
 

Short title: Sequence-based classification and identification 

Sequence-based classification and identification of Fungi 

David Hibbett1 

Biology Department, Clark University, Worcester, Massachusetts 01610 

Kessy Abarenkov 

Urmas Kõljalg 

Maarja Öpik 

Institute of Ecology and Earth Sciences, University of Tartu, 40 Lai St, Tartu 51005, Estonia 

Benli Chai 

James Cole 

Qiong Wang 

Department of Plant, Soil, and Microbial Sciences, Michigan State University, Plant and Soil 

Sciences Building, 1066 Bogue St. Room 540, East Lansing, Michigan 48824  

Pedro Crous 

Vincent Robert 

Centraalbureau voor Schimmelcultures Fungal Biodiversity Centre (CBS-KNAW), 3508 AD, 

Utrecht, the Netherlands  

Thorunn Helgason 

Department of Biology, University of York, York YO10 5DD, United Kingdom 

Joshua R. Herr 

Department of Plant Pathology and Center for Plant Science Innovation, University of 

Nebraska, Lincoln, Nebraska 68503 

Paul Kirk 

 In Press at Mycologia, preliminary version published on October 19, 2016 as doi:10.3852/16-130

 Copyright 2016 by The Mycological Society of America.



 

Biodiversity Informatics and Spatial Analysis, Royal Botanic Gardens, Kew, Surrey TW9 3AF, 

United Kingdom 

Shiloh Lueschow 

Kerry O’Donnell 

NCAUR ARS USDA, 1815 N University St., Peoria, Illinois 61604  

R. Henrik Nilsson 

University of Gothenburg, Department of Biological and Environmental Sciences, Box 461, 405 

30 Göteborg, Sweden 

Ryoko Oono 

Department of Ecology, Evolution, and Marine Biology, University of California Santa Barbara, 

Santa Barbara, California 93106  

Conrad Schoch 

National Center for Biotechnology Information, National Library of Medicine, National 

Institutes of Health, Bethesda, Maryland 20892 

Christopher Smyth 

Department of Plant Pathology and Environmental Microbiology, 121 Buckhout Laboratory, 

Penn State University, University Park, Pennsylvania 16802  

Donald M. Walker 

Department of Biology, Tennessee Technological University, 1100 N. Dixie Ave., Cookeville, 

Tennessee 38505  

Andrea Porras-Alfaro 

Department of Biological Sciences, Western Illinois University, Waggoner Hall 372, 1 

University Circle Macomb, Illinois 61455  



 

John W. Taylor 

University of California, Department of Plant and Microbial Biology, 111 Koshland Hall, 

Berkeley, California 94720 

David M. Geiser 

Department of Plant Pathology and Environmental Microbiology, 121 Buckhout Laboratory, 

Penn State University, University Park, Pennsylvania 16802  

Abstract: Fungal taxonomy and ecology have been revolutionized by the application of 

molecular methods and both have increasing connections to genomics and functional biology. 

However, data streams from traditional specimen- and culture-based systematics are not yet fully 

integrated with those from metagenomic and metatranscriptomic studies, which limits 

understanding of the taxonomic diversity and metabolic properties of fungal communities. This 

article reviews current resources, needs, and opportunities for sequence-based classification and 

identification (SBCI) in fungi as well as related efforts in prokaryotes. To realize the full 

potential of fungal SBCI it will be necessary to make advances in multiple areas. Improvements 

in sequencing methods, including long-read and single-cell technologies, will empower fungal 

molecular ecologists to look beyond ITS and current shotgun metagenomics approaches. Data 

quality and accessibility will be enhanced by attention to data and metadata standards and 

rigorous enforcement of policies for deposition of data and workflows. Taxonomic communities 

will need to develop best practices for molecular characterization in their focal clades, while also 

contributing to globally useful datasets including ITS. Changes to nomenclatural rules are 

needed to enable valid publication of sequence-based taxon descriptions. Finally, cultural shifts 

are necessary to promote adoption of SBCI and to accord professional credit to individuals who 

contribute to community resources. 
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INTRODUCTION 

Fungi make up an underdescribed, poorly documented clade of eukaryotes that have immense 

ecological and economic impacts. Many fungi are microscopic or have cryptic life cycles that 

make detection difficult. Approximately 135 000 species of fungi have been described, but the 

actual diversity of the group is likely to be in the millions of species (Blackwell 2011, Taylor et 

al. 2014). Investigations into fungal diversity have traditionally been based on fruiting bodies or 

cultures, but an increasing number of studies that obtain DNA and RNA sequences directly from 

“environmental” sources—such as soil, water, air, or tissues of other organisms—are revealing 

potentially new fungal species at dramatically accelerated rates (Hibbett et al. 2011, Lindahl et 

al. 2013). For example, the Cryptomycota (Rozellomycota, rozellida) (Lara et al. 2010, Jones et 

al. 2011, Corsaro et al. 2014) and Archaeorhizomycetes are major clades of Fungi that are known 

almost entirely from environmental DNA sequences (Rosling et al. 2011, James and Berbee 

2012). Many environmental sequences can only be identified to the level of a phylum or simply 

“fungi” (Nilsson et al. 2016), even in sophisticated analyses that use rigorous phylogenetic 

methods and that consider ribosomal RNA (rRNA) secondary structure (Glass et al. 2013). Thus, 

it is likely that other ancient clades are waiting to be described. Recent global or continental-

scale analyses of patterns in fungal biodiversity have been based entirely on environmental DNA 

data (Amend et al. 2010, Talbot et al. 2014, Tedersoo et al. 2014, Davison et al. 2015). 

Analyses of environmental DNA and RNA sequences may involve two complementary 

but distinct activities: Sequence-based classification (SBC) and sequence-based identification 

(SBI) (Herr et al. 2015). The goals of SBC are to discover, name, and classify fungal species 



 

according to their phylogenetic relationships. In contrast, SBI uses the products of taxonomy to 

identify individuals and determine the composition of fungal communities with reference to 

existing classifications. SBI is a central element of ecological studies, including 

metatranscriptomic studies of community-level metabolic processes. Collectively, sequence-

based classification and identification (SBCI) denotes the full range of activities required to 

detect and characterize fungi in the environment based on nucleic acid sequences (TABLE I). 

New resources for SBCI are required to fully exploit the staggering volume of data 

flowing from fungal molecular ecology studies using high-throughput sequencing technologies. 

Huge numbers of undescribed taxa known only from environmental sequences need to be 

classified and linked to phenotypic, ecological, and functional traits. This article aims to: (i) 

envision the potential of SBCI and identify its conceptual challenges; (ii) survey current 

resources for SBCI in fungi and assess their strengths, limitations, and opportunities for 

enhancement; and (iii) consider options for integrating sequence-based fungal species into 

taxonomic systems based on specimens and cultures. 

