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Abstract: Human fungal diseases are infections caused by any fungus that invades human tissues,
causing superficial, subcutaneous, or systemic diseases. Fungal infections that enter various human
tissues and organs pose a significant threat to millions of individuals with weakened immune sys-
tems globally. Over recent decades, the reported cases of invasive fungal infections have increased
substantially and research progress in this field has also been rapidly boosted. This review provides a
comprehensive list of human fungal pathogens extracted from over 850 recent case reports, and a
summary of the relevant disease conditions and their origins. Details of 281 human fungal pathogens
belonging to 12 classes and 104 genera in the divisions ascomycota, basidiomycota, entomoph-
thoromycota, and mucoromycota are listed. Among these, Aspergillus stands out as the genus with
the greatest potential of infecting humans, comprising 16 species known to infect humans. Addition-
ally, three other genera, Curvularia, Exophiala, and Trichophyton, are recognized as significant genera,
each comprising 10 or more known human pathogenic species. A phylogenetic analysis based on
partial sequences of the 28S nrRNA gene (LSU) of human fungal pathogens was performed to show
their phylogenetic relationships and clarify their taxonomies. In addition, this review summarizes
the recent advancements in fungal disease diagnosis and therapeutics.

Keywords: ascomycota; human pathogens; medical mycology; phylogeny; taxonomy

1. Introduction

Human fungal pathogens are considered the “hidden killers”, as they can cause
numerous infections and create an unprecedented burden on human health [1–4]. Due to
the increasing number of infections and deaths each year, they are considered a rising threat
to human health [3,5,6]. Fungi are responsible for 1.5 million annual fatalities and have
infected one-third of the human population [3,4,7–9]. These accounts exceed the death rates
from severe diseases, such as malaria, tuberculosis, and breast cancer [7]. The rapid rise
in fungal infections is frequently linked to climate change, the virulence of the pathogens,
and the growing number of immunocompromised patients worldwide [1]. However,
only a few hundred (nearly 300 species) of the estimated 3.5–5.1 million fungal species
are linked to human fungal diseases [10,11]. Of them, species belonging to four genera,
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including Aspergillus, Candida, Cryptococcus, and Pneumocystis, cause the preponderance of
fatalities [7,8].

In the battle against human fungal diseases, antifungal agents have become neces-
sary tools, incorporating chemical compounds and natural products in the management
and prevention of human fungal diseases [12,13]. Apart from antifungal agents, various
methods, strategies, and approaches are currently used in the management of human
fungal diseases. Some of these are immunomodulatory therapies, like cytokine therapy
and immune checkpoint inhibitors, which are meant to boost the body’s defenses against
fungal infections [14]. Additionally, combination therapies involving multiple antifungal
agents or the use of alternative treatment options like photodynamic therapy have shown
promising results in managing human fungal diseases [12,14,15].

As we delve into the multifaceted realm of human fungal pathogens, it becomes
evident that understanding their impact on public health and the strategies employed for
their management is of paramount importance. This review aims to provide comprehensive
insights into the world of human fungal diseases, shedding light on the latest advancements
and challenges in this critical field.

2. The Sources and Development of Fungal Infections

Fungal pathogens of humans can produce mycotoxins, which can lead to mycotoxi-
coses and cause allergic reactions. These mycotoxicoses and allergens have the potential
to instigate severe diseases commonly referred to as mycoses, particularly in those with
weakened immune systems or other health issues [16,17]. Mycoses primarily rely on the
intricate interactions between pathogens, susceptible human hosts, and their favorable
environments (Figure 1) [4,18]. Over 300 million individuals suffer from fatal diseases be-
cause of fungal spores that are airborne, soil-borne, and transmitted through people [14,15].
The development of mycoses can be attributed to several factors, including the entering of
pathogens into host tissues, immune system weaknesses, and/or other conditions that facil-
itate fungal entry and persistence [10,11]. The classification of human pathogen infections
can take various approaches, primarily depending on the type of virulence exhibited by the
fungus (Figure 2), the pathogen acquisition route, and the site of the infection (Figure 3).
These classification methods help in understanding the diverse nature of fungal infections
in humans and contribute to diagnostic and treatment strategies.
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2.1. Site of the Infection
2.1.1. Superficial/Cutaneous Mycoses

The human body hosts a variety of environmental microbes and their infections,
some of which are commensal, posing no harmful or no disease-causing potential, while
others have the potential to cause infections in various parts of the human body [1,21]
(Figure 4). However, the keratinized epithelia of the human body serve as a natural barrier
for microbes and assist the body in defending itself against many fungal infections [16].
This layer prevents the invasion of microbes to deeper tissues, which can cause more severe
diseases. As well, the skin secretes various substances (e.g., sweat, sebum, transferrin,
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antimicrobial peptides) which can prevent the growth of microbes [17]. Nevertheless, some
fungal species possess the capability of breaking through the defensive mechanisms of the
human body, colonizing the surface skins, and causing infections. The infections of the
skin, hair, and nails that are confined to the keratinized layers are considered superficial or
cutaneous mycoses [1]. Dermatophytosis fungal illnesses, often known as tinea infections,
are the most prevalent type of infection with high recurrence and can affect the entire body.
They can be classified into three distinct genera, specifically Trichophyton, Microsporum, and
Epidermophyton [22]. They can be spread from human to human (anthropophilic), animal
to human (zoophilic), or soil to human (geophilic) [23]. These fungi thrive in warm and
moist environments, making them more prevalent in tropical and subtropical regions. In
addition, black piedra and white piedra also have fungal infections of the hair shafts caused
by Piedraia hortae and Trichosporon beigelii, respectively [24,25]. Symptoms of these diseases
can vary in appearance, including inflammation, swelling, and vesicles. The nails may be
brittle, raised, discolored, and thicker if they have a fungus infection [26,27]. Some of the
superficial mycoses and their causal fungal species are listed in Table 1.

