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Abstract
Taxonomy includes classification, nomenclature, and identification. Identification assigns 
unknown fungi to species based on their strain characteristics. Traditionally, fungal taxonomy 
relied on morphological, physiological, and biochemical traits. However, advancements in 
molecular phylogeny, especially multilocus sequence analysis (MLSA), have revolutionized 
fungal taxonomy. MLSA combines phylogenetic and genetic approaches. Although effective, 
MLSA may not fully reflect biodiversity or distinguish between closely related species. 
Polyphasic taxonomy integrates genotypic, phylogenetic, chemotaxonomic, and phenotypic 
data into a consensus classification system. Polyphasic taxonomy was first applied to 
Rhodotorula glutinis in 2001 and is now widely accepted. Phenotypic traits, such as protein 
profiles and chemotaxonomic markers, analyzed using techniques such as matrix-assisted 
laser desorption ionization-time of flight mass spectrometry, are effective for yeast and 
filamentous fungi. Genotypic data from DNA/RNA sequencing, compared with data from 
databases such as Index Fungorum and MycoBank, aids species identification and synonym 
verification. Despite its practicality, the polyphasic approach lacks strict guidelines, resulting 
in varied interpretations.
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Introduction
Traditionally, taxonomy comprises classification, nomenclature, and identification. Classification is 

defined as the systematic arrangement of organisms into taxonomic groups based on similarity, whereas 

nomenclature is the process of assigning names to organisms. Identification is defined as the process of 

accurately determining the species of an unknown fungus based on strain characterization [1]. Historically, 

fungal identification relied primarily on morphological, physiological, and biochemical traits. However, 

over the past two decades, advances in molecular phylogeny have profoundly influenced fungal taxonomy. 

Multilocus sequence analysis (MLSA) combined with phylogenetic analysis is one of the most practical, 

rational, and widely adopted methods for fungal identification in current taxonomic practice [2].

However, the complexities of fungal classification are addressed using a polyphasic taxonomic approach, 

which integrates multiple data types and methodologies. While molecular data play a crucial role, they 

are not always sufficient to provide clear biodiversity patterns or ensure the accurate identification of 
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taxa. Thus, a more holistic approach to studying biodiversity is warranted. Polyphasic taxonomy, which 

emerged in bacteriology in the 1970s [3], was first applied to fungal taxonomy in 2001, specifically to the 

basidiomycetous yeast Rhodotorula glutinis [4]. Over the past 15 years, polyphasic taxonomy has been 

widely used in numerous studies, with molecular phylogenetic analysis often serving as the foundation [5].

Polyphasic taxonomy has been integrated into a consensus classification system using all available 

genotypic, phylogenetic, chemotaxonomic, and phenotypic information. This approach plays a vital role in 

characterizing microorganisms with unique properties, such as low morphological complexity and issues 

with sexual reproduction or self-fertilization [5].

This review aims to describe the development of the polyphasic approach and its modern application in 

clinical mycology (Table 1).

Table 1. Key approaches in the polyphasic fungal identification
Categories Contents
Phenotypic-based approach

Morphological characteristics - Sporulation organ structures (e.g., conidia, macroconidia). 
- Colony traits: growth rate, aerial mycelium, odor.
- Cultivation conditions (e.g., medium composition, temperature) 
- Microscopy: with/without staining. DIC microscopy

Biochemical and physiological 
characteristics

- Chemotaxonomic markers (e.g., polysaccharides, fatty acids). 
- Metabolite profiling (chromatography). 
- Protein fingerprints
- Multilocus enzyme electrophoresis
- Isoenzyme analysis.
- Metabolite profiling
- Complementary markers (e.g., carbohydrate assimilation, colony color, 
growth rate)

Parasitism and mating ability - Pathogenicity, aggressiveness, specialization (geography, ecology)
- Mating via sexual offspring.

MALDI-TOF MS - Reliable for identifying Candida, and Cryptococcus spp .
- Accuracy varies for molds.
- Limited database sizes, cross-identification issues, varying cultivation 
conditions, and inadequate QC strategies.

Molecular-based approach
Genetic markers and database - ITS regions, rDNA regions. 