GOALS AND CONCEPTUAL CHALLENGES OF SBCI 

In the ideal model of SBCI it would be possible to submit sequences of any nucleic acids from 

specimens or environmental samples to appropriate databases and retrieve lists of taxa with 

information on their relative abundance, phylogenetic relationships, ecological roles, and 

metabolic properties. The reference databases themselves would become richer as the results 

from each new study were integrated, creating new knowledge about fungal diversity, 

biogeography, population structure, and functional biology (FIG. 1). However, current methods 

of SBCI are based almost entirely on analyses of PCR-amplified nuclear rRNA genes, 

particularly the internal transcribed spacer (ITS) region, and they draw on incomplete taxonomic 



 

and functional databases. New environmental data are not systematically integrated with existing 

resources. Here, we list six general challenges to achieving the model of SBCI described above; 

subsequent sections describe these challenges and the actions required to overcome them: (i) 

develop community standards for taxon recognition based on sequence data; (ii) create and 

curate sequence databases and analytical tools for SBCI; (iii) link sequence data to phenotypic 

data, including data from type specimens; (iv) achieve reproducibility in studies utilizing SBCI; 

(v) encourage the scientific and lay communities to adopt SBCI; and (vi) accord professional 

credit for contributing resources for SBCI. 

SURVEYING THE LANDSCAPE: CURRENT RESOURCES AND NEEDS FOR SBCI IN FUNGI 

Some of the earliest applications of comparative molecular data in fungi were to identify 

environmental samples that lacked the morphological characters necessary for traditional 

taxonomic identification (Gardes et al. 1991). Since then, many new web-accessible tools have 

been designed specifically for SBCI. URLs for resources described here are listed (TABLE II). All 

of these tools attempt to deal with the problem of misidentified or otherwise misleading 

sequences (Bridge et al. 2003, Bidartondo 2008) and insufficiently identified sequences (Ryberg 

et al. 2009). These are the so-called “dark taxa” (Parr et al. 2012, p 2013) that reside in the 

International Nucleotide Sequence Database Collaboration (INSDC), with its three partners: 

GenBank at the National Center for Biotechnology Information (NCBI), the European 

Nucleotide Sequence Archive of the European Molecular Biology Laboratory (EMBL), and the 

DNA Data Bank of Japan (DDBJ) (Cochrane et al. 2016). 

Specialized databases and general resources for SBCI.—A number of databases and tools have 

been developed to enable high-throughput analyses and address the problems caused by 

misidentified or insufficiently identified sequences. One of the first such efforts was the 



 

Ribosomal Database Project (RDP) (Larsen et al. 1993, Maidak et al. 1994), which initially 

consisted of nuclear small subunit (SSU) rRNA gene sequences from Archaea, Bacteria, and 

Eukarya. The RDP has evolved since its inception, providing alignments, trees, and similarity 

assessment tools, based on its core database of curated sequences. Recent additions to RDP 

include new databases for fungal ITS and large subunit (LSU) rRNA genes (Cole et al. 2014). 

An innovation of the RDP is the naïve Bayesian classifier, which has been implemented 

for both the bacterial and archaeal small subunit (16S) rRNA genes (Wang et al. 2007) and the 

fungal LSU rRNA gene (Liu et al. 2012) and ITS (Porras-Alfaro et al. 2014). The RDP classifier 

uses taxonomically grouped sequences as a training set and it attempts to place query sequences 

(analyzed singly or in batch mode) at the lowest (least inclusive) taxonomic level possible in the 

hierarchy. The RDP classifier has been implemented in automated microbial ecology pipelines 

such as QIIME (Caporaso et al. 2010) and Mothur (Schloss et al. 2009). The latest release of 

RDP now includes an LSU alignment of 108 901 sequences and an updated training set 

(http://rdp.cme.msu.edu) (Cole et al. 2014). In addition, RDP has made available versions of the 

Classifier trained on the UNITE database (described below) including an updated training set 

named to honor the Australasian mycologist J.H. Warcup (Parberry and Robertson 1999). The 

Warcup training set (2.0) is available from the RDP website and contains 8551 species and 17 

878 ITS sequences organized into taxonomic classifications. Both sets performed well in testing 

(Deshpande et al. 2015). 

The UNITE database was initially developed for ITS sequences of ectomycorrhizal fungi 

(Kõljalg et al. 2005), but it has since been expanded to represent all fungi (Abarenkov et al. 

2010, Kõljalg et al. 2013). UNITE is the product of a consortium of fungal ecologists, 

taxonomists, and bioinformaticians. Queries can be performed with reference to the custom-



 

curated UNITE database, which includes many sequences from specimens that were collected 

and deposited by taxonomic specialists specifically for the purpose of building the database or all 

INSDC sequences. Only about 0.5% of the 657813 sequences in UNITE have yet to be 

submitted to the INSDC databases but all can be searched on-line. 

UNITE groups sequences into “Species Hypotheses” (SH), which are generated by a two-

tier clustering process, first at the subgeneric/generic level then at a species level (Kõljalg et al. 

2013). Sequences are grouped into SHs based on similarity to a reference sequence at a particular 

similarity cutoff (e.g. 97%, 98%, etc.). All SHs have a unique digital object identifier (DOI) to 

promote unambiguous communication. The UNITE database has also been adapted for use in 

QIIME and Mothur and a range of other applications (https://unite.ut.ee/repository.php). 

The Barcode of Life Database (BOLD) and its European mirror, EUBOLD, provides 

sequence based identification tools (Ratnasingham and Hebert 2007). However, BOLD retains a 

strong focus on animal identification. Although it contains more than 117 000 ITS sequences 

with just under 100 000 sequences tied to voucher data, more than 84% of these were obtained 

from the public INSDC databases. Coverage for “Fungi and other organisms” is just over 16 000 

species, compared to approximately 154 000 species for Animals and 58 000 for Plants. 

Currently, NCBI will only assign a BARCODE keyword to sequences that meet all BOLD 

criteria, including the deposition of original sequence trace files. Direct submissions to BOLD 

allow for trace submission and although it is technically feasible at NCBI as well, no fungal 

sequences have yet been tagged with the official BARCODE keyword in the INSDC. At the 

same time, the term “DNA barcode” has been widely applied as a generic descriptor in mycology 

for an ITS sequence tied to voucher data. 



 

The RefSeq Targeted Loci Project is a relatively new resource at NCBI. This is part of 

the curated microbial resources in the Reference Sequences databases (O’Leary et al. 2015, 

Tatusova et al. 2015). RefSeq ITS highlights significant sequences that do not meet all the strict 

DNA barcode requirements but that could act as references for SBCI. RefSeq ITS accessions are 

selected from GenBank records that pass a rigorous set of standards and can be curated by third 

parties (Schoch et al. 2014). Some entries have already been shared between RefSeq and UNITE 

and a formal pipeline to facilitate this process is in development.  

