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ABSTRACT The increase in public online databases dedicated to fungal identifi-
cation is noteworthy. This can be attributed to improved access to molecular ap-
proaches to characterize fungi, as well as to delineate species within specific fungal
groups in the last 2 decades, leading to an ever-increasing complexity of taxonomic
assortments and nomenclatural reassignments. Thus, well-curated fungal data-
bases with substantial accurate sequence data play a pivotal role for further research
and diagnostics in the field of mycology. This minireview aims to provide an over-
view of currently available online databases for the taxonomy and identification of
human and animal-pathogenic fungi and calls for the establishment of a cloud-
based dynamic data network platform.
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Fungi are ubiquitous microorganisms with a profound influence on agriculture and
human and animal life. The global health and socioeconomic impacts of fungal

diseases are underrecognized and increasing. Worldwide, on an annual scale, at least
11.5 million deaths are attributed to cases of life-threatening invasive fungal disease
(IFD) (http://www.gaffi.org/); this exceeds deaths from malaria and tuberculosis (1). IFDs
now cause �10% of all nosocomial infections, with high mortality rates (40 to 100%) (1,
2), despite modern therapies. Furthermore, the health impact of chronic respiratory,
mucocutaneous, and allergic fungal diseases is enormous. Current expenses are ap-
praised at $2.6 billion/year in the United States alone, with a projected annual increase
of 2 to 3% (3). With a burgeoning population at risk for IFDs (4), impacts of natural
disasters, and predicted effects of climate change (5), fungal diseases continue to inflict
human and animal health with a huge economic burden (1, 4, 5); as such, they are
subject to extensive studies, making correct taxonomic identification paramount.

Fungal identification has been based traditionally on subjective morphological and
phenotypic characteristics, often leading to multiple names for a single species or,
conversely, a single name for distinct species, resulting in erroneous species identifi-
cations. Traditional methods based on morphological or biochemical characteristics
enable, in most cases, genus- and species-level identifications, but they are slow and
can be inaccurate. Diagnostic approaches, such as matrix-assisted laser desorption
ionization–time of flight mass spectrometry (MALDI-TOF MS), require fungal culture,
and although this can rapidly identify common yeasts, mold identification is more
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complex and requires access to validated purpose-built databases of reference spectra
(6, 7). Undeniably delayed treatment of fungal infections leads to adverse outcomes.
However, the prerequisite for early targeted therapy is accurate and timely fungal
species identification (ID) (8), which currently is only partially been realized by robust
accessible diagnostic platforms (9). Molecular biology now allows for a more objective
approach to fungal phylogeny and subsequent correct identification, but at the same
time, it produces ever-increasing amounts of sequence data. This creates a new challenge,
that of ensuring prompt provision of the vast amount of sequence data available to the
end user. With advancements in computational technology and bioinformatics tools,
large volumes of data can now be easily stored, annotated, and accessed remotely with
relative ease. As a result of this, a superfluity of databases for fungal studies exists,
which requires a detailed understanding of each.

ESSENTIALS OF AN ONLINE SEQUENCE DATABASE

In general, an online fungal database comprises sequence information for genes
(mainly from the ribosomal DNA [rDNA] gene cluster and protein-coding genes),
polyphasic characters, and other associated metadata. Exploring a database usually
involves the following steps: (i) accessing a database, (ii) planning a strategy for a
particular search, (iii) performing the search, and (iv) retrieving data. The prominence of
a database lies in the relative ease of end-user accessibility to deposit, store, annotate,
and retrieve data. Any database has an inherent propensity to become obsolete over
a period of time. To overcome this and to maintain effective databases relevant to both
in diagnostic mycology and in research, it is imperative that a constant and consistent
curation effort by a dedicated team of experts is in place.

