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Abstract

Ganoderma is a genus of fungi that has been utilized in traditional Eastern medicine and has gained
global interest in recent years. Current research has focused on the molecular underpinnings of
Ganoderma taxonomy, phylogenetic diversity, and biochemical composition. In this review, we
examine the current methods for the molecular identification and classification of the various
Ganoderma species, with an emphasis on internal transcribed spacer (ITS) sequencing as well as other
molecular barcoding techniques. These methods have improved species delineation, overcoming the
limitations traditionally imposed by methods that are morphological in nature. This review also
highlights advancements in metabolomics, especially in the identification and quantification of
pharmacologically relevant compounds such as triterpenes and polysaccharides. Next, take a closer
look at how tools like high-performance liquid chromatography (HPLC) and mass spectrometry (MS)
are being used to profile analytes and support quality control efforts. To build a more holistic picture,
we draw on insights from systematics, phylogenetics, and metabolomics, bringing together multiple
disciplines to propose a more consistent approach for classifying and evaluating the pharmacological
potential of Ganoderma. Notably, we highlight regions that have received less research attention,
especially parts of Africa, where the full extent of species diversity is still largely unknown.

Keywords: Ganoderma; molecular taxonomy; phylogenetics; ITS sequencing; molecular barcoding;
metabolomics; triterpenes; polysaccharides; pharmacological potential; reishi; lingzhi; Africa; species
diversity; quality control

1. Introduction

Ganoderma is a genus of medicinal fungi historically used in traditional Eastern medicine, and is
particularly common in China and Japan, where it is esteemed for its immunomodulatory,
hepatoprotective, anticancer, and antiinflammatory properties [1,2]. Among its bioactive
constituents, triterpenes, polysaccharides, glucans, and glycoproteins are consistently associated
with these pharmacological effects [2,3]. Increasing global demand for complementary and
alternative therapies has driven the incorporation of Ganoderma-derived compounds into
nutraceuticals, functional foods, and pharmaceuticals [4].

Research on Ganoderma has significantly increased, over the last few decades, well beyond its
therapeutic potential to encompass its genetic, taxonomic, and metabolic diversity. Accurate species
identification and characterization have become critical to ensuring the consistency, efficacy, and
safety of Ganoderma-based products. In the past, scientists classified species within the Ganoderma
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genus primarily by looking at physical traits, like the size of the basidiospores, or the shape and
structure of the cap (pileus), as well as the texture of the spore walls. However, these features can
vary significantly depending on factors such as the specimen’s age, the type of substrate it grows on,
and the surrounding environmental conditions. Because of this variability, relying solely on
morphology has proven problematic when trying to accurately distinguish between species [5,6].
Consequently, ambiguity and misclassification have hindered Ganoderma taxonomy.

The emergence of molecular phylogenetics has significantly transformed fungal taxonomy,
allowing for more accurate species identification through the use of genetic barcoding. The internal
transcribed spacer (ITS) region of ribosomal RNA has become a widely recognized barcode for fungi
identification because of its high variability between species and its ease of amplification [7]. In
addition to ITS, other genetic markers, such as the nuclear large subunit (nLSU), small subunit
(nSSU), translation elongation factor 1-alpha (EF1-a), and RNA polymerase II subunit (RPB2), have
further improved phylogenetic resolution and identification due to their high interspecific variability
and ease of amplification [8]. Additional genetic markers, including the nLSU, nSSU, EF1-a, and
RPB2, have further enhanced phylogenetic resolution [9].

In parallel, metabolomics has become essential for elucidating the biochemical composition of
Ganoderma. Analytical platforms such as high-performance liquid chromatography (HPLC), mass
spectrometry (MS), and nuclear magnetic resonance (NMR) spectroscopy are commonly employed
to identify and quantify key secondary metabolites, including ganoderic acids and (3-glucans [10].
These compounds play a central role in the pharmacological activity of Ganoderma, contributing to its
immunostimulatory, antioxidant, and anticancer effects [11,12]. Comprehensive metabolite profiling
is therefore crucial for product standardization, quality assurance, and validation of therapeutic
efficacy (Figure 1).
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Figure 1. Integrated framework for the molecular taxonomy, phylogenetics, and metabolomic profiling of

Ganoderma for standardized classification and pharmacological evaluation.