Table 1. Examples of cutaneous and subcutaneous mycoses [1,21,28–32].

Site of Infection Disease Causal Fungus

Cutaneous tissues

Tinea nigra Exophiala werneckii
Dermatophytosis Microsporum spp., Trichophyton spp., Epidermophyton spp.

Black piedra Piedraia hortai
White piedra Trichosporon beigelii

Subcutaneous tissues

Sporotrichosis Sporothrix schenckii

Chromoblastomycosis Cladophialophora carrionii, Fonsecaea compacta, F. pedrosoi,
Phialophora verrucosa

Phaeohyphomycosis Cladophialophora sp., Exophiala sp., Curvularia,
Exserohilum spp.

Mycetoma Nocardia brasiliensis, Pseudallescheria boydii
Entomophthoromycosis Basidiobolus ranarum, Conidiobolus coronatus

2.1.2. Subcutaneous Mycoses

Subcutaneous mycoses typically occur when the fungus is being implanted through a
cut or lesions on the skin [33]. Most often, barefoot workers, including farmers, gardeners,
and children, are susceptible to these infections. The common subcutaneous infections
are chromoblastomycosis, hyalohyphomycosis, phaeohyphomycosis, mycetoma [28,29,33],
and sporotrichosis [34,35]. The symptoms of subcutaneous infections can vary with the
disease, but they typically present as fistulae, localized nodules, granulomatous tissue, sub-
cutaneous masses with abscesses, and ulcerations [36]. Some of the subcutaneous mycoses
and their causal fungal species are listed in Table 2. The most common subcutaneous my-
coses are chromoblastomycosis, entomophthoromycosis, mycetoma, phaeohyphomycosis
and sporotrichosis.

Table 2. Examples of systemic and opportunistic mycoses [20,30,37–39].

Mycoses Disease Causal Fungus

Systemic mycoses

Aspergillosis Aspergillus spp.

Blastomycosis Blastomyces dermatitidis

Candidiasis Candida spp.

Coccidiodomycosis Coccidioides immitis

Histoplasmosis Histoplasma capsulatum

Paracoccidiodomycosis Paracoccidioides brasiliensis
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Table 2. Cont.

Mycoses Disease Causal Fungus

Opportunistic mycoses

Aspergillosis
Aspergillus fumigatus

Aspergillus niger
Aspergillus flavus

Candidiasis Candida spp., Debaryomyces spp., Kluyveromyces spp.,
Meyerozyma spp., Pichia spp.

Cryptococcosis Cryptococcus neoformans

Fusariosis Fusarium spp.

Hyalohyphomycosis Penicillium spp., Paecilomyces spp., Beauveria spp.,
Fusarium spp., Scopulariopsis spp.

Mucormycosis
Rhizopus spp.

Mucor spp.
Absidia spp.

Penicilliosis Penicillium marneffei

Phaeohyphomycosis Cladophialophora spp., Exophiala spp., Bipolaris spp.,
Exserohilum spp.

Pneumocystosis Pneumocystis jirovecii

Scedosporiosis (Pseudallescheriasis) Scedosporium spp., Lomentospora spp.

Mucormycosis Rhizopus spp., Mucor spp., Rhizomucor spp.,
Lichtheimia spp.

2.1.3. Systemic Mycoses

The fungal infections known as systemic mycoses can affect internal organs, including
the lungs and brain, subsequently affecting the whole body [40]. Mainly, these infections
occur by inhaling spores or hyphae and are disseminated via the bloodstream to multiple
organs [37,41]. The severity of the infection depends on the clinical status of the patient,
and fever, cough, and loss of appetite are the common symptoms. There are two types
of systemic mycosis, including endemic respiratory infections and opportunistic infec-
tions [20]. Although endemic respiratory infections affect both immunocompetent and
immunocompromised hosts, immunocompromised patients are more at risk of opportunis-
tic infections. Some of the most common systemic mycoses are aspergillosis, blastomycosis,
coccidiodomycosis, histoplasmosis, and paracoccidiodomycosis (Table 2) [42–46].

2.1.4. Opportunistic Mycoses

Opportunistic mycoses are fungal infections that typically do not cause disease in
healthy persons but can lead to illness in people with weakened immune systems [47]. How-
ever, the virulence and pathogenicity of these fungi are explained by their ability to survive
and reproduce in conditions that are not favorable for their growth. The human immune
system recognizes and defends itself against various infections, but immunocompromised
individuals are more vulnerable to severe diseases. There are many risk factors for oppor-
tunistic fungal infections [48], such as HIV infections, anticancer chemotherapy, solid-organ
transplantation, granulocytopenia, old age, premature birth, the use of broad-spectrum an-
tibiotics, gastro-intestinal surgery, and central vascular catheters [49,50]. In addition, some
chronic diseases and other debilitating situations afford suitable environmental conditions
for the metabolism of fungi, such as malignant tumors, tuberculosis, amebic abscess of the
liver, and surgical procedures. Some of the main opportunistic mycoses are aspergillosis,
candidiasis, cryptococcosis, fusariosis, hyalohyphomycosis, mucormycosis, penicilliosis,
phaeohyphomycosis, pneumocystosis, scedosporiosis, and zygomycosis (Table 2).