Over the last decade, a large number of online fungal databases have been established
for the mycology research community. This minireview attempts a holistic overview of
the more widely used repositories, such as Aspergillus Genome Database (AspGD),
Aspergillus & Aspergillosis Website, BOLD, Broad Institute databases, CBS-KNAW, Can-
dida Genome Database (CGD), Doctor Fungus, FungiDB, Fusarium Database, Fusarium
MLST (MLST, multilocus sequence typing), Index Fungorum, Institut Pasteur-FungiBank,
International Society for Human and Animal Mycology-Internal Transcribed Spacer
(ISHAM-ITS), ISHAM-MLST, Mycology Online, MycoBank, NCBI GenBank, NCBI RefSeq,
and UNITE, with a focus on the nomenclature, taxonomy, identification, and genotyp-
ing of pathogenic fungi.

APPROACHES WITH ITS AS DNA BARCODE, MLST, AND OTHER GENE LOCI

For molecular species identification, an increasingly popular concept of utilizing
short DNA sequences, called DNA barcodes, was recommended (10). A DNA barcode
constitutes of short conserved (500- to 800-bp) regions containing species-specific
genome diversity. It easily enables comparisons with well-identified reference col-
lections of DNA sequence signatures of the species currently in a database, requir-
ing limited fungus-specific identification expertise (11). However, the reliability of a
universal gene to achieve an accurate delineation of fungal species and identity still
remains a key constraint to its application.

Currently, there is consensus among the mycology community to use the internal
transcribed spacer (ITS) sequences of rDNA as the primary barcode for fungi (12).
Initially, due to spurious identifications and incomplete ITS sequence deposits,
sequence-matched approaches for molecular identification and phylogenetic studies in
the public databases of the International Nucleotide Sequence Database Collaboration
(INSDC) were often flawed (13). This has been recently overcome through the devel-
opment of quality-controlled public databases, such as NCBI RefSeq, BOLD, UNITE, and
the ISHAM-ITS database (12, 14–16).

Recently, Delgado-Serrano et al. (17) applied a machine learning-based open-source
algorithm approach (Mycofier) for classification of the fungal ITS sequence data. They
demonstrated that a large pool of ITS1 sequence data could be classified with accuracy
comparable to that of the Basic Local Alignment Search Tool (BLAST) algorithm.
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However, for many taxa, additional barcodes are necessary. These secondary and
even tertiary barcodes, usually based on sequences of housekeeping genes, are needed
for accurate species identification, e.g., the �-tubulin (�TUB) gene for Aspergillus spp.
(18) and Scedosporium spp. (19), the translation elongation factor 1� (TEF1�) for
Fusarium spp. (20), the intergenic spacer 1 (IGS1) for Trichosporon spp. (21), and the
D1/D2 region of the rDNA gene cluster for Lichtheimia spp. (22) Currently, there is no
consensus about these supplementary barcodes, since for many taxa, they are genus
dependent. Initial work by Robert et al. (23) and Stielow et al. (24) assessed different
protein-coding genes from fungi, with the aim of finding an appropriate candidate for
a secondary fungal DNA barcode with high phylogenetic resolution, and proposed the
TEF1� gene. Preliminary studies showed that the intraspecies variation dropped below
1.5%, enabling a more accurate species delineation (Fig. 1).

Other molecular approaches, such as multilocus sequence typing (MLST), utilize four
or more gene loci for strain typing to aid investigations on epidemiology and popu-
lation genetics with consistency and reproducibility. The discriminatory power of a
specific MLST scheme is dependent on the choice of the gene loci and accuracy of
sequences.

ONLINE DATABASES FOR TAXONOMY AND IDENTIFICATION OF PATHOGENIC
FUNGI

A vast number of online databases ranging from morphological, biochemical, and
clinical to gene- and genome sequence-based databases are now available (Table 1).
On the basis of diagnostic convenience and the data elements delimited in each, they
can be broadly grouped as (i) clinical-biochemical, morphological, and taxonomy-
based; (ii) gene-based; (iii) strain typing-based; and (iv) genome-based, databases.

(i) Clinical, biochemical, morphology, and taxonomy-based databases. Doctor
Fungus (http://www.mycosesstudygroup.org/), Mycology Online (http://www.mycology
.adelaide.edu.au/), and the Aspergillus and Aspergillosis Website (http://www.aspergillus
.org.uk/) are some of the most extensively used online educational databases providing
images and describing morphological characteristics for fungal species and information
pertaining to fungal infections in humans and animals across the globe. These online
databases, when routinely updated, could be valuable tools for the routine clinical
laboratories, which currently rely on online textbooks.