While recent progress has expanded our understanding of Ganoderma, notable gaps still exist,
especially in underexplored areas like sub-Saharan Africa. While several species from this region
have been described, studies into the molecular or metabolomic profiles are limited [12]. Moreover,
this geographic underrepresentation has hindered global efforts to catalog biodiversity and develop
regionally tailored therapeutics.
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This review provides an integrative synthesis of the state-of-the-art on Ganoderma systematics,
phylogenetics, and metabolomics with an emphasis on the application of molecular identification
techniques. Specifically, we explore the phylogenetic relationships within the genus and highlight
advances in metabolite profiling using modern analytical tools. Methodological limitations, regional
research gaps, and future priorities are also discussed, with particular focus on Africa, where
emerging studies offer promising new directions.

2. Methodology

We used a systematic approach to identify, select and integrate peer-reviewed literature as it
pertains to systematics, phylogenetics and metabolomics of Ganoderma species. In this review, we
endeavored to ensure that a comprehensive coverage of both foundational studies and recent
advancements across these thematic domains was achieved.

2.1. Data Sources and Search Strategy

Literature searches were conducted using five major academic databases: PubMed, Web of
Science, Science Direct, Springer Link, and Google Scholar. These platforms were selected based on
their broad coverage of molecular biology, pharmacognosy, mycology, and analytical sciences.
PubMed was primarily utilized to retrieve studies on pharmacological and biomedical aspects, while
Web of Science and ScienceDirect were targeted for literature on fungal taxonomy, molecular
identification, and phylogenetic techniques. SpringerLink and Google Scholar were used to
supplement the primary search with additional articles, reviews, and relevant book chapters.

The search was restricted to publications from 1990 to 2025, and only literature published in
English was considered. Key search terms included:

e "Ganoderma taxonomy"

e "Ganoderma phylogenetics"

e  "Molecular identification of Ganoderma"

o  "[TS region in Ganoderma"

e "Ganoderma metabolomics"

e  "Triterpene analysis in Ganoderma"

e  '"Bioactive compounds in Ganoderma"

e "Molecular barcoding of Ganoderma species”

Boolean operators ("AND," "OR") and truncation symbols were employed to refine and expand
search results. Reference lists of relevant articles were also reviewed to identify additional sources
not captured during the initial database search.

2.2. Inclusion and Exclusion Criteria

Studies were included if they met one or more of the following criteria:
. Utilized molecular techniques for species identification (e.g., ITS, nLSU, EF1-a, RPB2)
. Conducted phylogenetic analyses based on DNA sequencing

o Performed metabolomic profiling using advanced analytical platforms (e.g., LC-MS,

. HPLC, NMR)

. Investigated the pharmacological relevance of Ganoderma bioactive compounds

o Contributed data from underexplored regions, particularly sub-Saharan Africa

. Studies were excluded if they:

. Relied exclusively on morphological taxonomy without molecular validation

. Focused solely on cultivation methods without molecular or biochemical analysis

° Were not peer-reviewed (e.g., theses, conference abstracts, editorials, or opinion pieces)
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2.3. Data Extraction and Synthesis

Data from the included studies were extracted and organized into three thematic categories:
1. Systematics and Molecular Identification
2. Phylogenetic Analysis
3. Metabolomic Profiling

Each study was evaluated for its methodological approach, molecular markers utilized,
analytical techniques employed, taxonomic resolution achieved, and geographical coverage. A
thematic analysis was conducted to identify prevailing trends, technical challenges, and gaps in the
literature —particularly those concerning African Ganoderma species. Methodological strengths and
limitations were critically assessed, and findings were synthesized to construct an integrated
narrative that informs future research priorities in Ganoderma systematics and pharmacological
evaluation.

3. Molecular Taxonomy and Systematics

Systematics of Ganoderma with Emphasis on Molecular Identification Methods

The genus Ganoderma, recognized for both its medicinal significance and ecological functions,
has long presented taxonomic challenges. Early classification systems relied primarily on
morphological traits, including basidiospore shape and size, pileus coloration, and spore
ornamentation. However, these features exhibit considerable phenotypic plasticity and are
influenced by environmental conditions, developmental stage, and substrate specificity, resulting in
frequent misidentifications [6]. Even basidiospore morphology —once considered diagnostic—has
shown limited interspecific variation and reduced discriminatory power [13]. As a result, the
taxonomy of Ganoderma has been in a state of considerable ambiguity.