RefSeq Targeted Loci will remain focused on sequences from type material, with a few 

exceptions for sequences from verified voucher material for economically important species or 

poorly represented groups. It currently contains data from the three most commonly used 

ribosomal regions. The most comprehensive RefSeq dataset contains 4779 ITS accessions. It is 

intended that this resource will increase representation and expand into other commonly used 

marker sequences with continued involvement of other databases and the research community. 

Whole genome sequence data from type material is one area of expansion and is already being 

applied for bacteria at NCBI. This is incorporated in a broader effort to add type material 

identifiers to the NCBI Taxonomy database, which allows use of BLAST and other tools to 

search multiple databases for reliable entries that are specifically tied to type material (Federhen 

2015). 

The projects described above provide diverse tools for analyzing environmental 

sequences, and new resources are being produced regularly. For example, a database of ITS 

sequences for medically important species was recently released by the International Society for 

Human and Animal Mycology (ISHAM) (Irinyi et al. 2015) and is now linked in NCBI and 

UNITE. 



 

 

SBCI using alternative markers.—ITS has emerged as the primary marker for fungal barcoding 

(Schoch et al. 2012), but it is not the only region used for SBCI and it is not always the best 

choice. In fact, one of the first databases for SBCI in fungi used mitochondrial LSU rRNA gene 

sequences to identify ectomycorrhizal fungal taxa (Bruns et al. 1998). A current resource using 

alternative markers is the MaarjAM database (Öpik et al. 2010) of the arbuscular mycorrhizal 

(AM) Glomeromycota, which emphasizes SSU rRNA gene sequences. MaarjAM applies “virtual 

taxon” (VT) identifiers connected to curated “type sequences” and it currently contains ca. 22 

000 accessions of SSU rRNA sequences linked to ca. 400 VT, 2000 ITS, and 2000 LSU 

sequences (Öpik et al. 2014). MaarjAM also includes curated information on sequence origin 

(ecological metadata), which is increasingly used to study AM fungal distribution patterns 

(Ohsowski et al. 2014). The inclusion of SSU rRNA gene sequences in MaarjAM reflects a 

historical preference for this region by AM fungal systematists (Schussler 2001) and is validated 

by comparison to ITS and LSU sequences within and among the same strains (Thiéry et al. 

2016). As long-read sequencing technologies improve (Koren et al. 2013), it will become routine 

to obtain contiguous sequences containing ITS and its flanking LSU and SSU regions, which 

will facilitate integration of current datasets based on single markers. 

 Intragenomic heterogeneity among ITS copies poses challenges for SBCI, although an 

analysis using 454 sequencing of ITS amplicons in 99 diverse fungal isolates suggested that it 

may not be a major source of error in estimates of species richness (Lindner et al. 2013). 

Nevertheless, it is necessary to look beyond ITS in groups that are known to suffer from high 

levels of intragenomic heterogeneity, such as the polypore genus Laetiporus (Lindner and Banik 

2011, Lindner et al. 2013). Another group in which ITS is a poor choice for SBCI is Fusarium, 



 

which possesses highly divergent non-orthologous copies of the ITS2 (O’Donnell et al. 1998). 

ITS generally fails to resolve species boundaries in Fusarium that are discernible using other 

markers (O’Donnell et al. 2015). This difficulty has led to the recommended use of multiple 

protein-coding genes for species-level classification in Fusarium, with the intron-rich 5′ end of 

translation elongation factor 1-alpha gene (tef1) being favored as the primary locus for species 

identification, followed by partial nucleotide sequences of DNA-directed RNA polymerase II 

largest (RPB1) and second largest subunit (RPB2). Accordingly, the FUSARIUM-ID and 

Fusarium MLST databases were created to facilitate identification in Fusarium via BLAST 

(Geiser et al. 2004, O’Donnell et al. 2010). The current versions of FUSARIUM-ID and 

Fusarium MLST contain multilocus data from 1366 isolates, with data from ten different protein-

coding and ribosomal gene regions (Park et al. 2010). Stand-alone multilocus databases have 

been developed for several other fungal groups, including TrichoBLAST for Trichoderma 

(Kopchinskiy et al. 2005) and multiple databases maintained at the CBS Biodiversity Centre 

focusing on Aspergillus, Morchella, Russula, dermatophytes, and indoor fungi.  

Markers such as tef1 are superior to ITS for SBCI in some groups (Stielow et al. 2015). 

Nevertheless, to develop a comparative sequence database with the broadest possible taxonomic 

coverage, it will be important for taxonomists to continue to include ITS among their target loci 

whenever possible. This was the philosophy followed by the AFTOL project, which focused on 

multigene analyses of higher-level fungal phylogeny but also generated ITS sequences to 

facilitate molecular ecology (Lutzoni et al. 2004). Conversely, ecologists using single-locus 

approaches should understand that ITS will enable only coarse identification in some clades, and 

they should be prepared to follow up with targeted analyses of other regions when species-level 

identification is critical. 



 

Increasingly, data for SBCI are coming from whole genome sequencing studies, 

including those performed under the auspices of the 1000 Fungal Genomes Project (1KFG). 

Unfortunately, because of their repetitive nature, rRNA gene sequences are usually left 

unassembled in the sequence read archives (Schoch et al. 2014). This issue is getting some 

attention, as UNITE has begun recovering ITS sequences from genome sequence projects 

(Bengtsson-Palme et al. 2013). Where marker sequences can be extracted from whole genome 

sequences of sufficient quality and provenance, they can also be incorporated into the RefSeq 

system. The Fungal Genomes Program of the DOE Joint Genome Institute (Grigoriev et al. 

2014) is now requiring ITS sequences as part of the metadata associated with samples for 

genome and transcriptome analyses. This information is requested to avoid sequencing of 

contaminants, but it could also be made available to link genomes with metagenomic data. 

Barriers, inefficiencies, and unexploited opportunities.—The resources described above have 

evolved independently, resulting in a diversity of useful but largely unintegrated tools, with 

sequences and their metadata imported from a variety of sources. Greater attention to data 

standards and formats will facilitate data integration and SBCI (Tedersoo et al. 2015). At present, 

many individual databases require unique input formats, different data fields, and a great deal of 

manual curation. There is also inconsistency in the format and quality of metadata provided for 

sequence-based diversity studies, whether the sequences are derived from specimens or directly 

from the environment. 

Ambitious attempts are underway to integrate and standardize phenotype descriptions 

across all biology (Deans et al. 2015). Fortunately, standards for formatting and minimum 

information have been developed and are available for adoption in SBCI. For example, the 

BIOM format (McDonald et al. 2012a) is widely used for transferring metadata from one source 



 

to another, while the MIMARKS (minimum information about a marker gene sequence) standard 

(Yilmaz et al. 2011) establishes core annotation items for metagenomics/microbiome studies. 