Mycoses, as defined and explained above, affect humans, and present diverse clinical
manifestations essential for accurate diagnosis and effective treatment. Understanding
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these aspects is crucial in clinical practice [51]. Manifestations vary based on the causative
agent and infection site [52] (Figure 4). Superficial mycoses show localized skin lesions (e.g.,
tinea pedis). Cutaneous mycoses present as inflammatory or non-inflammatory lesions
(e.g., candidiasis). Subcutaneous mycoses cause chronic localized infections, while systemic
mycoses lead to systemic symptoms [53]. Diagnostic methods include clinical examination,
microscopy, culture, and molecular techniques [54]. Superficial and cutaneous mycoses’
diagnosis often involves microscopy and the culture of skin samples. Systemic mycoses’
diagnosis may employ blood cultures and serological tests [55]. Treatment varies depending
on the infection type and severity [56]. Antifungal agents like azoles and polyenes are
common. Topical antifungals suffice for superficial infections, while systemic infections
require systemic therapy [57].
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2.2. Route of Acquisition of the Pathogen

There are two main routes of fungal infections, including exogenous and endoge-
nous origins of disease [61–63]. Exogenous mycoses are those that can transmit disease
to individuals through an external route, such as airborne, cutaneous, or per-cutaneous
contacts [62]. For instance, coccidioidomycosis (valley fever) caused by Coccidioides immitis
and C. posadasii can be inhaled by humans when the spores rise in dust storms. Subse-
quently, it can infect the lungs and surrounding tissues, and various symptoms can occur
(i.e., cough, fatigue, fever, headache, muscle aches or joint pains, rashes on the upper
body or legs). In addition, paracoccidiomycosis caused by Paracoccidioides brasiliensis also
occurs by the inhalation of spores and can affect the skin, lungs, lymph nodes, and internal
organs [64,65]. In contrast, endogenous mycoses originate from fungi that are part of the
normal human microbiota. For instance, Candida species exist harmlessly in the body under
normal conditions, but when the balance of the immune system or microbiota is disrupted,
they can cause infections. In severe cases, Candida infections can spread to the veins, leading
to potentially life-threatening systemic candidiasis. In particular, candidiasis is the most
common endogenous mycosis, affecting mucous membranes, skin folds, and other areas
of the body [66,67]. In addition, Cryptococcus neoformans infects the lungs or the central
nervous system and can cause a pneumonia-like illness with fever, cough, shortness of
breath, and chest pains [68–70].
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2.3. Type of Virulence Exhibited by the Fungus

The types of virulence exhibited by fungi can be classified in two ways, including
primary infections and opportunistic infections [20,50,71]. Primary infections occur in an
immunologically normal host (healthy host) and usually result from the inhalation of fungal
spores, which can lead to pneumonia as the primary symptom. For instance, histoplasma
capsulatum, which infects humans through the inhalation of infected propagules by healthy,
normal individuals, is the cause of histoplasmosis [72,73]. The infection often causes only
moderate flu-like symptoms in healthy hosts, but it can be devastating in people with
weakened immune systems (e.g., HIV-infected patients). Opportunistic infections occur
almost exclusively in immunocompromised patients with weakened immune defense
mechanisms [74]. The most common opportunistic infections in immunocompromised
patients are Aspergillus, Candida, Cryptococcus, Fusarium, and Pneumocystis species [75,76].