The advent of molecular systematics has substantially improved species delineation by
providing objective, high-resolution tools that are less susceptible to environmental variability.
Among these, the ITS region of the nuclear ribosomal RNA operon has become the standard barcode
for fungal identification, including within Ganoderma [8,14]. ITS sequencing has facilitated the
resolution of cryptic species, clarified evolutionary relationships, and enhanced the accuracy of
species-level classification.

Multiple studies have supported the use of the ITS region in conjunction with other loci, such as
the nLSU and nSSU rRNA genes, to improve phylogenetic resolution [15,16]. The high interspecific
variability of the ITS region has made it especially valuable for distinguishing morphologically similar
taxa [17]. However, ITS-based identification has limitations; in some species complexes, ITS sequences
alone do not provide sufficient resolution, necessitating supplementary genetic markers [18].

The ITS2 subregion has gained attention as a potentially superior barcode due to its shorter
sequence length, ease of amplification, and high discriminatory power [19]. Despite these advantages,
its widespread adoption has been limited by inconsistent amplification success and the lack of
universally effective primers [20]. While the full ITS region and ITS1 subregion may offer broader
coverage, ITS2 remains a useful tool for fine-scale resolution among closely related species when the
full-length ITS is not available.[21].

The need for molecular tools is especially pressing in biodiverse but undercharacterized regions
such as sub-Saharan Africa. In many parts of the continent, Ganoderma species have been identified
almost exclusively through macroscopic traits, with minimal molecular confirmation [22]. For
example, taxonomic surveys in Ghana have largely relied on morphology alone, raising concerns
about the reliability of these identifications [12]. Incorporating molecular barcoding and phylogenetic
analysis, particularly polymerase chain reaction (PCR)-based techniques, markedly improve the
accuracy of species identification and biodiversity assessments in these regions.

Beyond taxonomy, molecular identification methods have practical applications in agriculture
and forestry. Several Ganoderma species are pathogenic to economically important crops such as
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cocoa, cashew, and coffee. Molecular diagnostics provide rapid, cost-effective, and accurate tools for
early detection and species-level identification, which are essential for the timely management of
plant disease outbreaks [13].

In summary, while traditional morphological approaches have laid the foundation for
understanding Ganoderma diversity, they are increasingly being supplanted by molecular methods
that offer greater precision, reproducibility, and scope. The combined use of ITS, ITS2, and additional
loci constitutes a robust framework for resolving taxonomic ambiguities and uncovering cryptic
species. As molecular technologies become more widely accessible, they are expected to play a pivotal
role in advancing both fundamental mycological research and the applied sciences related to
Ganoderma, particularly in regions where research remains limited but potential biodiversity is high.

4. Phylogenetic Advances in Ganoderma Research

4.1. Ganoderma Phylogenetics: Molecular Insights and Advancements

Over the past several decades, phylogenetic studies of Ganoderma have undergone a significant
transformation, driven by advances in molecular biology. Traditional taxonomy, based on
macroscopic and microscopic features, has proven inadequate for resolving closely related species
within the genus. As a result, researchers have increasingly adopted DNA sequencing and molecular
phylogenetic tools to clarify species boundaries and evolutionary relationships.

4.2. The Role of ITS and rRNA Genes in Ganoderma Phylogenetics

One of the earliest pivotal studies in Ganoderma phylogeny was conducted by Moncalvo et al.
[22], who analyzed sequences from the ITS and the 255 rRNA gene. Their work demonstrated that
the ITS region could effectively differentiate most species, though it was insufficient to resolve the G.
tsugae complex. The D2 domain of the 255 rRNA gene proved useful at higher taxonomic levels, and
its combination with ITS sequences supported the monophyly of the subgenus Elfvingia. This study
laid the groundwork for multilocus approaches in Ganoderma systematics.

Subsequent research has confirmed that ITS sequencing remains a foundational tool for species
delimitation, especially when combined with multiple loci. Zhang and colleagues conducted a
multilocus phylogenetic analysis on 32 collections of the G. lucidum complex using ITS, tefla, rpbl,
and rpb2. The study identified three distinct genetic clades (A, B, and C) within the complex, none of
which corresponded strictly to geographic origin [23]. These findings underscore the extensive
taxonomic complexity in Ganoderma, revealing that morphological classification alone often fails to
accurately distinguish genetically divergent taxa due to overlapping features. A complementary ITS-
focused study further demonstrated that ITS1 provided better geographic clustering than ITS2 among
G. lucidum strains from global origins [24]. However, ITS2 alone was insufficient for fine-scale
resolution, highlighting ITS limitations in detecting closely related but distinct lineages.

