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Abstract: Cryptic Aspergillus species are increasingly recognized as pathogens involved in human
disease. They are ubiquitarian fungi with high tenacity in their environment and can express various
resistance mechanisms, often due to exposure to antifungal agents employed in agriculture and
farming. The identification of such species is increasing thanks to molecular techniques, and a
better description of this type of pathogen is granted. Nevertheless, the number of species and their
importance in the clinical setting still need to be well studied. Furthermore, their cross-sectional
involvement in animal disease, plants, and human activities requires a multidisciplinary approach
involving experts from various fields. This comprehensive review aims to provide a sharp vision of
the cryptic Aspergillus species, from the importance of correct identification to the better management
of the infections caused by these pathogens. The review also accentuates the importance of the One
Health approach for this kind of microorganism, given the interconnection between environmental
exposure and aspergillosis, embracing transversely the multidisciplinary process for managing the
cryptic Aspergillus species. The paper advocates the need for improving knowledge in this little-
known species, given the burden of economic and health implications related to the diffusion of
these bugs.
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1. Introduction

Aspergillus species are filamentous molds that function as saprophytes, asymptomatic
endophytes, and opportunistic phytopathogens. They play a significant role in the degra-
dation processes of organic matter in ecosystems, and they can be found in a variety of
substrata of major biofilms, including soil, food, and litter, with ubiquitous spores [1–3].
The Aspergillus species (spp.) known until now are reported to be between 300 and 400 [4].
In the family of Aspergillaceae, only five sections are reported to cause human disease:
Fumigati, Flavi, Nigri, Terrei, and Nidulante [5].

Over the last decade, infections caused by filamentous fungi have increased in number
and pathogenicity, resulting in major life-threatening causes, especially in immunocompro-
mised hosts [6]. Aspergillus spp. is the most frequent mold isolated in clinical samples [7].
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Human aspergillosis involves a wide spectrum of clinical presentations, ranging from
pulmonary infections (e.g., invasive pulmonary aspergillosis) to different forms of hyper-
sensitivity (e.g., allergic bronchopulmonary aspergillosis) [8,9]. In humans, Aspergillus
fumigatus is the most frequent fungal pathogen, followed by A. flavus, A. terreus, and
A. niger [3,10–12].

There is a complex relationship between human, environmental, and occupational
exposure to Aspergillus. Some species are known to be able to produce mycotoxins [13,14],
which can contaminate food, like crops [15], causing major public health issues with human
implications, such as food contamination by aflatoxin, which occurred in Kenya, where
125 deaths were recorded in 2005 [16]. Indoor plants represent a natural reservoir for the
proliferation of these fungi [17], and several studies have reported a correlation between
exposure to indoor, air-borne fungi produced in buildings damaged by moisture and
adverse health effects [18,19]. Finally, occupational exposure has been studied, reporting
various links between jobs and potential health problems related to Aspergillus species’
exposition [20,21].

Thanks to technological advances, new species among the Aspergillus family have
been identified [22,23]. Scientists define this type of fungi as a “cryptic” or “sibling” species
because they are indistinguishable from each other by classical identification tools usually
employed in standard laboratories. Another definition is “species complex”, a species
closely related and indistinguishable by morphological methods [24]. They are grouped
into a single species complex called a “section”. Beyond taxonomic classification, the
clinical interest in these cryptic species is rising. It is estimated that between 10% and 30%
of invasive aspergillosis (IA) is caused by cryptic species [25–27].

The clinical importance of cryptic species is arising. The high risk of azole-resistance
or pan-antifungal resistance, especially in cryptic aspergillosis, can have a profound impact
on mortality and morbidity, especially in immunocompromised patients where the risk of
developing invasive aspergillosis is much higher than in the general population [28,29].

2. Materials and Methods

A comprehensive literature search was conducted to identify relevant studies and
articles about cryptic aspergillosis. The search was not restricted by language or publi-
cation date. The keywords and MeSH terms included “Cryptic aspergillosis”, “Invasive
aspergillosis”, “Taxonomy AND aspergillosis”, “Therapy strategies AND aspergillosis”,
“Antifungal resistance AND Aspergillosis”, “Antifungal resistance and cryptic aspergillo-
sis”, “Azole resistance AND cryptic aspergillosis”, “Amphotericin B resistance AND cryptic
aspergillosis”, “Systematic review AND cryptic aspergillosis”, “Diagnosis AND aspergillo-
sis”, “Environment AND aspergillosis” and “Environment AND cryptic aspergillosis”. We
screened the articles by title, keywords, abstract, and full text. After an initial screening
of titles and abstracts of published articles, the reviewers evaluated full articles to assess
eligibility for each study’s inclusion in this narrative review. The decision to include any
examined study was determined if it was likely to provide valid and valuable information
according to the review’s objective.

3. Taxonomy

Aspergillus spp. is a genus that encloses many species present worldwide. The classi-
fication and identification have been based mainly on phenotypic characters. Still, in the
last decades, molecular and chemotaxonomic characterization has played a crucial role in
developing a complete picture of this type of fungi.