3. Taxonomy of Human Fungal Pathogens

The taxonomy of human fungal pathogens is the systematic classification and iden-
tification of fungal species that serve as the causative agents of various fungal infections
specifically affecting humans. Notably, fungal taxonomy remains a growing field, evolving
continuously with the discovery of new fungal species and the refinement of our com-
prehension of their genetic similarities [77–80]. Fungal taxonomy has historically relied
on morphological characteristics, such as the shape and size of spores or their hyphal
structures, to identify and classify species. While these features are valuable, they can be
misleading, as some fungi may show similar morphological traits despite significant genetic
differences. Advanced molecular methodologies, such as DNA sequencing including the
next generation sequencing (NGS) technologies, have led to significant advancements in
fungal taxonomy [81] and revealed hidden diversity within many fungal species. These
techniques provide the means to achieve the accurate identification and classification of fun-
gal pathogens [82,83]. Moreover, certain human fungal pathogens demonstrate distinctive
characteristics that set them apart from their taxonomic groups. For example, cryptococcus
neoformans, a pathogenic belonging to the division basidiomycota, is a significant cause
of illness among individuals living with HIV/AIDS, with approximately 152,000 cases of
cryptococcal meningitis occurring worldwide each year [84]. Furthermore, the taxonomy of
human fungal pathogens provides well-organized classification based on their evolutionary
relationships, and the classification of human fungal pathogens holds significant impor-
tance in the field of medical mycology for several reasons. Accurate classification allows
for the precise identification of fungal pathogens responsible for human infections. This is
crucial for effective diagnosis, as different fungal species may require distinct treatment
strategies. Misidentification can lead to inappropriate treatments, prolonged illnesses, or
even fatal outcomes [85]. Nevertheless, by classifying fungal pathogens, scientists includ-
ing medical practitioners can better understand the epidemiology of fungal infections.
This includes tracking the distribution of specific pathogens, identifying emerging threats,
and recognizing and predicting patterns of infection spread [86]. To improve patient care
and provide tailored treatment plans, it is important to understand the virulence factors,
susceptibilities to antifungals, and resistance mechanisms of various fungal species. Such
information can be gained by classification of the pathogenic fungi [87]. To prevent and con-
trol diseases, knowledge of fungal taxonomy is critical. A well-defined taxonomy facilitates
research into fungal biology, genetics, and pathogenesis. Understanding the evolution-
ary relationships between fungal species can guide the development of new diagnostic
tools, therapies, and vaccines [88]. Therefore, the classification of human fungal pathogens
is essential for accurate diagnosis, epidemiological surveillance, treatment optimization,
prevention and control efforts, research advancements, and public health interventions.
The continuous refinement of fungal taxonomy through advanced molecular techniques
ensures that our understanding of fungal diversity and pathogenicity remains up to date,
ultimately improving outcomes for patients affected by fungal infections.
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The present phylogenetic analysis (Figure 5) of 28S nrRNA gene (LSU) sequence
data downloaded from GenBank (Supplementary Table S1) comprises 248 human fungal
pathogens distributed in 11 classes and four divisions (ascomycota, basidiomycota, ento-
mophthoromycota, and mucoromycota) of fungi. Current species names have been used
in this phylogenetic tree. No type or authentic sequence data are available for the human
pathogenic species in pneumocystidomycetes. The results further show the phylogenetic
placement of the various human fungal pathogens within the kingdom of fungi and confirm
their current taxonomic placements. Most of the fungal pathogens are shown to belong to
the class eurotiomycetes.
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4. Tools and Techniques for the Diagnosis of Fungal Human Infections

Accurate diagnosis is indispensable for the effective management of fungal diseases
in humans. This, in turn, requires higher values of sensitivity and specificity. Sensitivity
is the ability of a diagnostic tool to identify the presence of an infection and specificity
is the ability of the tool to rule out the absence of an infection. While these values vary
to a great extent, there is a plethora of techniques used for diagnosing human fungal
infections. Among these, the suitable methods of diagnosis depend on the site and the
type of infection. In this section, we briefly introduce various types of techniques used
to diagnose fungal infections in humans. These methods discussed below also have a
prognostic role following treatments.

4.1. Fungal Culture

Tissue Biopsies

A biopsy is an examination of tissue removed from a patient. If the infection is
associated with peripheral tissues including skin, these tissues are collected and stored
in sterile conditions in a laboratory. The biopsy sample is then further investigated using
microscopy or culture to verify a fungal infection. A wet skin sample can be obtained using
several methods; scrapings of scales can be taken from the edge of a rash, brushings can
be taken from an area of the scalp, or adhesive tape could be used to strip off the area of
skin to be mounted on a glass slide. Moist swabs can be obtained from mucosal surfaces or
bumps and the skin beneath a nail could be used for examination. The tissues in hair roots
can also be used to culture fungi.

Human Body Fluids

The analysis of body fluids is a crucial step for the diagnosis of invasive fungal
infections (IFIs). However, blood tests are not useful for the diagnosis of superficial fungal
infections. In subcutaneous and systemic mycoses, several tests in serum or whole blood
samples may be helpful. Urine is also an important specimen that may be informative
on urinary tract infections caused by yeast of Candida spp. The pleural fluid obtained
in many cases of fungal pleuritis is a reliable specimen for the diagnosis of pulmonary
fungal infections. Pulmonary aspergillosis is a type of pulmonary fungal infection that
is routinely diagnosed by the examination of bronchoalveolar lavage fluid (BALF). In
immunocompromised patients, fungal infections in the central nervous system or IFI are
normal. These conditions can be diagnosed with direct measurements in cerebrospinal
fluid (CSF).

Tissue biopsy or biological fluid samples from the site of infection can be used to cul-
ture the fungi that are responsible for the infection in a specific fungal media. Furthermore,
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culturing is used to select the most suitable treatment options. Growing the fungus in
culture may take several weeks, and it is usually incubated at 25–30 ◦C.

4.2. Direct Microscopic Examination

Cultured fungi can be further examined by microscopy as dried smears or wet mounts
with or without specific staining. Direct microscopy can identify fungal features such as
fungal hyphae or pseudohyphae that make a mycelium or pseudomycelium and fungal
spores. A yeast infection can be identified by the presence of round-shaped yeast cells.
There are techniques such as laser capture microdissection (LCM) used to acquire fungal
cells from the infected tissues under direct microscopic visualization [89,90]. In patients
with fungal peritonitis, a direct microscopic examination of peritoneal fluid is used as a
method of confirmation.