- Multilocus sequence analysis
- GenBank, CBS-KNAW, ISHAM ITS, MycoBank

Analytical tools - RNA-Seq-based next-generation sequencing
- PCR-based methods (RT-PCR, nested PCR). 
- DNA/RNA probes (e.g., FISH, Northern blot).
- Post-amplification methods (Microarray)
- Isothermal amplification methods (e.g., LAMP, NASMA)
- Multigenic phylogeny

Resource for nomenclature - MycoBank (http://www.mycobank.org)
- Index Fungorum (http://www.indexfungorum.org/names /Names.asp)
- the Mycology Online database (https://www.Mycology. adelaide. edu. au/)
- Fungal Taxonomy (https://www.fungaltaxonomy.org/)
- Clinical Fungi websites (https://www.clinicalfungi.org)

Abbreviations: DIC, differential interference contrast; MALDI-TOF-MS, matrix-assisted laser desorption/
ionization-mass spectrometry; QC, quality control; ITS, internal transcribed spacer; PCR, polymerase chain reaction; 
RT-PCR, reverse transcription PCR; FISH, fluorescence in situ hybridization; LAMP, loop-mediated isothermal 
amplification;NASBA, nucleic acid sequence-based amplification

http://www.indexfungorum.org/names
https://www.Mycology
https://www.fungaltaxonomy.org/
https://nt.ars-grin.gov/fungaldatabases/
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Phenotype-based approach
The phenotypic identification of fungi involves examining observable characteristics to determine 

species or genus. Phenotypic markers include morphological, biochemical, physiological, and biological 

characteristics such as life-cycle and ecological traits. These markers are the most widely used; however, their 

assumed relationship to fitness under natural selection remains unverified for many traits (e.g., microscopic 

fungi) [6].

Morphological characteristics
Morphological characteristics, including spore-forming structures and colony appearance, are widely used 

in fungal taxonomy. However, these traits often lack consistency without additional biochemical features 

or phylogenetic analyses. As culture conditions significantly influence fungal characteristics, pure cultures 

grown under specific media and conditions are more reliable than freeze-dried cultures. Standardized 

observation protocols for genera such as Penicillium, Alternaria, and Colletotrichum are critical for ensuring 

consistent and reliable analysis [5,7,8]. Traditional light microscopy often involves the use of dyes to stain 

cells and increase contrast under a bright-field microscope; however, staining can kill cells and distort 

structural features. In contrast, differential interference contrast microscopy enhances the contrast of unstained, 

transparent cells, thereby providing three-dimensional images while preserving natural morphology for 

detailed visualization [9].

Biochemical and physiological characteristics
Biochemical and physiological characteristics, such as cellular components (e.g., polysaccharides, fatty 

acids, and mycotoxins), secondary metabolites, protein fingerprints, multilocus enzyme electrophoresis, 

and isoenzyme analysis, have been prominent methods in fungal taxonomy. These traits are often affected 

by variability owing to culture conditions [5]. However, their relevance has diminished with the rise of 

molecular methods owing to limited informativeness. Metabolite profiling using chromatographic assays 

has been applied to classify genera such as Fusarium, Alternaria, Aspergillus, Penicillium, and Talaromyces. 

However, the unstable production of secondary metabolites reduces their reliability [10,11]. Complementary 

markers, such as carbohydrate assimilation, colony odor, and growth rate, have demonstrated practical value 

in differentiating fungal species [5].

Parasitism and mating ability
Certain fungal species, especially biotrophic fungi, exhibit a high degree of host specialization, and traits 

such as pathogenicity are valuable for distinguishing closely related species. Substrate-specific (phylogenetic) 

and organotropic adaptations may reflect the initial phases of species divergence. Experiments involving 

investigating pathogenic characteristics of necrotrophic and hemibiotrophic fungi require careful planning to 

ensure reliable results. This highlights the importance of adopting an approach to studying fungal parasitism 

that facilitates accurate species identification and ecological evaluation [5].
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The mating ability of fungi to produce sexual offspring could serve as an ideal method for species 

differentiation under the biological species concept. However, the practical application of this approach in 

mycology is limited because of technical challenges and the inherent absence of sexual reproduction in many 

fungal species [5,12].

Matrix-assisted laser desorption/ionization (MALDI-TOF) mass spectrometry 
(MS)

MALDI-TOF MS is a reliable alternative to conventional DNA-dependent methods for identifying 

fungi and bacteria. Proteins within the molecular weight range of 2–20 kDa serve as biotaxonomic markers. 

Ribosomal proteins dominate this range, providing high signal-to-noise ratios, effective ionization, reliable 

spectra, and minimal interference from microbial growth conditions [13-15]. MALDI-TOF MS has been 

successfully applied to identify various fungi, including major yeasts such as Candida and Cryptococcus 

[16-18]. However, mold identification remains challenging owing to various factors, including the presence 

of conidia, varying stages of colony growth, melanin content, and the protocols used for sample preparation. 

Globally, an increasing number of companies produce commercial mass spectrometry systems, such as the 

MALDI Biotyper (Bruker Daltonics), VITEK MS (bioMérieux), Axima (Shimadzu), and MicroIDSys 

(ASTA), which are widely used for clinical fungal identification [5,13,15,19]. To support the adoption and 

validation of commercial MALDI-TOF MS systems, the Clinical and Laboratory Standards Institute has 

issued the MM18-A2 guideline document [20].

