognition and important Aspergillus mycotoxins. Stud. Mycol. 59, 31–37. doi: 10.3114/sim.2007.59.04

 Geiser, D. M., Klich, M. A., Frisvad, J. C., Peterson, S. W., Varga, J., and Samson, R. A. (2007). The current status of species recognition and identification in Aspergillus. Stud. Mycol. 59, 1–10. doi: 10.3114/sim.2007.59.01

 Guarro, J., Gené, J., and Stchigel, A. M. (1999). Developments in fungal taxonomy. Clin. Microbiol. Rev. 12, 454–500.

 Hanemaaijer, M., Röling, W. F., Olivier, B. G., Khandelwal, R. A., Teusink, B., and Bruggeman, F. J. (2015). Systems modeling approaches for microbial community studies: from metagenomics to inference of the community structure. Front. Microbiol. 6:213. doi: 10.3389/fmicb.2015.00213

 Hawksworth, D. L. (1991). The fungal dimension of biodiversity: magnitude, significance, and conservation. Mycol. Res. 95, 641–655. doi: 10.1016/S0953-7562(09)80810-1

 Hawksworth, D. L. (2009). “Mycology: a neglected megascience” in Applied Mycology, eds M. Rai and P. D. Bridge (Wallingford; Oxon: CABI, CABI Publishing), 1–16.

 Hawksworth, D. L., and Lücking, R. (2017). Fungal diversity revisited: 2.2 to 3.8 million species. Microbiol. Spectr. 5:FUNK-0052-2016. doi: 10.1128/microbiolspec.FUNK-0052-2016

 Hibbett, D. S., and Taylor, J. W. (2013). Fungal systematics: is a new age of enlightenment at hand? Nat. Rev. Microbiol. 11, 129–133. doi: 10.1038/nrmicro2963

 Hohl, T. M. (2014). Overview of vertebrate animal models of fungal infection. J. Immunol. Methods 410, 100–112. doi: 10.1016/j.jim.2014.03.022

 Ivarsson, M., Schnürer, A., Bengtson, S., and Neubeck, A. (2016). Anaerobic fungi: a potential source of biological H2 in the oceanic crust. Front. Microbiol. 7:674. doi: 10.3389/fmicb.2016.00674

 Jansson, J. K., and Baker, E. S. (2016). A multi-omic future for microbiome studies. Nat. Microbiol. 1:16049. doi: 10.1038/nmicrobiol.2016.49

 Keeling, P. J., and del Campo, J. (2017). Marine protists are not just big bacteria. Curr. Biol. 27:R541–R549. doi: 10.1016/j.cub.2017.03.075

 Kolisko, M., Boscaro, V., Burki, F., Lynn, D. H., and Keeling, P. J. (2014). Single-cell transcriptomics for microbial eukaryotes. Curr. Biol. 24:R1081–R1082. doi: 10.1016/j.cub.2014.10.026

 Lima, M. S., Damasio, A. R. L., Crnkovic, P. M., Pinto, M. R., da Silva, A. M., da Silva, J. C. R., et al. (2016). Co-cultivation of Aspergillus nidulans recombinant strains produces an enzymatic cocktail as alternative to alkaline sugarcane bagasse pretreatment. Front. Microbiol. 7:583. doi: 10.3389/fmicb.2016.00583

 Lima, N., and Santos, C. (2017). MALDI-TOF MS for identification of food spoilage filamentous fungi. Curr. Opin. Food Sci. 13, 26–30. doi: 10.1016/j.cofs.2017.02.002

 Lima-Neto, R., Santos, C., Lima, N., Sampaio, P., Pais, C., and Neves, R. P. (2014). Application of MALDI-TOF MS for requalification of a Candida clinical isolates culture collection. Braz. J. Microbiol. 45, 515–522. doi: 10.1590/S1517-83822014005000044

 Lourenço, S. O., and Vieira, A. A. H. (2004). Culture collections of microalgae in Brazil: progress and constraints. Nova Hedwigia 79, 149–173. doi: 10.1127/0029-5035/2004/0079-0149

 Mittermeier, R. A., da Fonseca, G. A. B., Rylands, A. B., and Brandon, K. (2005). A brief history of biodiversity conservation in Brazil. Conserv. Biol. 19, 601–607. doi: 10.1111/j.1523-1739.2005.00709.x

 Narsing Rao, M. P., Xiao, M., and Li, W.-J. (2017). Fungal and bacterial pigments: secondary metabolites with wide applications. Front. Microbiol. 8:1113. doi: 10.3389/fmicb.2017.01113

 Palozzi, J. E., and Lindo, Z. (2017a). Boreal peat properties link to plant functional traits of ecosystem engineers. Plant Soil 418, 277–291. doi: 10.1007/s11104-017-3291-0

 Palozzi, J. E., and Lindo, Z. (2017b). Pure and mixed litters of Sphagnum and Carex exhibit a home-field advantage in Boreal peatlans. Soil Biol. Biochem. 115, 161–168. doi: 10.1016/j.soilbio.2017.08.026

 Paterson, R. R. M., and Lima, N. (eds.). (2017). Bioprospecting: Success, Potential and Constraints. Bioprospecting. Topics in Biodiversity and Conservation, Vol. 16. Cham: Springer.