In 2004, the MycoBank Database initiative was started at the CBS-KNAW Fungal
Biodiversity Centre at the Royal Netherlands Academy of Arts and Sciences, which was
later transferred to the International Mycological Association (IMA). MycoBank is a
dedicated online fungal nomenclature and taxonomic database, which is remotely
curated and widely used by the mycological community (25, 26). It documents fungal

FIG 1 Examples of intraspecies variation in the primary fungal DNA barcode, the ITS1/2 regions compared with the secondary fungal DNA barcode (blue bars),
the elongation factor TEF1�, showing the superiority of the TEF1� locus (red bars), with all so-far-tested species having less than 1.5% intraspecies variation,
the cutoff needed for accurate species identification. Clavispora lusitaniae (anamorph: Candida lusitaniae) and Kodamaea ohmeri are examples of too-high
intraspecies variation in the ITS1/2 locus.
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nomenclature and other associated data, such as descriptions and illustrations from all
known fungal species. This centralized deposit of fungal taxa provides synonyms,
basionyms, teleomorph-anamorph equivalence names, taxonomic classifications, as
well as wide-ranging reference links for external resources and pertaining bibliography.
Moreover, it comprehensively searches for pairwise sequence alignments against nu-
merous curated reference databases, such as ISHAM-ITS, UNITE, GenBank, CBS, and
Institut Pasteur-FungiBank (IP-FungiBank) databases (Fig. 2). In contrast to most other
currently available fungal databases for pathogenic fungi, which mainly have provisions
for gene and genomic data alone, MycoBank offers the most comprehensive search
options on molecular data alone or using a combination of morphological, physiolog-
ical, and molecular criteria in a polyphasic approach.

FIG 2 Illustration of predominant online databases for pathogenic fungi with a gradient from clinical, biochemical, morphological, taxonomical, to gene- to
genome-based data resources and the identification level achieved according to the kind of diagnostic laboratory. Outlines indicate existing linkages between
the databases. Arrows indicate data existing data exchange between databases.
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Index Fungorum (http://www.indexfungorum.org/) is an open-access database to-
tally dedicated to fungal nomenclature. It is supported by the collective partnerships of
The Royal Botanic Gardens Kew, Landcare Research-NZ, and the Institute of Microbiol-
ogy of the Chinese Academy of Sciences. In addition, the data elements were sourced
from professional mycology consortia, such as the Centre for Agriculture and Biosci-
ences International (CABI) publications, Index of Fungi, and the MycoBank databases.

(ii) Gene sequence-based databases. Erroneous or mismatched sequences are an
ongoing problem faced by many public databases. The most commonly used public
database, GenBank (27), hosted at the National Center for Biotechnology Information
(NCBI), contains over 10% flawed ITS sequences, annotations, and species definitions
(28). To overcome this limitation, the arbitrator-curated NCBI RefSeq Targeted Loci (RTL)
database has been established by the NCBI (12). RefSeq is a curated database of fully
annotated sequences from type and expert-verified materials. It also facilitates cross-
platform multiple-sequence markers and whole-genome searches (12).

The Assembling the Fungal Tree of Life (AFTOL) project set up yet another valuable
online resource for fungi, data matrices, and phylogenetic reconstructions (29). The
data elements are curated from published literature and include post-taxonomic
assessments for inclusion in the AFTOL database, combining character illustrations and
molecular data.

The Barcode of Life Data Systems (BOLD) represents the first barcode database
system since the initiation of the barcoding concept (16). The analytical platform of this
database was developed in the Canadian Centre for Biodiversity Genomics with cloud-
based data storage. It has strict guidelines for the submission of barcodes and is
curated with a focus on animals and plants. Recent efforts are in place to incorporate
more data sets from fungi. In 2015, the ISHAM-ITS database (see below) was incorpo-
rated into BOLD (10) (Fig. 2).