4.3. Multilocus Phylogenetics and Species Delimitation

Although ITS remains a core barcode for fungal systematics, it does not always provide sufficient
resolution for species delimitation in complex groups. Multilocus sequencing, typically combining
ITS with loci such as translation elongation factor 1-alpha (EF1-a) and RNA polymerase II subunit
(RPB2), has emerged as a more robust approach.

Xing et al. employed multilocus sequencing on specimens collected in South Africa and
identified a distinct lineage within the G. lucidum complex, ultimately describing a new species, G.
aridicola [25]. Similarly, He et al. used multilocus phylogenetics in Yunnan Province to describe two
novel species, G. dianzhongense and G. esculentum, based on their genetic divergence from known taxa
[26]. These examples demonstrate the power of multilocus strategies for uncovering cryptic diversity
and refining species concepts.
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4.4. Phylogenetic Tools for Product Authentication

Molecular phylogenetics has also become essential for verifying the identity of commercial
Ganoderma products. Gunnels et al. used ITS-based phylogenetic analysis to confirm the presence of
G. lingzhi in dietary supplements, supporting the use of this marker for quality assurance in the
nutraceutical sector [27]. Liao et al. further employed DNA barcoding to assess strain-level variation
in cultivated G. lucidum from China and Europe [28]. Their findings revealed significant genetic
divergence, suggesting that some commercial G. [ucidum may consist of multiple cryptic species, a
concern with implications for product efficacy and standardization.

4.5. Regional phylogenetic studies: expanding global taxonomy

Regional molecular studies continue to expand the known diversity of Ganoderma, particularly
in previously understudied areas. Kinge and others employed ITS and mtSSU sequencing to
characterize Cameroonian isolates, identifying eight phylogenetic species, three of which were
assigned to named taxa (G. ryvardense, G. cupreum and G. weberianum) while the remaining five
lineages did not match any described species [29]. In Egypt, El-Fallal et al. identified G. resinaceum
and a distinct lineage referred to as Ganoderma sp. EGDA from fig and citrus trees using ITS and 5.85
rRNA data [30]. These studies emphasize the importance of applying molecular tools globally to
revise classifications and uncover undocumented fungal diversity.

4.6. Recent Advances and the Reclassification of G. lingzhi

A recent revision of Ganoderma systematics by Du et al. resolved a long-standing nomenclatural
ambiguity by demonstrating that G. lingzhi is a later synonym of G. sichuanense [31]. Their study,
based on phylogenetic comparisons of type specimens, exemplifies the need for molecular
verification in taxonomic revision. Sun et al. further employed a six-locus dataset, including ITS,
nLSU, EF1-a, and RPB2, to clarify relationships within the Ganodermataceae [16]. Their work showed
that multilocus data outperform ITS alone in resolving polytomies and identifying novel species,
advocating for broader use of these techniques in future studies.

In summary, molecular phylogenetics has become central to Ganoderma research, informing
taxonomy, product authentication, and biodiversity discovery. While ITS remains a foundational
marker, multilocus sequencing offers superior resolution, particularly in species complexes and
cryptic groups. Continued adoption of these tools is expected to drive a comprehensive reevaluation
of Ganoderma taxonomy worldwide.

5. Metabolomic Profiling and Bioactive Compounds

5.1. Ganoderma Metabolomics: Analytical Approaches for Characterization and Quality Control

The growing global demand for Ganoderma-based products has spurred interest in profiling its
bioactive constituents. Metabolomics, defined as the comprehensive analysis of metabolites within a
biological system, has become a critical tool for elucidating the therapeutic potential and ensuring
quality control of Ganoderma species. Advanced analytical platforms such as liquid chromatography-
mass spectrometry (LC-MS), high-performance liquid chromatography (HPLC), and nuclear
magnetic resonance (NMR) spectroscopy allow for the precise identification and quantification of
secondary metabolites, particularly triterpenes and polysaccharides.