MALDI-TOF MS has demonstrated considerable accuracy in identifying yeast pathogens, including 

common species such as Candida spp., Trichosporon spp., Geotrichum spp., Cryptococcus spp., and 

Malassezia spp. This technique has consistently achieved approximately 100% identification accuracy for 

Candida spp., including for rare species such as C. auris [15, 21]. Trichosporon spp. were identified at the 

species level with 98.6% accuracy compared with that using molecular methods [22]. The identification 

accuracy of Cryptococcus spp. was 96.55%, with further improvements observed with the addition of in-

house libraries [23]. Furthermore, subspecies such as C. neoformans var. grubii and C. neoformans var. 

neoformans, as well as molecular types within C. gattii, could be distinguished [24, 25]. Malassezia spp. have 

been successfully identified using direct formic acid extraction methods, enabling the identification of 14 

species, including M. furfur, M. globosa, and M. pachydermatis [16,26,27].

For filamentous fungi, the accuracy of species-level identification varies widely from 30.2%–100% 

depending on the database and methodology. Culture media and incubation conditions have minimal impact 

on the accuracy of Aspergillus identification. Recent studies have reported high accuracy for Aspergillus 

spp., often between 80%–98.1% [28-31]. Enhanced identification performance has been achieved 

through the integration of in-house databases with commercial systems or by upgrading mold databases, 

thereby addressing challenges such as distinguishing closely related species, such as A. flavus and A. 

oryzae [30,32]. The identification rates of other molds, such as Fusarium, Scedosporium, and Mucorales, 

range from 70%–98% [30,31,33]. For Fusarium spp., optimized scoring thresholds and comprehensive 

reference spectra have yielded correct identification rates of up to 91% [33]. Scedosporium spp., including 
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S. apiospermum and S. prolificans, are crucial pathogens in individuals with cystic fibrosis and those who 

are immunocompromised—have been identified with high sensitivity and accuracy, providing results 

comparable with those of gene sequencing [31]. Within Mucorales order, which includes genera such as 

Rhizopus, Lichtheimia, and Mucor, species-level identification rates have reached 81.1% using enhanced in-

house databases [34].

For basidiomycetes, identification rates using the VITEK MS PRIME substantially increased from 35.3% 

with the In Vitro Diagnostic database to 100% with the Research Use Only database [31]. The MicroIDSys 

Elite (ASTA) also demonstrated noteworthy results and helped identify 75.0% of basidiomycetes, including 

Schizophyllum commune [30]. Dermatophyte identification rates varied significantly (13.5%–100%) 

depending on the reference database and methodology. In-house databases have considerably improved 

accuracy, often exceeding 90%, whereas commercial libraries still lack sufficient representation of 

dermatophyte diversity [15]. Similarly, MALDI-TOF MS has helped effectively identify black or melanized 

fungi associated with a wide range of infections, particularly when in-house databases are employed. For 

example, Exophiala spp. were correctly identified at the genus and species levels with 96.8% and 90.5% 

accuracy, respectively [35,36]. MicroIDSys Elite also demonstrated 84.3% accuracy for dermatophytes 

while successfully distinguishing Sporothrix globosa at the species level [30].

Despite these advancements, MALDI-TOF MS has limitations. These include the size of proprietary 

databases, cross-identification challenges such as Trichophyton interdigitale vs. T. mentagrophytes due to 

overlapping peaks in their protein profiles, species variation (e.g., in genetically closely related species such 

as Scedosporium apiospermum vs. S. aurantiacum), issues with multiple species or contaminants, variations 

in solvent and matrix composition, biological variation influenced by culture conditions (e.g., growth rate, 

adherence to solid media), underdeveloped quality control strategies, and laboratory technique-related issues, 

such as smearing, uneven organism spotting, and improper plate cleaning. These limitations emphasize 

the ongoing need for database expansion and methodological refinement to ensure consistent and accurate 

identification [14,15,36].

Molecular-based approach

Genetic markers and database
The use of sequencing data has substantially advanced phylogenetic, biological, genetic, and evolutionary 

research, providing valuable insights into the diversity and interrelationships of various fungal groups 

[19,37]. DNA markers are widely used for biodiversity analysis and eliminate the need for specialized 

skills required for traditional identification methods. The internal transcribed spacer (ITS) region is the most 

widely used method for fungal species differentiation and DNA barcoding. The multicopy nature facilitates 

easy amplification, and the high variability renders this a reliable and convenient source of information [2]. 