The Centraalbureau voor Schimmelcultures Collection and associated Databases
(CBS-KNAW) hosts the largest living collection of fungal strains, with more than 80,000
strains in the public collection belonging to almost 15,000 different species. The ITS and
LSU loci have been sequenced for most of the strains, including almost all known
pathogenic species. The CBS-KNAW website offers the possibility to perform pairwise
DNA sequence alignments, as well as polyphasic identifications based on a combina-
tion of morphological, physiological, and molecular characteristics for a number of
different fungal groups (dermatophytes, Fusarium, medical fungi, Penicillium, Phae-
oacremonium, Scedosporium, and yeasts). Like for MycoBank, ISHAM-ITS, ISHAM-MLST,
and IP-FungiBank, which all use the same software system, pairwise DNA alignments
can be performed simultaneously using several remote reference databases, and the
best results are combined into a single matching list.

The EzFungi database is a sister database of the EzTaxon database and contains
manually selected and verified ITS sequences to facilitate routine identification of
fungal pathogens. The EzFungi database is a result of the collaboration between Seoul
National University and ChunLab, Inc. and is maintained and curated by the EzFungi
Team.

The French National Reference Center for Invasive Mycoses and Antifungals (NRCMA)
hosts the IP-FungiBank, a restricted database for pathogenic fungi. This database allows
pairwise gene sequence alignments for medically important yeasts and molds. The poly-
genic sequence database has been derived from strains systematically identified on the
basis of morphology, MALDI-TOF MS, and DNA sequencing. The IP-FungiBank provides
updated nomenclature and DNA sequence information in addition to ITS sequences for
species-specific identification of Fusarium, Aspergillus, and Trichosporon species viz. the
TEF1� gene, �TUB, and IGS1, respectively (http://fungibank.pasteur.fr/).

The taxonomy of the genus Fusarium is inherently complex and has relied upon
automated molecular approaches and multiple gene sequences for reliable molecular
identification (30). To provide the Fusarium community with reliable identification tools,
two widely used databases for this important plant and human pathogen have been
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established: the Fusarium ID Database, hosted at Pennsylvania State University (31, 32),
and the Fusarium MLST database, a dedicated online tool jointly instituted by the
CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands, the USDA (Peoria, IL,
USA), and the Pennsylvania State University, College Township, PA, USA (33). The
Fusarium MLST database enables single-sequence and multisequence alignments for
unknown sequence queries (33). This database is linked with GenBank and the CBS-
KNAW sequence databases and remains one of the most extensively used databases for
Fusarium research groups, soliciting contributions from the user community for con-
tinuous development and additions (Fig. 2).

In 2011, the International Society for Human and Animal Mycology-Internal Tran-
scribed Sequences (ISHAM-ITS) database for human- and animal-pathogenic fungi was
instituted under the aegis of the ISHAM international working group on “DNA barcod-
ing of human and animal pathogenic fungi.” This widely accessed curated quality-
controlled online database currently comprises �3,750 ITS sequences associated with
various types of metadata derived from over 500 human- and animal-pathogenic fungal
species (14). Most of the species can be reliably identified by ITS sequences, but some of
them, such as dermatophytes, Aspergillus, Fusarium, Penicillium, and emerging pathogenic
yeasts, require additional molecular methods/gene loci (14, 34). Apart from being well
curated, the ISHAM-ITS database is seamlessly integrated into the NCBI RefSeq, UNITE, and
BOLD databases through direct linkouts and unique flagging (Fig. 2).

UNITE was first created in 2003, mainly focusing on the ITS sequences of ectomy-
corrhizal fungi (15). The database has undergone significant changes over the years to
provide reliable molecular identification for a large group of fungi. The clustering of
fungal species mainly from environmental habitats was achieved by introducing the
“species hypothesis” concept. A comprehensive workbench (PlutoF) is also available for
the molecular identification, taxonomy, and analysis of sequences derived from met-
agenome analysis, including Geographic Information System (GIS) (15). UNITE is exten-
sively linked by means of cross-references and linkouts with the NCBI GenBank, NCBI
RefSeq, and ISHAM-ITS databases (Fig. 2), and as a result, it holds various fungal ITS
sequences of pathogenic fungi.