These core metadata are key for SBCI, because they provide information regarding the origin 

and quality of sequences. RDP has produced a MIMARKS-compliant Google Sheet for metadata 

management that can be exported into WebIN and Sequin accessible formats, facilitating 

submission to EMBL and GenBank. With a few minimal adjustments, these tools should suffice 

for the development of a recommended format and standards for sequence data and metadata for 

SBCI that would also be compatible with formats for metagenomic analysis pipelines, 

submission to sequence repositories, and many other uses. 

Linkages between environmental sequences and metabolic and phenotypic traits are 

needed to make predictions about the biological properties of organisms that have not been 

observed directly. Functional predictions for entire communities and individual species could be 

made by comparing environmental sequences to whole genomes. However, phenotypic data pose 

special challenges because they are diverse and are not archived in centralized databases. Apart 

from a few pioneering efforts, including MycoBank and the MycoPortal of the Macrofungi 

Collection Consortium, phenotypic information is generally scattered. An example of the sort of 

tools that are needed is the recently developed FUNGuild database and its associated 

bioinformatics resources (Nguyen et al. 2016), which make it possible to parse large numbers of 

environmental sequences into broad trophic guilds (e.g. saprotrophs vs. mycorrhizal fungi). 

Resources like FUNGuild have the potential to integrate SBCI with phenotypic and ecological 

traits, such as enzymatic activity (Talbot et al. 2015). 

Building phenotypic databases will require an increased focus on specimen and culture 

annotations using a standardized format that can be traced across multiple databases and 



 

electronically available publications. To take advantage of SBCI, these databases must be 

extended to include information on geographic distribution and habitat gained from 

environmental sequencing. Where possible, databases should use the Darwin Core data 

standards, which promote interoperability among biodiversity information resources (Wieczorek 

et al. 2012). 

The lack of linkages among sequences, alignments, and phylogenies is also a limiting 

factor for SBCI. Phylogenetic inference is laborious and requires expert decisions about data 

inclusion and analytical settings. Delimitation of taxa by systematists is based on tree topologies 

and often involves consideration of morphological characters and other evidence such as 

genealogical exclusivity (Taylor et al. 2000), not merely sequence similarity. In contrast, SBCI 

as it is practiced now, is usually based only on pairwise sequence comparisons, with uniform 

(but adjustable) clustering criteria applied across all taxa. Phylogeny-based approaches to OTU 

delimitation have promise, such as the EPA-PTP (evolutionary placement algorithm-poisson tree 

process) method, which incorporates tree inference using RAxML (Zhang et al. 2013). 

SBCI could be enhanced if phylogenetic trees and tree-based taxon concepts were 

incorporated into the pipelines used to analyze environmental sequences. The basic tools for tree-

based SBCI already exist, such as lowest common ancestor (LCA) algorithms that can determine 

clade contents, as implemented in the (now defunct) mor pipeline for automated phylogenetic 

taxonomy of Agaricomycetes (Hibbett et al. 2005). Unfortunately, the input data for such 

analyses, alignments, and phylogenies are largely unavailable. An analysis by the Open Tree of 

Life Project found that only about 17% of published fungal phylogenies are available in 

electronic format (Drew et al. 2013), even though many mycological journals have stated 

requirements that datasets and trees be submitted to TreeBASE or Dryad. One reason that 



 

submissions have lagged is that data submission is tedious, but lack of editorial oversight is also 

to blame. To facilitate the future development of tree-based SBCI that can take advantage of 

“gold standard” taxon delimitations by expert systematists, it will be necessary to create user-

friendly tools for uploading phylogenetic trees to databases and for journals to enforce existing 

policies regarding data deposition. Development of informatics resources for tree storage is 

underway as part of the Open Tree of Life Project (Hinchliff et al. 2015). 

LESSONS FROM PROKARYOTES 

Microbiologists have developed rich databases and sophisticated informatics tools for SBCI, as 

well as broadly accepted standards for molecular taxon description. This section describes some 

of the major initiatives in SBCI of prokaryotes, including successful efforts that mycologists 

would be wise to emulate and pitfalls to avoid. 

Prokaryotic taxonomy, informatics, and nomenclature.—Under the International Code of 

Nomenclature of Prokaryotes (ICNP) (Parker et al. 2015) 16S rRNA gene sequences are required 

for the description of new species, with a defined cutoff of <97% similarity between species 

(Wayne et al. 1987, Stackebrandt et al. 2002, Tindall et al. 2010). DNA-DNA Hybridization 

(DDH) or an equivalent technique is necessary if two strains show >97% similarity for the 16S 

rRNA region, although DDH has been criticized for its complexity, low reproducibility, and low 

throughput (Mende et al. 2013). Deposition of a type culture is also required. 

The adoption of 16S rRNA genes as the primary taxonomic marker for Bacteria and 

Archaea greatly facilitated the discovery and documentation of prokaryotic diversity and resulted 

in a dramatic increase in the number of newly described species. Molecular documentation of 

described taxa is nearly complete, with about 99% of culturable prokaryotic species (including 

about 11 900 type strains) represented by 16S rRNA gene sequences (Yarza et al. 2008, Yarza et 



 

al. 2010, Chun and Rainey 2014). Projects such as the sequencing orphan species (SOS) 

initiative have filled in the gaps for prokaryotes that had valid published names but lacked 16S 

rRNA genes sequences (Yarza et al. 2013). A similar effort to target orphan fungal species is 

needed, taking advantage of biodiversity collections networks such as the Global Biodiversity 

Information Facilty (GBIF), iDigBio and the World Federation for Culture Collections to 

identify sources of material. 

Microbiologists have created comprehensive resources for analyses of rRNA gene 

sequences. For example, the All-Species Living Tree Project provides updated databases, 

alignments, and phylogenetic trees for about 11 900 species with sequenced type strains (Yarza 

et al. 2008, Munoz et al. 2011). Other curated databases contain sequences derived from both 

cultures and environmental samples. The latest release of the RDP includes 3.2 million aligned 

and annotated bacterial and archaeal sequences, of which about 85% come from environmental 

samples (Cole et al. 2014). RDP and other projects, such as SILVA (Quast et al. 2013), 

GreenGenes (DeSantis et al. 2006, McDonald et al. 2012b), Mothur (Schloss et al. 2009) and 

QIIME (Caporaso et al. 2010) provide additional tools and reference datasets to facilitate high 

throughput analyses of prokaryotic sequence data, and several now include reference datasets 

and tools for fungi from UNITE and other sources. The fungal community stands to benefit from 

continued collaboration with the microbial informatics community, with the aim of developing 

tools for fungal SBCI comparable to those already available for prokaryotes. 

Despite the advances described above, there remains a huge gap between the number of 

described prokaryotes and the number of uncultured species that have already been discovered 

(Hedlund et al. 2015). Eighty-eight per cent of cultures belong to only four phyla, and more than 

half of the approximately 60 major prokaryotic lineages (phyla and divisions) are currently 



 

represented only by sequence data (Rinke et al. 2013). Even when cultures are available, the 

minimal standards for descriptions of new taxa (http://www.bacterio.net/-minimalstandards.html) 

adopted by prokaryotic researchers, requiring phenotypic, chemotaxonomic, and genotypic data, 

too often represent insurmountable barriers to formal classification of much of the diversity of 

prokaryotes (Schleifer 2009). 