Currently, the GenBank database contains extensive ITS sequence data from fungal genomes, offering rich 

resources for comparative analyses [2,38,39]. However, using ribosomal DNA (rDNA) as the sole source 
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for phylogenetic analysis has produced phylogenetic trees with low resolution, poor bootstrap support, or 

polytomies [40]. Consequently, MLSA has become the standard practice for identifying fungal species and 

populations [41]. Currently, ITS and other rDNA regions are primarily used for preliminary identification 

rather than as primary phylogenetic markers [42].

Several databases are available for effective analysis of sequencing results. GenBank remains the most 

widely used resource for fungal sequences despite a 20% error rate. Specialized databases, including CBS-

KNAW, European Molecular Biology Laboratory, DNA Data Bank of Japan, ISHAM ITS, MycoBank, 

SILVA, USARIOID-ID, and UNITE, focus on fungal taxonomy, ITS sequences, and microbial data. Tools, 

such as SmartGene and MicroSeq, are also applied in clinical and research settings. For medically significant 

fungi, the CBS database and the Westmead Millennium Institute provide additional clinical mycology 

resources [2,5,20].

Analytical tools
DNA-based analyses offer diverse methods for species differentiation. RNA sequencing is extensively 

used to analyze gene expression and genome structure, providing critical insights into transcriptional activity 

and genomic organization. Polymerase chain reaction (PCR) based methods, including conventional PCR, 

nested PCR, reverse transcription PCR, real-time PCR, serial analysis of gene expression, and barcoding, are 

fundamental for identifying fungal species and analyzing genetic material [2,19]. DNA/RNA probe-based 

techniques, such as in situ hybridization, northern blotting, and fluorescence in situ hybridization, play pivotal 

roles in sequence-specific detection and genetic element identification [2]. Post-amplification methods 

such as microarray analysis enable large-scale studies of gene expression and genetic variation. Isothermal 

amplification methods, including rolling circle amplification, loop-mediated isothermal amplification, 

and nucleic acid sequence-based amplification, simplify DNA amplification by operating at constant 

temperatures [2,5]. While traditional methods such as amplified fragment length polymorphism PCR are 

effective for closely related species, their broader taxonomic applications are limited. Since 2014, next-

generation sequencing (NGS) has helped identify over 300 fungal infections. The most frequently detected 

fungi include Pneumocystis jirovecii (25%), Aspergillus spp. (22%), Candida spp. (16%), and Cryptococcus 

spp. (7%). However, excluding P. jirovecii, traditional fungal culture methods could detect only 38% of 

infections, thereby highlighting the superiority of NGS over traditional methods [39].

Multigenic phylogeny provides a robust framework for analyzing genetic relationships among species 

using multiple genes. Methods such as genealogical concordance phylogenetic species recognition help 

identify incongruences in gene genealogies but have limitations for dermatophytes [2,20,43]. Coalescence-

based delimitation, methods, including Poisson Tree Processes, provide probabilistic tools for defining 

species boundaries. Comparative genomic analysis enables comprehensive examinations of genetic content 

across species and enhances the understanding of species relationships and evolutionary processes [5]. 

Resources for nomenclature include platforms such as MycoBank, Index Fungorum, Mycology Online 

Database, Fungal Taxonomy, and Clinical Fungi websites [20].
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The use of molecular tools for species classification remains challenging owing to the rapid discovery of 

over 1,300 new species annually and the reclassification of known organisms based on phylogenetic analyses. 

DNA sequence variations often lead to new names for known fungi or to the creation of new species, even 

without phenotypic differences. Although this approach is evolutionarily valuable, its complexity hampers 

clinical application. In practice, phenotypically similar species that respond to the same antifungal treatment 

are often grouped into species complexes [2,5,20].

Conclusion
Recent advancements in fungal identification have helped integrate morphological traits with 

chemotaxonomy, ecology, genetics, molecular biology, and phylogenetic studies [19]. The polyphasic 

approach incorporates diverse data types, including genotypic, phenotypic, chemotaxonomic, and 

phylogenetic information, into a consensus taxonomy. Techniques such as MALDI-TOF MS actively 

enhance phenotypic identification by aiding in analyzing protein profiles and chemotaxonomic markers 

and are highly effective in identifying yeast and Aspergillus spp. Genotypic approaches help analyze DNA 

and RNA sequence data, as well as compare them against established databases such as GenBank, Index 

Fungorum, and MycoBank to identify fungal species or discover novel species.

Despite its practicality, the polyphasic approach has limitations, including a lack of strict guidelines and 

variability in interpretation. These challenges highlight the need for standardized methods and comprehensive 

reference databases. Nevertheless, this approach is particularly valuable when phylogenetic methods are 

inconclusive, such as when dealing with recently diverged species or limited gene data. This approach also 

facilitates the development of taxonomic hypotheses, which can be validated through further phylogenetic 

analysis and supports the creation of robust strain collections.
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