(iii) Fungal strain genotyping databases. The International Society for Human and
Animal Mycology-multilocus sequence typing (ISHAM-MLST) database provides access
to a curated MLST scheme for the following pathogenic fungal species: (i) Cryptococcus
neoformans and Cryptococcus gattii (35); (ii) Scedosporium apiospermum and Scedospo-
rium boydii (36); (iii) Scedosporium aurantiacum; (iv) Bipolaris australiensis, Bipolaris
hawaiiensis, and Bipolaris spicifera (37); and (v) Pneumocystis jirovecii (38) (Table 2).

Similarly, the MLST.Net Database hosted at the Imperial College, London, UK, enables a
discriminatory typing system applicable to a number of the pathogenic yeast species
useful for epidemiological purposes (39), including MLST schemes for (i) Candida
albicans (46), (ii) Candida glabrata (41), (iii) Candida krusei (Pichia kudriavzevii) (42), and
(iv) Candida tropicalis (43) (Table 2).

(iv) Genome-based databases. The Aspergillus Genome Database (AspGD) collects
biologically important information of genomic records, proteins, subcellular localiza-
tions, and functions of the genus Aspergillus, predominantly for the A. nidulans, A.
fumigatus, A. flavus, A. niger, and A. oryzae species complexes. In addition to analytical
tools and multispecies comparison, it provides annotation updates and literature links
(44).

The Broad Institute databases have exhaustive sequence repositories for fungal
data, with specific links to dermatophytes, dimorphic fungal pathogens, and medi-
cally important yeasts (https://www.broadinstitute.org/scientific-community/data). The
Dermatophyte Comparative, hosted at the Broad Institute, utilizes an expressed se-
quence tag (EST) approach and contains genome assemblies and annotations for
dermatophytes of the genera Trichophyton and Microsporum (45). This database is
exceptionally useful for the zoophilic, geophilic, and anthropophilic dermatophytes, viz.
Trichophyton rubrum, Trichophyton tonsurans, Trichophyton equinum, Microsporum
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canis, and Microsporum gypseum, and has features for comparative genome studies
which are specific to this group, including gain or loss of gene functions and mating
competencies (45). This database is supplemented by the T. rubrum Expression
Database (TrED) for specialized analysis of sequence data sets for the aforemen-
tioned superficial fungi (46).

The Candida Genome Database (CGD) is a Candida-specific database for sequences
of genome and protein data for C. albicans and other Candida species and is funded
and hosted by U.S. National Institutes of Health (47). It uses multigenome BLAST for the
gene annotations from Ensembl Fungi. However, the gene annotation of the Candida
strains is not curated (47).

The FungiDB (48), a constituent of the EuPathDB Bioinformatics Resource Center,
provides multiple genome analysis data sets, gene records, data downloads, and diverse
data mining tools. It has a sustainable model for curation from the user community with
PubMed ID updates and supports with comments, phenotypes, and images (44).

In 2013, MycoCosm, a fungal genomics gateway envisioning the documentation of
1,000 fungal genomes, was initiated. This database was established to integrate and
analyze fungal genome data to achieve a better phylogenetic placement of all fungi by
the U.S. Department of Energy Joint Genome Institute, and it solicits the user commu-
nity to partake in the proposal of new species for sequencing, annotation, and data
analysis (49).

The NCBI Whole Genome Database serves as a common platform for the deposit of
whole fungal genomes from a broad range of genome centers (e.g., the Broad Insti-
tute), and as such may serve as the umbrella platform to host and unite these diverse
databases in the future.

APPLICATION OF ONLINE FUNGAL DATABASES FOR IDENTIFICATION OF
HUMAN- AND ANIMAL-PATHOGENIC FUNGI

An accurate diagnosis (or exclusion) of fungal disease impacts both clinical out-
comes and the use and timing of empirical, preemptive, or targeted antifungal therapy.
Judicious use of appropriate antifungal drugs is essential in improving outcomes,
reducing unnecessary drug toxicity, minimizing health costs, and in delaying the
emergence of drug resistance.