4.3. Serological Methods

Serological methods determine the antibody response in the body against fungal
infections. There are five main serological methods: latex antigen method, beta glucan assay,
galactomannan test, laser capture microdissection, and enzyme-linked immunosorbent
assay (ELISA). The latex agglutination test (LAT) is a rapid test often performed to confirm
or type a fungal infection. It detects fungal antigens in patients with systemic fungal
infections. Test kits are commercially available with a surface of latex particles coated
with antibodies of specific types of fungi and, upon an encounter of the matching antigen
from the patient sample, visible agglutination of the latex occurs. Patient samples of saliva,
urine, serum, or CSF can be used for the LAT. The detection of an abundant fungal cell wall
polysaccharide, Beta-(1,3)-d-glucan (BDG), is an important tool to diagnose IFIs. The serial
analysis of BDG can significantly enhance the clinical performance of the assay [91,92]. The
galactomannan (GM) test also detects the fungal cell wall antigen galactomannan from
patient specimens such as serum, CSF, and BAL. It is an enzyme immunoassay (EIA) that
can be used for the early diagnosis of invasive aspergillosis [93].

4.4. Imaging Methods

In immunosuppressed patients, taking biopsies routinely is not recommended. There-
fore, imaging methods play a pivotal role as they are informative and non-invasive. Di-
agnostic imaging in fungal infections requires structural changes that may occur at a
relatively later phase in the host–fungal interaction process, mostly with established infec-
tions. Furthermore, radionuclide imaging is best suited for later phases during recovery
compared to early diagnosis [94]. However, immediate inflammation caused by the host
response can also cause certain metabolic changes that are imageable and measurable with
radionuclide-based tracers. Investigations of fungal infections are conducted mostly using
chest X-ray/plain radiography, computerized tomography (CT) scanning, and magnetic res-
onance imaging (MRI). Ultrasound (US) scans are also useful for cardiac echocardiography
(endocarditis). Furthermore, direct observations of fungi are also possible using a broncho-
scope (tracheobronchitis) or an endoscope (oesphageal candidiasis or acute invasive fungal
rhinosinusitis) [95]. Imaging is important for both initial diagnosis and prognosis over time.
In some patients, an enlargement of abnormal areas does not always imply clinical failure,
it would rather provide insight into immune reconstitution.

One assay has been developed and FDA-approved for the diagnosis of common Can-
dida species (T2Candida®). Some caveats of using imaging techniques for fungal disease
diagnosis can be the lack of radiological expertise to set correct parameters in both CT and
MRI methods. Moreover, radiological imaging alone cannot make a precise mycological
diagnosis but usually contributes greatly to a full understanding of the extent of the disease
and its treatments. However, fluorine-18 fluorodeoxyglucose ([18F]FDG) PET/CT has
shown a greater diagnostic performance over stand-alone CT in patients with IFI [96]. The
([18F]FDG) PET/CT has also been reported to identify a mucormycosis fungus ball in the
intestine [97].
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4.5. Molecular-Based Techniques

With the advent of molecular biological techniques, these techniques have greatly
replaced the serological detection of systemic IFI in serum and whole-body samples. The
culture and isolation of fungi are initially required for the progress of these techniques.
Moreover, appropriate reference fungal samples are needed for verification processes.
Major molecular-based techniques include PCR, pulse-field gel electrophoresis, restriction
enzyme analysis, random amplified polymorphic DNA (RAPD), and amplified fragment
length polymorphism (AFLP).

Variations of PCR including PCR-ELISA and nested and real-time PCR (RT-PCR)
are used to detect fungal ribosomal DNA (rDNA) in blood samples. The PCR-ELISA
assays, where a quantification step is performed after the PCR, can become negative after a
fortnight of therapy. The main advantages of using PCR are the feasibility of conducting
tests routinely using easily obtainable serum samples and the reduced detection time,
which is generally 4–5 h. Another crucial feature is that PCR results indicate positive even
before the symptoms appear. However, the major drawback of PCR is the limited fungal
load in samples compared to other bacterial and viral pathogens.

Nucleic acid sequence-based amplification (NASBA) is another quick method used
to differentiate between Candida species despite its high cost [98]. Fluorescence in situ
hybridization (FISH) is a routinely used detection method for yeast. The accuracy of the
FISH technique can be further enhanced using more specific peptide nucleic acid (PAN)
probes; thus, it is used to delineate Candida species. Microsatellite length polymorphism
(MLP) typing, multi-locus sequence typing (MLST), and DNA microarrays are also used
to identify different Candida species [99]. DNA sequencing is also a useful tool for fungal
detection in human samples, though it is not a routinely conducted technique for fungal
detection in human samples. From the 18S and 28S ribosomal subunits, 28S has diagnostic
values specifically for fungi [100].

4.6. Challenges in the Diagnosis of Fungal Diseases

Despite all these advanced diagnostic methods, a definite diagnosis of fungal diseases
can be challenging at times. The reasons behind unsuccessful cultures may be many. The
negative cultures need to be ruled out if: the condition is not a fungal infection, the specimen
has not been collected appropriately, the patient had started anti-fungal medications before
specimen collection, the fungal strain has a very slow growth rate, or the culture conditions
were not optimal for fungal growth. Additionally, some fungal species may be difficult to
isolate or identify using traditional culture methods, requiring more specialized techniques
such as molecular testing or histopathology. Therefore, alternative diagnostic approaches
should be explored to improve the management of fungal diseases.

5. Therapeutics for Fungal Diseases

While antifungal agents typically eradicate fungal pathogens without causing toxic
effects in humans, some compounds may still exhibit toxicity. There are two types of
therapeutics available for fungal diseases. First, traditional antifungal drugs are usually
prescribed for mild or severe cases such as skin rashes and systemic infections, respectively.
Second is the new antifungal options that have been recently introduced for the treatment
of human fungal diseases.