Given the restrictions on naming uncultured species, microbiologists have made wide use 

of informal names for new species, as well as phyla and divisions (Brown et al. 2015, Spang et 

al. 2015). The Candidatus concept was proposed as a nomenclatural device for assigning 

provisional names to uncultured prokaryotes (Murray and Schleifer 1994, Murray and 

Stackebrandt 1995). However, sequence data alone are not sufficient to propose a Candidatus 

taxon; other information, such as phenotypic and ecological characters or in situ visualization, 

must also be provided (Schleifer 2009). The ad hoc committee for Systematic Bacteriology 

endorsed the use of Candidatus status for uncultured prokaryotes (Stackebrandt et al. 2002), but 

currently there are only 361 names under the Candidatus category in the List of Prokaryotic 

names with Standing in Nomenclature (LPSN) (Parte 2014), which represents a minuscule 

fraction of uncultured prokaryotic diversity. Several proposals have now been made to replace 

DNA–DNA hybridization for circumscription of species with genome sequences (Richter and 

Rosselló-Móra 2009, Chun and Rainey 2014) and even use it as type material (Whitman 2015, 

2016). 

Prokaryotic genomics and large-scale environmental sampling.—The number of prokaryotic 

genomes has increased exponentially in recent years (Land et al. 2015). In 2015 the GOLD 

database (http://www.genomesonline.org) reported 36 824 bacterial and 851 archaeal whole 

genome sequencing projects (Reddy et al. 2015) and over 30 000 prokaryotic genomes are 



 

currently available through Ensembl (http://ensemblgenomes.org/). The explosive growth in 

prokaryote genomics has been driven in large part by coordinated efforts, such as the Genomic 

Encyclopedia of Bacteria and Archaea (GEBA). Nevertheless, there is still a need for many more 

genomes that represent the diversity of species in culture collections as well as unculturable taxa 

(Rinke et al. 2013). The NCBI Assembly database currently contains 4525 genomes from type 

strains, which represents 28% of the total number of deposited prokaryote with valid species 

names (15 559 Bacteria, 598 Archaea) (Federhen 2015). The use of genome wide comparisons 

has already made it possible to consider the streamlining of taxonomic identifications using 

metrics such as average nucleotide identity (ANI) and k-mer scores (frequencies of sequences of 

length k) (Federhen et al. 2016). Currently, RefSeq contains 18 454 16S rRNA gene sequences 

from type strains from 13 314 prokaryotic species (O’Leary et al. 2015). 

The mycological counterpart to GEBA is the 1000 Fungal Genomes (1KFG) project 

(Grigoriev et al. 2014), which is providing a platform for sharing protocols and for community 

networking and contributing to the transformation of fungal biology into a genome-enabled 

discipline (Hibbett et al. 2013). Genomic data from 1KFG and other projects may not have a 

major impact on species-level identification, but they will be invaluable for predicting 

community function. Anyone can nominate a species for the 1KFG project, which aims to 

sequence two species per family. The emerging resources are publicly accessible and 

phylogenetically balanced, which will enhance their utility for SBCI. The 1KFG project is not 

complete, but mycologists should already be looking ahead to the collaborations that will 

develop the next generation of genomic resources, perhaps modeling their efforts on 

collaborative ventures associated with GEBA, such as the GEBA Type Strain (Kyrpides et al. 



 

2014) and GEBA Microbial Dark Matter projects (http://microbialdarkmatter.org, 

http://standardsingenomics.org/index.php/sigen/article/view/sigs.5068949).  

Prokaryotic genomics is set to expand further through the application of new technologies 

such as single-cell genomics (Hofer 2013, Rinke et al. 2013), which will provide data from 

previously inaccessible taxa and hybrid genome assembly, which will increase sequencing 

coverage and accuracy (Chun and Rainey 2014). Metagenomic binning makes it possible to 

assemble complete or near-complete genomes from unculturable taxa (Albertsen et al. 2013), 

while improved methods for isolating and growing previously uncultured microbes within their 

natural soil environments (Nichols et al. 2010) are opening possibilities to important new 

discoveries (Ling et al. 2015). 

New analytical approaches are also facilitating comparisons of genomes for SBCI in 

prokaryotes. For example, new methods for multilocus sequence analysis have been developed 

(Mende et al. 2013) that could increase accuracy and ameliorate the impact of horizontal gene 

transfer, which is of particular concern in prokaryotes but also occurs in fungi (Kämpfer and 

Rosselló-Mora 2004, Chun and Rainey 2014). Nevertheless, even with whole genomes, 

prokaryotic SBCI is still challenged to define appropriate cut-off levels for species 

discrimination (Fox et al. 1992, Kämpfer and Rosselló-Mora 2004, Fraser et al. 2009). 

Prokaryotes are focal taxa in global and local culture-based and environmental mega 

sequencing projects such as NEON (http://www.neoninc.org), the Earth Microbiome 

(http://www.earthmicrobiome.org/), Terragenome (http://www.terragenome.org/), the Global 

Microbial Identifier (http://www.globalmicrobialidentifier.org), and Human Microbiome Project 

(http://www.hmpdacc.org). Mycologists need to be engaged in these efforts, both to promote 

technology transfer and to ensure that the projects generate data that are useful for fungal SBCI. 



 

 

INTEGRATING SBCI AND FUNGAL TAXONOMY AND NOMENCLATURE 

In contrast to the prokaryotic ICNB, the International Code of Nomenclature for algae, fungi and 

plants (the Code) does not require sequence data to describe taxa, but it does mandate that a type 

specimen be indicated (an illustration or a culture may also be used for fungi under some 

conditions; Arts. 8.1, 8.4, 40.5) (McNeill et al. 2012). Consequently, there are many validly 

named species that lack sequences (FIG. 2), as well as species inferred only from environmental 

sequences that lack names (Hibbett et al. 2011, Öpik et al. 2014). This disconnect presents a 

barrier to SBCI and it limits understanding of fungal diversity among nonspecialists. To integrate 

fungal taxonomy and molecular ecology, it will be necessary to expand reference sequence 

databases based on specimens and consider formally naming species based only on sequences. 

Sequence data should be obtained not only from new collections but from existing specimens 

and isolates in fungaria and culture collections, which have been shown to house substantial 

unrecognized biodiversity (Brock et al. 2009, Nagy et al. 2011). 