A holistic awareness of the specific utility of available online databases for patho-
genic fungi with a gradient from clinical-biochemical, morphological-taxonomical, to

TABLE 2 MLST schemes for pathogenic fungi

Species Locia URL Reference

Cryptococcus neoformans CAP59, GPD1, IGS1, LAC1, PLB1, SOD1, URA5 http://mlst.mycologylab.org/cneoformans/ 35
Cryptococcus gattii http://mlst.mycologylab.org/cgattii/
Scedosporium apiospermum ACT, �TUB, CAL, RPB2, SOD2 http://mlst.mycologylab.org/sapiospermum/ 36
Scedosporium boydii http://mlst.mycologylab.org/sboydii/
Scedosporium aurantiacum ACT, �TUB, CAL, RPB2, SOD2, TEF1� http://mlst.mycologylab.org/saurantiacum/
Bipolaris australiensis BRN1, GPD1, RPB1, RPB2, SAL1, TEF1� http://mlst.mycologylab.org/baustraliensis/ 37
Bipolaris hawaiiensis http://mlst.mycologylab.org/bhawaiiensis/
Bipolaris spicifera http://mlst.mycologylab.org/bspicifera/
Pneumocystis jirovecii �TUB, DHPS, ITS1/2, mtLSU http://mlst.mycologylab.org/pjirovecii/ 38
Candida albicans AAT1a, ACC, ADP1, MPIb, SYA1, VPS13, ZWF1b http://calbicans.mlst.net/ 40
Candida glabrata FKS, LEU2, NMT1, TRP1, UGP1, URA3 http://cglabrata.mlst.net/ 41
Candida krusei ADE2, HIS3, LEU2, LYS2D, NMT1, TRP1 http://pubmlst.org/ckrusei/ 42
Candida tropicalis ICL1, MDR1, SAPT2, SAPT4, XYR1, ZWF1a http://pubmlst.org/ctropicalis/ 43
aCAP59, capsule polysaccharide; GPD1, glycerol 3-phosphate dehydrogenase; IGS1, intergenic spacer 1; LAC1, laccase 1; PLB1, phospholipase B1; SOD1, superoxide
dismutase; URA5, orotidine monophosphate pyrophosphorylase; ACT, actin; �TUB, �-tubulin; CAL, calmodulin; RPB2, second largest subunit of RNA polymerase II;
SOD2, manganese superoxide dismutase; TEF1�, translation elongation factor 1�; BRN1, melanin reductase; RPB1, largest subunit of RNA polymerase I; SAL1, scytalone
dehydratase; DHPS, dihydropteroate synthase; ITS1/2, internal transcribed spacer 1 and 2 regions and 5.8S rRNA gene of the nuclear rRNA gene cluster; mtLSU,
mitochondrial large subunit rRNA; AAT1a, aspartate aminotransferase; ACC, acetyl-coenzyme A carboxylase; ADP1, ATP-dependent permease; MPIb, mannose
phosphate isomerase; SYA1, alanyl-RNA synthetase; VPS13, vacuolar protein sorting protein; ZWF1b, glucose-6-phosphate dehydrogenase; FKS, 1,3-�-Glucan synthase;
LEU2, 3-isopropylmalate dehydrogenase; NMT1, myristoyl-CoA:protein N-myristoyltransferase; TRP1, phosphoribosyl-anthranilate isomerase; UGP1, UTP-glucose-1-
phosphate uridylyltransferase; URA3, orotidine-5-phosphate decarboxylase; ADE2, adenylosuccinate synthetase; HIS3, imidazole glycerol-phosphate dehydratase; LYS2D,
L-aminoadipate-semialdehyde dehydrogenase; ICL1, isocitrate lyase 1; MDR1, major facilitator transporter; SAPT2, secreted aspartic protease 2; SAPT4, secreted aspartic
protease 4; XYR1, xylanase regulator 1; ZWF1a, glucose-6-phosphate dehydrogenase.
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gene- and genome-based data resources enables identification for a given purpose
(Fig. 2). Routine mycology labs, which heavily rely on databases for conventional
identifications and related information, will profit from accessing clinical-biochemical-
morphological databases. Further, to keep updated with nomenclatural changes, syn-
onyms, basionyms, and obsolete names, taxonomy-specific databases should be ac-
cessed. For epidemiological purposes, strain-typing databases (e.g., MLST) should be
employed. In reference and advanced research labs, gene- and genome-based data-
bases will aid in the highest taxonomic resolution and discriminatory power for
accurate pathogen identification. The ISHAM-ITS database, followed by either of NCBI
RefSeq, UNITE, or BOLD, will achieve this purpose. While whole-genome sequencing
(WGS), with its highest discriminatory power and accuracy, is potentially attractive, per
se, it is not currently feasible for fungi due to the large costs and annotation efforts
associated with their large genomes (15 to 40 Mbp), the lack of reference genomes, and
the impossibility of providing routine ID within the 48-h window required for early
antifungal therapy to greatly improve outcome. Focused-group databases enable
genus- or species-specific elements for specific purposes related to diagnostic and
research needs. However, a combinatorial approach of the aforementioned databases
will obviate tardiness and systematize the required stringency for fast identification
purposes.