5.1. Traditional Antifungal Therapies

There are two types of traditional antifungal drugs: topical and oral. Topical anti-
fungal medications are usually over-the-counter drugs in the form of cream, lotion, gel, or
spray that can be easily applied to the affected area in the skin. On the other hand, oral
antifungal medications are prescribed for more severe infections that resist topical therapies.
The main groups of antifungal drugs are polyenes, azoles, allylamine and morpholine, and
antimetabolites [20]. These drugs disturb the main survival mechanisms in one species or a
broad spectrum of fungi species.
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5.2. Novel Antifungal Therapies

In recent years, several new antifungal agents and formulations have been developed
and introduced. For instance, some of the newly introduced azoles are efinacon-azole,
luliconazole, tavaborole, pramiconazole, and eberconazole [101]. In addition to azoles,
polyenes, echinocandins, and flucytosine are also used for the treatment of invasive fungal
infections. Amphotericin B and its newer lipid formulations are polyene antifungals that
target the fungal plasma membrane, and it is the first-ever FDA-approved antifungal for the
treatment of invasive fungal infections [102,103]. The echinocandins are the most recently
approved class of antifungals and, currently, three echinocandins (caspofungin, micafungin,
and anidulafungin) have been developed for clinical usage [102,104]. Flucytosine is a
pyrimidine, known to inhibit DNA and RNA synthesis in fungi by incorporating it into
the growing nucleic acid chain, preventing further extension [102,105]. Combinations
of flucytosine with other antifungals are recommended in therapies of refractory cases
including the treatment of infections with resistant fungi, and invasive fungal infections
which form biofilms and vegetation.

Herbal treatments from plants such as Curcuma longa and Withania somnifera have also
been proven to be effective in superficial fungal infections. Propolis is another compound
that has been shown to be effective [101]. Not only various phytochemicals but also a
variety of bioactive compounds produced by microorganisms including fungi are reported
to be effective against fungal infections [13]. Further, different drugs in combination are also
broadly used for various fungal infections [106]. Synergistic drug combinations increase the
effectiveness of drugs while reducing drug resistance [107]. Moreover, there are antifungal
vaccines developed for infections of specific fungal or fungal-like species such as Pythium
insidiosum [108].

There are published treatment regimens for certain fungal infections such as ony-
chomycosis. As systemic treatment recommendations in adults, terbinafine and itracona-
zole are the first line of treatment for dermatophyte onychomycosis. Fluconazole is a
useful alternative in patients who are unable to tolerate the former two medications. If
topical monotherapy is ineffective, combination treatment is recommended. As topical
treatments for adults, amorolfine or tioconazole are recommended for superficial and distal
onychomycosis [109]. Furthermore, there are published global guidelines for the diagnosis
and management of infections including cryptococcosis [110], mucormycosis [111], and
invasive aspergillosis [112]. However, the access to or the true implementation of these
disease diagnosis and management techniques will vary depending on the availability of
facilities and funds in different countries.

Invasive fungal infections can be considered a major cause of mortality in the im-
munocompromised. The effectiveness of antifungal therapy is dependent on the immune
status of an individual; thus, antifungal medications are ineffective in the immunosup-
pressed. Therefore, immunomodulation via immunotherapy increases immune function,
and it is a preferred type of treatment for fungal infections in these patients [113,114]. The
transfusion of leukocytes, dendritic cells, and neutrophils are different types of cellular
therapies and administering growth factors, cytokines (humanIFN-γ), and specific antibod-
ies are augmentative therapies [108]. Gene therapy is also a potential treatment option in
immune-deficient individuals with IFIs [15].

Despite the wide array, these therapeutic regimes have limitations such as a narrow
spectrum of activity, developing resistance, limited efficacy, and toxicity. In this regard,
nanotechnology-based formulations address these issues favorably and are reported as
a promising therapy against fungal infections [12]. Nanocarriers in the form of lipo-
somes, transferosomes, ethosomes, transethosomes, niosomes, spanlastics, nanoparticles,
nanoemulsions, carbon nanotubes, and dendrimers effectively deliver drugs to the diseased
site. Nanoemulsions, submicron-sized drug particle transporters, are utilized against the
fungal species Trichophyton rubrum and Candida albicans. By nature, they do not cause drug
resistance in fungal species [115].
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Newer therapeutic options including RNA-based therapies [116] are currently being
studied for their potential use in the treatment of fungal infections. RNAi-based therapies
have been investigated for various intracellular infections mediated by fungi, while the
nanocarrier-mediated delivery of siRNA and shRNA molecules has also been found to
overcome the various delivery challenges of these biotherapeutics [117].

6. Discussion

Studying fungal pathogens holds paramount importance in the field of microbiology
and pathology due to the significant impact of fungal infections on various organisms,
including plants, animals, and humans. In the medical realm, fungal pathogens pose a
considerable threat to human health, particularly in immunocompromised individuals.
Human fungal pathogens can cause a range of infections, from superficial skin conditions
to life-threatening systemic diseases. As the incidence of immunocompromised individuals
increases due to factors such as HIV/AIDS, organ transplantation, and chemotherapy, the
prevalence of opportunistic fungal infections rises. Comprehensive research is essential to
developing effective preventive measures, diagnostics, and treatments [118].