Growing sequence databases for described species.—From 1999 to 2009, only about 26% of 

newly described species of fungi had sequences of any locus deposited in GenBank (Hibbett et 

al. 2011), but from 2010 to 2015 the proportion of new species with sequences increased to 50% 

overall (60% in 2015, FIG. 2, listed in SUPPLEMENTARY INFORMATION). One way to grow the 

number of sequenced species even further would be to modify the Code to require sequence data 

as part of taxon descriptions. However, this would prevent the naming of fossils and other 

challenging materials, such as obligate biotrophs and other unculturable fungi that lack 

macroscopic structures, and could result in the needless destruction of specimens. For example, 

64 species of Laboulbeniales (minute obligate insect symbionts) were described in 2010–2016 



 

(so far), but only two have sequence data (see SUPPLEMENTARY INFORMATION). Even in cases 

where organisms grow well in culture or produce large reproductive structures, some scientists 

lack resources for molecular work, particularly in the developing world, where much of the 

undescribed fungal diversity resides. Increased collaboration between fungal molecular 

systematists and field mycologists could reduce the number of species that are described without 

sequence data.  

Sequence data should not be required for taxon description under the Code, but there 

should be general standards, enforced by journal policies and reviewers, that molecular data and 

metadata accompany all new taxon descriptions when it is reasonable to expect them. 

Communities of taxonomic specialists will need to determine the appropriate loci to be 

sequenced, which should include ITS and other markers that are commonly used for SBCI in 

each group (e.g. tef1 in Fusarium and SSU in Glomeromycota). Organizations such as the 

International Commission on the Taxonomy of Fungi (ICTF; http://www.fungaltaxonomy.org/) 

could play a role in promoting best practices. Collaborative efforts to sequence representatives of 

described species, as in the prokaryotic SOS initiative, should be encouraged. Whenever 

possible, type materials should be sequenced, but this is often difficult. In such cases, 

systematists should consider epitypification of names with sequence data from a recent 

collection, from which a culture and/or nucleic acid sample can be derived (Ariyawansa et al. 

2014). This approach is particularly important because many important fungal names are not 

associated with a physical type specimen. 

Toward sequence-based species description.—The steps outlined above will increase the 

representation of described species in sequence databases, but they will not solve the problem 

posed by species known only from environmental sequences. For example, at present UNITE 



 

contains 3412 SHs identified only to phylum (Nilsson et al. 2016). Similarly, MaarjAM currently 

contains 292 Glomeromycota VTs composed of only unidentified sequences and 60 named VTs. 

In natural communities, only 30–50% of AM fungal VTs are named (Ohsowski et al. 2014). 

Groups such as Archaeorhizomycetes and Cryptomycota are known almost entirely from 

environmental sequences (Hibbett 2016). Sequence-based taxonomic platforms such as UNITE 

and MaarjAM make it possible to group sequences into species hypotheses (SH), virtual taxa 

(VT), and other MOTUs (molecular operational taxonomic units) (Blaxter et al. 2005). These 

resources permit fungal ecologists and evolutionary biologists to communicate about taxa known 

only from sequences and to conduct repeatable analyses (because MOTUs are delimited based 

on explicit algorithms). However, MOTUs of any sort are obscure concepts to nonspecialists, 

and they are not included in names-based taxonomic databases such as the Catalogue of Life or 

Global Biodiversity Information Facility. To facilitate communication and maximize awareness 

of fungal biodiversity among scientists and the general public, it would be helpful to assign 

Linnaean binomials to species based solely on sequences (Hibbett et al. 2011). 

Mycologists were among the first to advocate for the use of DNA sequences in species 

diagnoses (Reynolds and Taylor 1991, Renner 2016). Nevertheless, there is still no consensus 

regarding the desirability of formally naming species of fungi based only on sequence data. This 

may reflect confusion about the difference between taxonomy and nomenclature, which are 

discrete but closely linked disciplines, and the role of the Code. Nomenclature is based on a set 

of rules and conventions that determine whether names are “valid” (i.e. they have been published 

correctly and are properly formed and documented), whereas taxonomy is the science concerned 

with delimiting groups of organisms based on inferred phylogenetic relationships. Objections to 

naming sequence-based species are largely rooted in concerns about taxonomic error, such as 



 

that due to gene tree/species tree conflict or intragenomic heterogeneity. Concerns have also 

been raised that that some species described on the basis of sequences alone will prove to be 

synonyms of already described species that lack sequence data (Nagy et al. 2011). However, if 

estimates of the extant diversity of fungi are anywhere near correct (Blackwell 2011, Taylor et 

al. 2014), then it is likely that most species discovered with sequence data will be novel (Hibbett 

et al. 2011). In any case, it is not the purpose of the Code to certify taxonomic hypotheses; its 

rules do not address the scientific evidence required to justify taxonomic decisions, such as 

species delimitation. Nonetheless, the Code plays an important gatekeeper role in taxonomy, 

because only valid names are considered to be “correct” and have the protection of priority.  

The next opportunity to change the Code will come in 2017, at the International 

Botanical Congress XIX in Shenzhen, China, and any changes will become effective on 1 Jan 

2018. A proposal to modify the Code to allow sequence-based species description in fungi has 

recently been published and will be voted on at IBC XIX (Hawksworth et al. 2016). The 

proposal would apply to species “where data were obtained from voucherless environmental 

sequencing techniques and no individual material is available to serve as the type of a name of a 

new taxon.” Proposed recommendations would suggest that: (i) new taxa based on sequences 

should be described with reference to a published phylogenetic analysis; (ii) sequences 

representing the new taxon should have been detected in multiple independent studies; and (iii) 

sequences used for taxon description should be drawn from regions deemed appropriate by the 

relevant taxonomic communities (Hawksworth et al. 2016). Other measures that would 

strengthen sequenced-based species description would include requiring that all appropriate 

reference databases have been searched and closely related sequences have been included in 

analyses and that appropriate tests for sequence quality, including tests for chimeric sequences, 



 

have been performed (Nilsson et al. 2012, Hyde et al. 2013, Lindahl et al. 2013, Hart et al. 2015, 

Selosse et al. 2016). Again, organizations such as the ICTF could play an important role in 

developing and disseminating best practices, and journals could help by adopting and enforcing 

these criteria. 

It remains to be seen if the proposal to allow sequences to serve as types (Hawksworth et 

al. 2016) will be approved. However, mycologists do not need to wait until 2018 to begin 

describing species based on environmental sequences. In the interim, demonstration papers could 

be produced that present worked examples of sequence-based species descriptions. To some 

extent, this is already happening. For example, a new species of Neocallimastigomycota, 

Piromyces cryptodigmaticus, was described based only on sequence data, although a technical 

voucher sample was obtained (Kirk 2012). Similarly, 48 species of Archaeorhizomyces that have 

been detected with environmental sequences in at least two independent studies were identified, 

although they were not given Linnaean binomials (Menkis et al. 2014). 