5.2. LC-MS-Based Triterpene Profiling

Triterpenes, especially ganoderic acids, are among the most pharmacologically active compounds
in Ganoderma. In 2012 Qi et al. described an LC-MS method for the simultaneous detection of 14
ganoderic acids that utilized previously described analytes as standards [32]. This targeted profiling
approach is valuable for quality control in commercial production, enabling verification of triterpene
composition in raw materials, extracts, and finished products. However, its focus on known
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compounds highlights the need for untargeted metabolomics capable of detecting novel triterpenoids.
Adotey et al. applied LC-MS and multivariate statistical analysis to distinguish Ganoderma species from
Ghana’s Lower Volta River region [33]. Partial least squares—discriminant analysis (PLS-DA) of total
ion chromatograms (TICs) separated the samples into three species: G. enigmaticum, G. resinaceum, and
G. weberianum—sichuanense. Heatmap visualization further revealed interspecific differences in
metabolite composition, suggesting potential variation in bioactivity. This study illustrates the dual
utility of metabolomics for both taxonomic resolution and therapeutic evaluation.

The metabolite profile of Ganoderma changes significantly with developmental stage. A recent
metabolomics—proteomics study of G. lucidum demonstrated that triterpenoid content, including
ganoderenic acids E, H, and I, is highest at the budding stage, followed by a decline through
maturation, implying that harvest timing critically influences therapeutic compound yield [34].
Earlier work by Chen & Chen (2003) further characterized multiple ganoderic acids (A, C, D, E, G)
and ganoderenic acid D in G. tsugae fruiting bodies using HPLC and NMR, reinforcing the link
between developmental stage and triterpenoid accumulation [35].

Zhang et al. employed ultra-high performance liquid chromatography coupled with Orbitrap
high-resolution mass spectrometry (UPLC-Orbitrap—-HRMS) to comprehensively profile metabolites in
G. lucidum [36]. Their analysis identified 95 compounds, including ganoderic acids (e.g., A, B, C2, D, H,
Y), ganoderenic acids (e.g., A, D, G), and additional bioactives such as kaempferol, genistein, and
ergosterol. These compounds have been associated with a range of pharmacological activities,
including antioxidant, antiinflammatory, and anticancer properties. This integrative approach supports
structure—activity relationship studies and the development of standardized therapeutic formulations.

Expanding the geographic scope of metabolomics, Wongkhieo et al. analyzed mycelial extracts
of wild G. australe collected in Thailand using LC-MS/MS [37]. Their chemical profiling revealed the
presence of lovastatin plus tentative identification of p-coumaric acid, nicotinamide, y-aminobutyric
acid (GABA), choline, nucleosides, amino acids, and saccharides. The detection of lovastatin, a known
cholesterol-lowering compound, highlights the pharmaceutical and functional food potential of this
underexplored Ganoderma species.

In a follow-up study, Adotey et al. examined Ganoderma mycelial cultures from Ghana and
identified four lanostanoid triterpenes, ganoderenic acid A, ganoderenic acid D, ganoderic acid C6,
and ganoderic acid G, through LC-MS-based dereplication [33]. Two additional compounds,
ganoderic acid AM1 and ganoderenic acid K, were tentatively identified based on retention time and
MS fragmentation. These findings suggest that local Ganoderma strains may possess distinct metabolic
signatures, offering opportunities for region-specific product development.

Indeed, metabolomic profiling has become integral to the chemical characterization and quality
assurance of Ganoderma products. Techniques such as LC-MS and NMR not only facilitate the
quantification of known compounds but also support the discovery of novel metabolites. When
integrated with taxonomic and ecological data, metabolomics enhances product standardization,
species authentication, and pharmacological validation. Future efforts should prioritize untargeted
analyses and expanded geographic sampling to fully explore the therapeutic potential of this
medicinal genus.

6. Integrative Discussion and Regional Perspectives

The integration of molecular systematics, phylogenetics, and metabolomics has significantly
advanced the study of Ganoderma, enabling more accurate species delimitation, discovery of cryptic
taxa, and detailed profiling of pharmacologically relevant metabolites. While morphology-based
taxonomy laid the groundwork, it cannot meet the demands of taxonomic resolution, pharmaceutical
validation, or product authentication. Molecular tools, especially ITS barcoding [8] and robust
multilocus analysis using EF1-a and RPB2 alongside ITS and nLSU [13] provide essential accuracy
for species-level identification.

ITS has been widely adopted as the primary fungal barcode due to its high interspecific
variability, amplification success, and broad representation in public databases [8]. However, ITS
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alone often fails to resolve closely related Ganoderma species; supplementary markers such as EF1-a,
RPB2, and nLSU significantly improve phylogenetic resolution and reduce misidentification [13].
Multilocus approaches have revealed cryptic species and enabled taxonomic revision, with
implications for conservation, biotechnology, and pharmacognosy.