IMPORTANCE OF ONLINE FUNGAL DATABASES IN THE RAPIDLY EVOLVING
GENOMICS ERA

Online fungal databases in the emerging genomics era have been immensely
valuable tools. The International Code of Nomenclature for algae, fungi, and plants
(ICN) has put forth the mandatory requirement of fungal nomenclature registration,
wherein any taxonomical novelties will be assigned a MycoBank ID and scrutinized by
experts for its validity and legitimacy in the process of making it available in the online
databases (26).

The advent of WGS and metagenomics has revolutionized the field of biology
and bioinformatics. These rapidly developing fields in molecular and DNA-based
methodologies for fungal identification have generated a whirlwind of data and pose
a tremendous challenge for storage, sharing, and ongoing curation. Additionally, the
concept of MLST for epidemiological typing purposes has been gradually shifting from
using only a couple of loci to WGS. Such efforts have led to large data sets, which
demand massive database structures, which are currently lacking. There is an increasing
taxonomic restructuring and reshuffling following the post-Amsterdam Amsterdam
Declaration on Fungal Nomenclature of one fungus � one name (IF � IN) (50, 51).
Further, metagenomics approaches, which rely largely on data mining for understand-
ing biological systems and their interaction with other life forms in a specific niche (52),
mean more members of the fungal kingdom are going to be discovered as research in
this direction progresses.

LIMITATIONS AND CURRENT CHALLENGES IN COMPREHENSIVE ONLINE FUNGAL
DATABASE MANAGEMENT

Although many of the databases listed are in one or another way curated, the
frequency and their monitoring are unclear, since some of them have usability limita-
tions or are not updated (e.g., Doctor Fungus or AFTOL) due to a lack of ongoing
maintenance.

In most cases, clinical mycology laboratories that use Sanger sequencing, according
to the recommendations of the Clinical Laboratory Standards International (CLSI)
MM18-A guideline, to the genus level might report filamentous molds as “species
complexes,” which in most cases may be sufficient for appropriate clinical care (60).
However, the utility of multiple databases discussed herein might enable a further
identification to the species level, which may be necessary in specific cases to allow an
even greater impact on clinical care and treatment.

Limited data sharing options available among the preexisting databases is one of
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the major challenges currently being faced in comprehensive online fungal database
management. To meet the demands and requisites for advancement in the fungal
genomic studies, an option to resolve this would be to reconsider data sharing options
and enhancing integrated connectivity. A growing database has the intrinsic chance of
becoming redundant and accumulating bias and errors, which could be mitigated by
collective efforts for a robust integrated data curation program. This would enable
minimization of the potential to accumulate errors and their prompt rectification. In
addition, real-time data set sharing and annotations would be an ideal proposition for
improving the operational sustainability of databases.