A fine example of SBC in action is provided by Hawksworthiomyces sequentia ENAS, 

which was described by de Beer et al. (2016) based on two independent sequences, one from 

Canada and the other from Sweden. The ENAS suffix indicates that this taxon was described 

based on environmental sequences (TABLE I; Taylor 2011). In describing H. sequentia, de Beer 

et al. made a serious effort to obtain all relevant cultures, and they performed thorough 

phylogenetic analyses of sequences from GenBank and UNITE. The study was peer-reviewed 

and a diagnostic alignment was provided as supplementary material. Thus, the description of H. 

sequentia provides a model for other mycologists who wish to describe ENAS. 

Until the Code is changed sequence-based species names will not have the protection of 

priority. If taxonomists working with physical specimens rediscover a species that was described 



 

based on sequence data, they should consider validating the original sequence-based name, 

ideally in collaboration with the author of the sequence-based name. To do otherwise would 

cause confusion and create redundant names, as well as deprive individuals of credit for their 

discoveries. To promote recognition of sequence-based species, databases of names 

(“nomenclators”) such as Index Fungorum, MycoBank, and NCBI should be encouraged to take 

up sequence-based species names, perhaps labeled as “candidate species” (Hibbett et al. 2011), 

or with a suffix to indicate their provisional status (nom. prov.) or their nature as sequence-based 

taxa (MOTU, ENAS), even if they are not compliant with the Code. 

ENABLING THE COMMUNITY TO PARTICIPATE IN SBCI 

Mycologists were early adopters of SBCI (Gardes et al. 1991, Reynolds and Taylor 1991, Bruns 

et al. 1998), molecular phylogenetics (White et al. 1990, Bruns et al. 1991) and comparative 

genomics (Birren et al. 2002), but there is still a long way to go before fungal molecular ecology, 

taxonomy, and functional biology are fully integrated (FIG. 1). Among the most important 

challenges facing fungal biology are to encourage and enable more mycologists to adopt SBCI, 

and to contribute molecular and phenotypic information to publicly accessible databases. 

Promoting SBCI.—Probably the most effective means of promoting SBCI is to publish 

illustrative examples of research using community resources (TABLE II). Excellent models 

already exist for some areas, such as ecological studies of indoor air (Adams et al. 2013), human 

gut and skin microbes (Findley et al. 2013, Hoffmann et al. 2013), AM fungi (Davison et al. 

2015), or forest soils (Talbot et al. 2014, Tedersoo et al. 2014). Innovative publications can 

suggest the way forward but without efforts to define and disseminate best practices, broad 

adoption will be slow. Critical analyses of published examples and focused meetings held in 

conjunction with regional and international mycology and microbiology meetings could help to 



 

identify the optimal approaches for each group of fungi and research problem. To teach the best 

practices, tutorials can be developed for workflows and posted on sites such as Wikipedia or 

YouTube, with links to mycological sites such as MycoBank and UNITE. Mycological sites 

should catalog these resources, with Joseph Felsenstein’s compilation of phylogeny programs as 

a model (http://evolution.genetics.washington.edu/phylip/software.html). Practical workshops 

providing intensive training in both wet-bench and computational methods would also promote 

adoption of best practices in SBCI. 

Academic mycologists have been the leaders in developing SBCI, but to reach the full 

potential of these methods they must reach out to other groups, including scientists in industry 

and government who are focused on agriculture, biotechnology, and medicine. These 

professionals may be the best equipped to develop workflows and teach workshops that reach 

large numbers of practitioners (e.g. pathologists, quarantine agents, and industrial 

microbiologists). Liaison with professional societies, such as the American Phytopathological 

Society and others, will be key to involving these professionals in teaching SBCI. 

Another group that will be important to the general acceptance of SBCI is non-

professional mycologists, who often have a better knowledge of fungi in the environment than 

many professional mycologists. Outreach to non-professional groups, such as the North 

American Mycological Association (NAMA) and regional mycological clubs will help broaden 

awareness of SBCI. A good example is the North American Mycoflora Project (Bruns 2012), 

which seeks to conduct a continental-scale survey of fungal diversity. This ambitious 

undertaking relies on the distributed knowledge of fungal habitats and geographic distributions 

that resides in the amateur mycology community and was launched with support of NAMA. 

Tutorials and articles about SBCI in Web resources such as Mushroom Observer, Wikipedia, and 



 

the Encyclopedia of Life could also reach large numbers of amateur mycologists. Citizen 

scientists should also be engaged in SBCI. Indeed, there are already examples of studies using 

SBCI with the support of citizen scientists, whose ability to sample environments from diverse 

locations has enabled ecological sampling on a broad scale (Amend et al. 2010; Barberan et al. 

2015). 

Recruiting citizen scientists calls for a multipronged approach, targeting K–12 schools, 

universities, and the general public, with social media playing a major role. Reaching students 

will require inclusion of SBCI in curricula and textbooks and direct outreach to organizations 

such as the National Association of Biology Teachers. Organizations involved in conservation 

and restoration biology can also help to promote SBCI. For this to occur, fungi must be explicitly 

included among the target organisms for conservation efforts, and there must be enhanced 

understanding of the role of SBCI for monitoring fungal populations and assessing their risk of 

extinction (Veresoglou et al. 2015). 

Maintenance and sustainability of databases and collections.—The value of databases increases 

as they grow, and that growth depends on scientists depositing data and analytical workflows in 

publicly accessible repositories. To simplify this process, it would be helpful if researchers 

would document their workflows in formats that are ready to upload, e.g. an IPython Notebook. 

As noted previously, journals and granting agencies have an important role to play in enforcing 

good practices in research workflows and archiving. 

The growth of SBCI also highlights the importance of fungaria and culture collections. 

Specimens can provide clues to the morphology of organisms known only from sequences, and 

cultures may provide sufficient DNA for genomic analysis and enable experimental studies that 

complement environmental observations. Direct sampling of nucleic acids in the environment 



 

facilitates large-scale discovery of taxa and complements studies relying on culturing or direct 

observation of individual organisms. A brilliant example of this complementarity is provided by 

the aforementioned Archaeorhizomycetes, which was an unnamed and widely distributed clade 

of phenotypically mysterious fungi known only from environmental LSU sequences (Schadt et 

al. 2003). The connection of this DNA-based observation to its source organisms was made 

when researchers obtained rRNA g e n e  sequences from previously cultivated fungi that 

matched the environmental DNA clade (Rosling et al. 2011). Culture collections and fungaria 

are storehouses of known fungal diversity, but the majority of these resources also remain 

uncharacterized at the sequence level. To facilitate SBCI, it is essential that culture collections 

and fungaria receive support, both for SBCI and for their continued maintenance. More 

generally, all community resources, including databases, require plans for long-term financial 

sustainability, possibly involving user fees as well as institutional support (Bell et al. 2010, 

Reiser et al. 2016). 