Invasive fungal infections, such as those caused by Candida, Aspergillus, and Cryp-
tococcus species, are associated with substantial morbidity and mortality, particularly in
vulnerable populations [119]. Investigating the virulence factors, host immune responses,
and antifungal resistance mechanisms is crucial for improving patient outcomes and
reducing the global burden of fungal diseases [120]. The rise of antifungal resistance
underscores the need for ongoing research to develop new and improved antifungal drugs.
Understanding the molecular mechanisms of resistance and identifying novel drug targets
are essential for staying ahead of evolving fungal threats and ensuring effective treatment
options [121].

Studying human fungal pathogens provides insights into host–pathogen interactions
and immune responses. Fungi have evolved intricate strategies to evade host defenses,
and understanding these mechanisms is crucial for developing immunotherapies and
vaccines [122]. The accurate and timely diagnosis of fungal infections is essential for
initiating appropriate treatment. Research in this field contributes to the development
of advanced diagnostic tools, including molecular methods, biomarkers, and imaging
techniques, improving our ability to identify and manage fungal diseases [123]. Fungal
infections can have significant economic implications and strain healthcare systems. By
studying human fungal pathogens, researchers contribute to global health security by
enhancing our ability to respond to emerging fungal threats and developing strategies for
outbreak control [124].

This review provides a comprehensive list of human fungal pathogens extracted from
over 850 recent case reports, and a summary of the relevant disease conditions and their
origins (Supplementary Table S2). Only 2–10 of most prominent cases from each pathogen
with a confirmed diagnosis of the specific fungal infections based on established diagnostic
criteria such as laboratory tests, imaging studies, or clinical findings were selected for
this summary. Furthermore, we tried to list the pathogens’ different types of diseases
or medical conditions as much as possible. Repeated cases from the same country were
excluded. In addition, the present study establishes phylogenetic relationships of the listed
pathogens using a phylogenetic analysis based on the available authentic 28S nrRNA gene
(LSU) sequence data (Figure 5). This will help clarify the currently correct names for the
species based on modern taxonomic concepts since they have often been wrongly quoted
and interpreted in the literature and case studies. This will further help with searches
for the species in the earlier literature where the old names were used. Additionally, the
phylogenetic analysis allows for a better understanding of the evolutionary relationships
among these fungal pathogens, which can aid in the development of targeted treatments
and diagnostic tools. Furthermore, by providing an updated and accurate list of human
fungal pathogens, this study will contribute to the improvement of public health efforts
aimed at preventing and controlling these infections globally.
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The findings of this review corroborated the taxonomic classification of the numerous
human fungal pathogens, with most of the pathogens belonging to the class eurotiomycetes
(Table 3). However, authentic LSU sequences for several of the taxa are currently unavail-
able, so sequence data from the type or credible strains is required to establish their taxon-
omy. When preparing this evaluation, we discovered that most articles did not employ an
acceptable identification strategy to identify fungal diseases, instead relying on traditional
identification methods that emphasize morphology. Considering the limitations associ-
ated with traditional morphological identification methods, the incorporation of molec-
ular DNA sequence data and phylogenetic techniques in recent studies has significantly
advanced the accuracy and reliability of identifying human fungal pathogens [125–131]
(Supplementary Table S2). This step is fundamental for establishing a robust taxonomy
and improving our understanding of the diversity and evolutionary relationships among
human fungal pathogens. These studies demonstrate how to use DNA sequence data
and phylogenetic analysis to reliably identify infections, demonstrating the promise of
contemporary molecular approaches to improve diagnostic precision. The incorporation
of these approaches into future research endeavors is critical for developing a complete
and reliable database of fungal pathogens, which will eventually contribute to more ef-
fective disease management and treatment strategies. By using DNA sequence data and
phylogenetic tools, researchers can obtain a more precise understanding of the taxonomy
of these pathogens. This highlights the importance of incorporating molecular techniques
into future studies for the accurate identification and classification of fungal strains. Many
mycology laboratories face significant skill shortages, lacking personnel proficient in fungal
identification through traditional morphological assessments. The absence of these founda-
tional skills makes it even less likely that such labs would have expertise in cutting-edge
molecular diagnostics, further limiting their ability to accurately diagnose and study fungal
pathogens. While these methods have historical value, the introduction of molecular tools
not only addresses the deficiencies of morphological identification but also provides for
more advanced knowledge of fungal pathogen genetic diversity and linkages. Moving
forward, the merging of morphological and molecular techniques in fungal taxonomy and
identification will most certainly give more precise and complete results, expanding our
understanding of the diverse range of human fungal infections.

Table 3. Classification and number of known human pathogenic fungal species in each genus.

Phylum Class Genus Number of Known Human Pathogenic Species

Ascomycota Dothideomycetes Alternaria 05

Arthrographis 01

Aureobasidium 03

Cladosporium 03

Curvularia 14

Didymella 02

Ectophoma 01

Epicoccum 01

Falciformispora 02

Hortaea 01

Microsphaeropsis 02

Neocucurbitaria 01

Phoma 01

Piedraia 01

Tintelnotia 01

Trematosphaeria 01
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Table 3. Cont.