Yet another constraint is the inconsistency in grant support, which impedes the
advancement and development of accurately curated and networked databases. This
limits the database utility for molecular identification, epidemiology, population ge-
netics, and gene locus studies. It is imperative that a long-term vision and priority by
grant agencies with steadfast funding support programs for intensive database cura-
tion and its operative sustenance is in place. In addition, there is a great need for
funding to extend the current efforts of whole-fungal-genome sequencing to establish
a broad platform for studies of the mycobiome, compared with the efforts under way
on the bacterial microbiome.

The restraints in the fluctuations in funding support for focused single-pathogen
databases, which serve relatively small research groups, could be overcome by data-
base integration. One such successful model network is AspGD, which was revitalized
via integration with FungiDB, a component of the EuPathDB Bioinformatics Resource
Centre (44). This has maximized the potential of the single-pathogen-focused AspGD
database to the general user community. However, different strategies are being adopted
for databases, such as Index Fungorum or MycoBank, which ascertain that in the event
of discontinuation of their support, coordination, and curation, custodianship is or
could be vested to the International Mycological Association (IMA) or International
Union of the Microbiological Societies (IUMS) to ensure the continued availability to the
community (http://www.indexfungorum.org/). Additionally, interlinking of databases of
morphological, biochemical, and sequence data of fungi has been attempted to enable
synchronization of molecular data to the fungus-specific attribute, making them rele-
vant and useful for the scientific community (53).

PROPOSAL FOR A CLOUD-BASED DYNAMIC DATABASE NETWORK PLATFORM
AND INTEGRATION AMONG SPECIFIC FOCUSED-GROUP DATABASES

To circumvent the aforementioned crippling challenges for comprehensive data
management, we propose a dynamic database network environment by integration
among specific focused-group databases with maximum access and functional features
for the end-user community. Linkage of standalone specific focused-group databases
(e.g., those for Fusarium and dermatophytes) to larger databases will enable better
search results and comprehensive understanding of important members of those
fungal groups. One of the best ways to achieve integrated data networks would be
the utilization of the emerging cloud computing platforms (Fig. 3). Cloud platforms
refer to Internet-based shared processing of a large composite of data and digital
resources with secured access to machines in public domains enabled by means of
virtual private networks (VPNs) (54). These cloud platforms offer considerable
potential in further developments of online databases with metadata pertinent to
strain, genomics, and taxonomy, along with associated and supportive data sets for
pathogenic fungi. In addition, the lack of a unique strain ID for multiple entries of
the same strain leads to confusion. This can be avoided when interlinking the
databases by having a Unified Strain ID (US-ID), which will improve tracing and
indexing of the fungal metadata records for each strain. Future trends may also be
a foreseeable application of quantum computing (QBITS) with advanced processing
abilities for an aptly manageable, interlinked, and easily retrievable online fungal
database (55).

With Sanger sequencing data generation being limited to the isolated strains or
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the amplification of a single sequence target with specific primers, the use of
next-generation sequencing (NGS) in routine diagnostics will be a game changer, as
clinical samples can be directly sequenced, and the number of sequences gener-
ated can grow to several thousand to millions of reads that need to be analyzed and
compared against reference databases. While a single sequence alignment against
a reference database of a few million sequences may take a few milliseconds to 2
to 3 s on a given computer, the comparison of millions of sequences against millions
of references will cause serious scalability problems and challenges. Faster heuristic
comparative methods (56, 57) will have to be developed and implemented in a cloud-
or grid-based environment.

CONCLUSION

Future research toward clinically and agriculturally important fungi demands high-
quality and maximum-utility databases for the research community. Given that exotic
invasive fungal infections are often zoonotic, i.e., encountered from diverse environ-
mental habitats, especially plant pathogens, interlinking of focused and specific group
databases enables a highly dynamic integrated network. Thus, at this juncture, with vast
expanses of biodiversity habitats under exploration and newer fungal species being de-
fined, linking fungal databases in a virtually connected environment will enhance better
search strategies, improve taxonomic resolution toward identification of pathogenic fungi,
and contribute to significant fungal infectious disease research ramifications.
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