According credit for tending the commons.—SBCI becomes more powerful as new data are 

added to public repositories. However, career advancement is traditionally based on publications, 

not unattributed contributions to databases and collections. An argument can be made that the 

most concrete legacy of any scientist is the data and materials that they have made available to 

the field (McNutt 2014). In the case of biology based on “big data,” this argument is clear and to 

foster the science we need to move from a reward system that strongly emphasizes publications 

to one that also values “quantum contributions” (Maddison et al. 2012), such as DNA sequences 

and other data, specimens, and cultures, as well as curation and identification services, software, 

databases, and websites. 



 

Technological as well as cultural shifts will be needed to assess and accord credit for 

contributions to community resources (McDade et al. 2011). Automated systems to track usage 

of data resources could provide quantitative measures of their impact, but they need to include 

unique identifiers for the workers who provided the data. New online publications such as 

Biodiversity Data Journal (http://biodiversitydatajournal.com/) and Research Ideas and 

Outcomes (http://riojournal.com/) allow researchers to publish datasets and workflows, allowing 

them to be cited by other researchers who use those resources. 

Behavioral changes are also needed. For example, studies using data from 

GenBank/INSDC should not only include accession numbers but should also consider citing the 

articles in which the sequences were first reported, which will accord merit to the data providers 

and give them an incentive to update accessions with publication information (Seifert et al. 

2008). In general, increased communication between data providers and data users, possibly 

leading to co-authorships, can only improve the quality of analyses. Researchers should include 

sections in their curricula vitae describing contributions to community resources, as is 

traditionally done by systematists in sections for “taxonomic novelties”. Senior scientists and 

reviewers have a particular responsibility to train administrators and tenure-and-promotion 

committees to appreciate the value of contributions to resources for SBCI and their impact on 

understanding of fungal diversity. 
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LEGENDS 

FIG. 1. Conceptual diagram of Sequence-Based Classification and Identification (SBCI) in fungi. 

The upper part of the figure shows traditional mycological data streams originating with cultures 

and collections (green boxes), whereas the lower part indicates environmental molecular 

sampling (blue boxes). SBCI is included in the integrating middle layer (red arrows), with 

outputs including synthetic understanding of community composition and functional biology and 

contributions to taxonomic and functional databases. Metadata not indicated in the diagram 

include temporal and geographic information or host information, which could contribute to 

fields such as ecological niche modeling, biogeography, and epidemiology. Metaproteomics and 

non-molecular aspects of functional biology (e.g. morphology and development) are also not 

shown, but could be integrated into SBCI and used to predict phenotypic properties of species 

detected with environmental sequences. 

FIG. 2. New fungal species published from 2010 to 2015 based on Index Fungorum records, with 

and without sequence data of any locus in GenBank as of Jun 2016, as total (A) and proportional 

(B) values. The complete list of taxa with their higher-level classifications, publication 

information, and GenBank accession numbers (where these exist) are included (SUPPLEMENTARY 

INFORMATION). 
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TABLE I. Terms and concepts for sequence-based classification and identification 

Candidatus  A provisional taxonomic category for prokaryotes that lack a type culture 

Environmental nucleic acid 

species (ENAS) 

A species recognized solely with environmental molecular sequences 

Environmental sequence  A DNA or RNA sequence obtained directly from a microbial community 

using amplicon or shotgun methods 

Molecular operational 

taxonomic unit (MOTU) 

An unranked taxonomic entity recognized with environmental sequences 

Nomenclature  The set of rules detailed in the ICNAFP that determine the correct name for 

algae, fungi, and plants 

Sequence-based 

classification (SBC)  

The process by which species are discovered, named, and classified 

according to their phylogenetic relationships.  

Sequence-based 

identification (SBI) 

The process by which the products of taxonomy are used to identify 

individuals and determine the composition of communities with reference 

to existing classifications 

Species hypotheses (SH) A term coined to describe taxa whose ITS rRNA gene sequences cluster at 

user-defined cutoff levels i.e. 97–99% 

Taxonomy  The branch of science focused on naming, describing, and classifying all 

forms of life 

Virtual taxa (VT) Phylogenetically defined sequence groups that roughly correspond to 

species 

  



TABLE II. Databases and tools for sequence-based classification and identification 

General identification tools and data repositories 

BOLD  http://www.boldsystems.org/ 

CBS-KNAW  
http://www.cbs.knaw.nl/Collections/BioloMICSSequences.aspx—contains 

30 BLASTn searchable databases  

Dryad  http://datadryad.org/ 

FUSARIUM-ID  http://isolate.fusariumdb.org/ 

GreenGenes  http://greengenes.lbl.gov/cgi-bin/nph-index.cgi 

MaarjAM  http://maarjam.botany.ut.ee/ 

Mothur http://www.mothur.org/ 

Naïve Bayesian Classifier  http://aem.asm.org/content/73/16/5261.short?rss=1&ssource=mfc 

Open Tree of Life  http://www.opentreeoflife.org/ 

QIIME  http://qiime.org/ 

RefSeq Targeted Loci http://www.ncbi.nlm.nih.gov/refseq/targetedloci/ 

Ribosomal Database 

Project (RDP)  
https://rdp.cme.msu.edu/ 

Silva  http://www.arb-silva.de/ 

TreeBASE  https://treebase.org/ 

TrichoBLAST  http://www.isth.info/tools/blast/ 

UNITE  https://unite.ut.ee/ 

Data standards 

BIOM  http://biom-format.org/ 

MIMARKS  http://www.nature.com/nbt/journal/v29/n5/full/nbt.1823.html 

Darwin Core  http://rs.tdwg.org/dwc/ 

Genomics databases and tools 

1000 Fungal Genomes 

Project (1KFG) 
http://1000.fungalgenomes.org/home/ 

FungiDB  http://fungidb.org/fungidb/ 

GEBA  
http://jgi.doe.gov/our-science/science-programs/microbial-

genomics/phylogenetic-diversity/ 

MycoCosm  http://genome.jgi.doe.gov/programs/fungi/index.jsf 

Functional database 

FUNGuild  https://github.com/UMNFuN/FUNGuild 



Nomenclature and nomenclatural databases and organizations 

Catalogue of Life (COL) http://www.catalogueoflife.org/ 

Index Fungorum  http://www.indexfungorum.org/ 

International code of 

nomenclature for algae, 

fungi, and plants 

(ICNAFP) 

http://www.iapt-taxon.org/nomen/main.php 

International Commission 

on the Taxonomy of 

Fungi (ICTF) 

http://www.fungaltaxonomy.org/ 

List of prokaryotic names 

with standing in 

nomenclature (LPSN) 

http://www.bacterio.net/ 

MycoBank  http://www.mycobank.org/ 

Biodiversity collections databases 

Global Biodiversity 

Information Facility 

(GBIF) 

http://www.gbif.org/ 

iDigBio  https://www.idigbio.org/ 

MycoPortal  http://mycoportal.org/portal/index.php 

World Federation of 

Culture Collections 

(WFCC) 

http://www.wfcc.info/ 

Citizen science resources 

Encyclopedia of Life  http://eol.org/ 

Mushroom Observer  http://mushroomobserver.org/ 
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