Phylogenetic analyses have revealed geographically structured clades within Ganoderma,
underscoring the importance of regional molecular studies for mapping global diversity [13]. Yet,
substantial taxonomic uncertainty remains in Africa, where many species, such as G. resinaceum and
G. weberianum are still identified solely by morphological features. Expanding the application of
molecular barcoding and multilocus phylogenetics in African contexts will enhance our
understanding of Ganoderma evolution and distribution while supporting the sustainable
development of endemic fungal resources.

Concurrently, metabolomics has emerged as a powerful tool for characterizing Ganoderma
bioactive molecules. Triterpenes, polysaccharides, nucleosides, and other secondary metabolites,
linked to immunomodulatory, antiinflammatory, and anticancer effects, have been comprehensively
profiled using LC-MS, LC-MS/MS, and NMR in multiple species [33,37,38]. This biochemical
diversity reinforces the therapeutic and commercial potential of Ganoderma, especially strains from
underexplored regions.

Metabolite profiles vary with species, developmental stage, and cultivation conditions. For
example, triterpenoid accumulation peaks during the primordia or budding stage and declines in
mature fruiting bodies [34]. Regional metabolomics research, such as that conducted in Ghana,
revealed distinct interspecific profiles among local strains, suggesting geography-dependent
pharmacological variation[33].

Despite these advances, several critical challenges remain. First, the limited availability of complete
genome sequences and curated metabolomic datasets for many Ganoderma species hampers the
development of integrative identification frameworks. Second, the synergistic or antagonistic
interactions among multiple bioactive compounds in crude extracts are not well understood. Although
individual metabolites have demonstrated therapeutic potential, their combined effects on efficacy and
toxicity require systematic study using integrated “omics” platforms and functional assays.

Third, variation in cultivation, extraction, and analytical protocols continues to impede product
standardization. Environmental factors such as substrate composition, humidity, and light exposure
can substantially influence metabolite production. Future work should prioritize the optimization
and harmonization of these variables to ensure reproducibility and commercial quality control.

Remaining challenges include limited available genomes and curated metabolite datasets,
uncharted synergy among bioactive compounds in crude extracts, and inconsistency in cultivation
and analytical protocols affecting reproducibility and quality control. In particular, sub-Saharan
African Ganoderma research is often descriptive and lacks molecular or chemical validation.
Coordinated genomics and metabolomics efforts in Africa could uncover novel bioactive molecules
and foster medicinal innovation. Long-term investment and international collaborative networks are
essential to build research capacity.

In this review, we have endeavored to consolidate current advances in Ganoderma systematics,
phylogenetics, and metabolomics, while identifying key priorities for future research. A unified,
multidisciplinary framework that integrates molecular identification, phylogenetic analysis, and
metabolite profiling is essential for unlocking the full therapeutic and commercial potential of this
medicinally important genus, particularly in biogeographic regions that remain underexplored.

7. Conclusions and Future Directions

The integration of molecular identification, phylogenetic analysis, and metabolomic profiling has
significantly advanced the study of Ganoderma, transitioning it from a genus primarily defined by
morphology to one characterized by genomic and biochemical precision. Advances in DNA barcoding,
particularly ITS and multilocus sequencing have enabled more accurate species delimitation and revealed
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substantial cryptic diversity. Concurrently, metabolomic analyses have provided detailed insights into the
chemical complexity that underlies Ganoderma's pharmacological properties.

In this review, we have attempted to synthesize these interdisciplinary developments and
proposes a unified framework for taxonomic classification, biochemical characterization, and quality
control of Ganoderma species. It underscores the essential role of molecular tools in overcoming the
limitations of traditional taxonomy and highlights the utility of metabolomics in supporting both
pharmacological validation and commercial standardization.

Despite substantial progress, key challenges remain, particularly in underexplored regions such
as sub-Saharan Africa, where species diversity is insufficiently documented and largely unsupported
by molecular or metabolomic data. Future efforts should prioritize the comprehensive genomic and
metabolomic profiling of regional Ganoderma strains, the implementation of standardized analytical
workflows, and the investigation of compound interactions that contribute to bioactivity.

Advancing these priorities through integrated, multidisciplinary research will facilitate a more
complete understanding of Ganoderma as a medicinal resource, supporting biodiversity conservation,
scientific innovation, and the development of evidence-based therapeutic applications.
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