Phylum Class Genus Number of Known Human Pathogenic Species

Eurotiomycetes Aspergillus 16

Blastomyces 06

Chrysosporium 02

Cladophialophora 07

Coccidioides 02

Emergomyces 05

Epidermophyton 01

Exophiala 11

Fonsecaea 04

Histoplasma 01

Knufia 01

Microsporum 03

Nannizzia 09

Paecilomyces 02

Paracoccidioides 03

Phialophora 05

Rhinocladiella 04

Talaromyces 03

Trichophyton 11

Pichiomycetes Candida 07

Debaryomyces 01

Diutina 01

Kodamaea 01

Meyerozyma 01

Pichia 02

Pneumocystidomycetes Pneumocystis 02

Saccharomycetes Cyberlindnera 02

Nakaseomyces 01

Sordariomycetes Acremonium 02

Albifimbria 01

Allocanariomyces 01

Amesia 01

Bisifusarium 02

Catunica 01

Chaetomium 02

Chlamydocillium 01

Colletotrichum 09

Coniochaeta 03

Dichotomopilus 01

Fusarium 07

Lasionectriopsis 01

Ilyonectria 01

Kazachstania 02

Lomentospora 01

Madurella 01
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Table 3. Cont.

Phylum Class Genus Number of Known Human Pathogenic Species

Microascus 06

Microdochium 01

Myrothecium 01

Neocosmospora 07

Ovatospora 01

Parachaetomium 01

Phaeoacremonium 02

Phialemonium 02

Pleurostoma 02

Sarocladium 02

Scedosporium 02

Sporothrix 03

Thyridium 01

Trichoderma 07

Wickerhamomyces 01

Xenoacremonium 01

Basidiomycota Agaricomycetes Coprinopsis 01

Hormographiella 01

Irpex 02

Phellinus 02

Megasporoporia 01

Porostereum 01

Schizophyllum 01

Tropicoporus 01

Volvariella 01

Basidiobolomycetes Basidiobolus 01

Malasseziomycetes Malassezia 03

Tremellomycetes Apiotrichum 02

Cryptococcus 03

Cutaneotrichosporon 02

Filobasidium 02

Naganishia 03

Papiliotrema 02

Entomophthoromycota Entomophthoromycetes Conidiobolus 02

Neoconidiobolus 02

Mucoromycota Mucoromycetes Apophysomyces 04

Cunninghamella 02

Lichtheimia 03

Mucor 02

Rhizomucor 01

Rhizopus 02

Saksenaea 02

Syncephalastrum 01

The numbers in bold indicate the genera comprising 10 or more known human pathogenic species.
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The nomenclature and classification of many fungal species have been subjected to
change during the past few decades due to modern taxonomic approaches and views.
Hence, corrections on those changes are mandatory to avoid misinterpretations. In this
review, we have given the current names of the fungal species where appropriate, and
the data analysis was done based on the current names (Supplementary Table S2). An
assay based on modern taxonomic and molecular phylogenetic approaches is highly rec-
ommended to identify a given pathogen correctly. These practices will largely minimize
the confusion related to this field in the future. Upon analyzing more than 850 articles
(Supplementary Table S2) for this study, we discovered that only around 3% of cases con-
tained a thorough examination and the accurate identification of pathogens. The remaining
articles either failed to properly study the pathogens or overlooked them entirely, high-
lighting a significant gap in the accurate identification of pathogens. Furthermore, only
a few countries of the world are continuously assessing and publishing cases and data
related to human fungal infections. Hence, the actual number of potential disease-causing
fungal species and their impact on humans are still understudied. It is crucial to invest
in further research and surveillance efforts to accurately identify and document the vast
number of fungal species that can cause diseases in humans. This will enable us to better
understand the impact of these pathogens on public health and develop effective strategies
for prevention and treatment. Additionally, collaboration between scientists, healthcare
professionals, and policymakers is essential to ensure that comprehensive data on fungal
infections are collected, analyzed, and shared globally.

Future Directions

The diagnosis and therapeutics of human fungal diseases are problematic and raise
substantial challenges. Accurate diagnosis is crucial and leads to the effective management
of fungal diseases in humans. There are a variety of diagnostic tools to identify human
fungal infections. With the changing demands of clinical mycology, the field of fungal
diagnostics has evolved and both traditional and more advanced approaches such as novel
PCR assays, microfluidic chip technology, next generation sequencing, microsatellite length
polymorphism (MLP) typing, multi-locus sequence typing (MLST), nanotechnology-based
tools, and artificial intelligence-based models [132]. Despite the many antifungal drugs
available to date, new therapeutic approaches are urgently needed due to emerging fungal
pathogens and increasing antifungal drug resistance. Economic or geographical factors may
also play a key role in the incidence and clinical handling of these diseases [133–135]. To
address these challenges, it is crucial to prioritize research and funding towards studying
fungal infections and developing innovative treatment options. Additionally, raising
awareness among healthcare professionals and the public about the im-portance of the
early detection and proper management of fungal infections can help mitigate their impact
on human health.

The World Health Organization (WHO) released the first-ever fungal priority pathogens
list (WHO FPPL) in 2022 to guide the research, development, and public health action
regarding fungal infections in order to raise concerns in the population and obtain sufficient
fungal infection data. According to the WHO FPPL, establishing an effective fungal
pathogen surveillance network, enhancing public health interventions, and providing
sustainable support for fungal pathogen infection R&D and innovation should be applied to
manage the emergence of fungal infections. It also provides details on the implementation
of policy and management interventions to enhance the prevention and treatment of fungal
infections [136].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pathogens13050426/s1, Table S1: GenBank and culture collection
accession numbers of human pathogenic species treated in the phylogenetic analysis.; Table S2:
A synopsis of human fungal pathogens and relevant disease conditions extracted from case studies.
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