 Peay, K. G., Kennedy, P. G., and Talbot, J. M. (2016). Dimensions of biodiversity in the Earth mycobiome. Nat. Rev. Microbiol. 14, 434–447. doi: 10.1038/nrmicro.2016.59

 Polizeli, M. L., Rizzatti, A. C., Monti, R., Terenzi, H. F., Jorge, J. A., and Amorim, D. S. (2005). Xylanases from fungi: properties and industrial applications. Appl. Microbiol. Biotechnol. 67, 577–591. doi: 10.1007/s00253-005-1904-7

 Pylro, V. S., Roesch, L. F., Ortega, J. M., do Amaral, A. M., Tótola, M. R., Hirsch, P. R., et al. (2014). Brazilian Microbiome Project: revealing the unexplored microbial diversity – challenges and prospects. Microb. Ecol. 67, 237–241. doi: 10.1007/s00248-013-0302-4

 Rahi, P., Prakash, O., and Shouche, Y. S. (2016). Matrix-assisted laser desorption/ionization time-of-flight mass-spectrometry (MALDI-TOF MS) based microbial identifications: challenges and scopes for microbial ecologists. Front. Microbiol. 7:1359. doi: 10.3389/fmicb.2016.01359

 Richards, T. A., Jones, M. D., Leonard, G., and Bass, D. (2012). Marine fungi: their ecology and molecular diversity. Annu. Rev. Mar. Sci. 4, 495–522. doi: 10.1146/annurev-marine-120710-100802

 Rodrigues, A., Maciel, M., Santos, C., Machado, D., Sampaio, J., Lima, N., et al. (2014). Peritoneal dialysis infections: an opportunity for improvement. Am. J. Infect. Control 42, 1016–1018. doi: 10.1016/j.ajic.2014.05.036

 Samson, R. A., and Varga, J. (2009). What is a species in Aspergillus? Med. Mycol. 47, S13–S20. doi: 10.1080/13693780802354011

 Sanitá Lima, M., and Smith, D. R. (2017a). Pervasive, genome-wide transcription in the organelle genomes of diverse plastid-bearing protists. G3 7, 3789–3796. doi: 10.1534/g3.117.300290

 Sanitá Lima, M., and Smith, D. R. (2017b). Pervasive transcription of mitochondrial, plastid, and nucleomorph genomes across diverse plastid-bearing species. Genome Biol. Evol. 9, 2650–2657. doi: 10.1093/gbe/evx207

 Sanitá Lima, M., and Smith, D. R. (2017c). Make the most of your Short Read Archive deposit – don't just dump your data and run. EMBO Rep. 18:e201745118. doi: 10.15252/embr.201745118

 Santos, C., Paterson, R. R., Venâncio, A., and Lima, N. (2010). Filamentous fungal characterizations by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. J. Appl. Microbiol. 108, 375–385. doi: 10.1111/j.1365-2672.2009.04448.x

 Santos, C. R., Francisco, E., Mazza, M., Padovan, A. C. B., Colombo, A., and Lima, N. (2017). “Impact of MALDI-TOF MS in clinical mycology; Progress and barriers in diagnostics,” in MALDI-TOF and Tandem MS for Clinical Microbiology, eds H. N. Shah and S. E. Gharbia (Chichester: John Wiley & Sons, Ltd), 211–230.

 Santos, I. C., Hildenbrand, Z. L., and Schug, K. A. (2016). Applications of MALDI-TOF MS in environmental microbiology. Analyst 141, 2827–2837. doi: 10.1039/c6an00131a

 Sauget, M., Valot, B., Bertrand, X., and Hocquet, D. (2017). Can MALDI-TOF mass spectrometry reasonably type bacteria? Trends Microbiol. 25, 447–455. doi: 10.1016/j.tim.2016.12.006

 Scheffers, B. R., Joppa, L. N., Pimm, S. L., and Laurance, W. F. (2012). What we know and don't know about Earth's missing biodiversity. Trends Ecol. Evol. 27, 501–510. doi: 10.1016/j.tree.2012.05.008

 Simões, M. F., Dias, N., Santos, C., and Lima, N. (2016). Establishment of a quality management system based on ISO 9001 standard in a public service fungal culture collection. Microorganisms 4:21. doi: 10.3390/microorganisms4020021

 Smith, D. R., and Sanitá Lima, M. (2016). Unraveling chloroplast transcriptomes with Chloroseq, an organelle RNA-seq bioinformatics pipeline. Brief. Bioinformatics 8, 1012–1016. doi: 10.1093/bib/bbw088

 Stackebrandt, E., and Smith, D. (2018). Paradigm shift in species description: the need to move towards a tabular format. Arch. Microbiol. 201, 143–145. doi: 10.1007/s00203-018-1609-9

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

Copyright © 2019 Sanitá Lima, Coutinho de Lucas, Lima, Polizeli and Santos. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Microbiology

Fungal Community Ecology Using
MALDI-TOF MS Demands Curated
Mass Spectral Databases









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