The basis of classification was laid by Raper and Fennell in 1965: they divided the
genus into 18 groups [30]. Gams et al. in 1985 introduced names of subgenera and sections
in Aspergillus [31]. Various authors contributed to widening the subgenera and sections [32].
The morphological characterization of Aspergillus mostly follows the protocols of Raper
and Fennell, Klich, Pitt and Hocking, and Samson et al. [30,33–35]. The phenotype-based
infrageneric classification was primarily based on conidium color, conidiophore morphol-
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ogy, and growth rates [36]. Some of the morphological characters chosen by many authors
are the shapes and sizes of various structures of the fungi [37]. Physiological characteristics
are fundamental to describing cryptic species, such as colony diam, production of colored
metabolites, growth rates, and the production of extrolites [37].

Alongside the morphological and physiological description, the use of the internal
transcribed spacers (ITS) of the Nuclear Ribosomal DNA (nrDNA), now accepted as the
official DNA barcode for fungi [38], is primarily used mainly for phylogenetic species
recognition [32].

Other essential tools are multi-locus sequencing of calmodulin and partially of β-tubulin,
a DNA-based method of identification, and matrix-assisted laser desorption/ionization
(MALDI-TOF MS), that allows us to correctly recognize cryptic species among the As-
pergillus genus [3,39–41]. Morphological and physiological classification greatly overlaps
with the current DNA-based classification in Aspergillus [36]. However, Aspergillus ITS se-
quences are identical in several complexes of important species; hence, more DNA markers
are necessary [37].

The clades in this genus have a genetic distance larger than those seen in other fungal
genera [32,42]. Using infrageneric ranks for phylogenetic clades helps manage species
genera like Aspergillus [36]. Furthermore, the categorization between genus and species
level, in addition to being official nomenclature taxonomic ranks, is also highly predictive
of what functional characters the species might have [36].

An essential change in nomenclature was made in 2012 when the concept of “one fun-
gus, one name” was established [43,44]. This is important, since the ascomycete anamorph
genus Aspergillus encompasses at least ten teleomorph genera more carefully delimitated
than the anamorph genus [32,42]. Phylogenetic studies have shown that Aspergillus forms
a monophyletic clade that is strictly related to Penicillium [3,32,42]. This finding, along-
side the absence of precise criteria for the genetic delimitation of the genus in Kingdom
Fungi, leads to the retention of the genus Aspergillus in the broadest spectrum (with all
teleomorph genera assumed). The decision is supported by the Commission of Penicillium
and Aspergillus [32,45–47]. The genus Aspergillus is divided by subgenus and sections [48].
Cryptic species must be considered as independent evolutionary lines [48]. In Figure 1, we
report the classification of the Aspergillus genus.

A. lentulus was first described in 2005 as a sibling species of A. fumigatus, identified
in a case of human aspergillosis [22]. In 2005, another cryptic species of the A. fumigatus
complex, A. pseudofischeri, was proven to have been misidentified as A. fumigatus [39]. Since
the first identifications, several cryptic species have also been identified in other Aspergillus
groups, such as A. niger and A. ustus species complexes [24].

The most frequently reported cryptic species that cause infections in humans are
shown in Table 1 [3,49].

Table 1. Most frequently reported cryptic Aspergillus species.

Aspergillus Section Cryptic Species

Fumigati
A. lentulus, A. fumigatus, A. thermomutans, A. udagawae, A.
viridinutans, A. fumigatiaffini, A. novofumigatus, A. felis, A. Clavutus,
A. tsurutae, A. arcoverdensis, A. ellipticus

Flavi A. tamarii, A. alliceus, Aspergillus nomius

Terrei A. carneus, A. alabamensis

Nigri A. tubingensis, A. awamori, A. welwitschiae, A. acidus

Versicolores A. sydowii, A. creber

Circumdati A. persii, A. westerdijkia

Usti A. calidoustus, A. insuetus, A. keveii, A. granulosus,
A. pseudodeflectus, A. puniceus
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For instance, of the 60 phylogenetically distinct species of Aspergillus section Fumigati,
approximately 20 were reported to cause infections both in humans and animals [50,51].
Aspergillus section Nidulantes series Versicolores has been proposed to contain 18 species,
mainly cryptic, many of which are opportunistic pathogens [52]. Similar complexity is
attributable to the sections Nigri and Flavi [53,54].

However, new molecular techniques also permit unnecessary intricacies to be avoided.
Previously named species were more accurately reassigned to the old ones as synonymous,
reducing the number of species [55]. This was due to the better correlation with intraspecific
variation previously reported for other aspergilli. Using proteomic or DNA-sequence-based
identification methods allowed for reassignment and simplification [55,56].

4. One-Health Approach

The role of Aspergillus spp. as an animal pathogen and its ubiquitarian distribution
and tenacity in the environment make these fungi an ideal target of One Health approaches.
The awareness of its cross-sectional impact is crucial to designing target intervention and
control strategy; for example, the increased report of azole resistance has been connected
to using fungicides and pesticides in agriculture and farming. Knowing the underlying
mechanism and cooperating with experts in the field may help reduce the clinical side
effects of this practice.

4.1. Agriculture

Aspergillus spp. thrives on decaying plant material but can grow on or in plants
and trees. It can be found in a wide variety of environments and throughout the whole
year [57]. The wide use of pesticides, even if not targeted to Aspergillus spp., can quickly
impact its resistance profile. The postulated mechanism is the similarity in structure and
molecular target Cyp51A of triazole used in agriculture and farming and the azoles used
in clinical practice [58]. The isolation of resistant strains in the environment supports the
hypothesis that part of the clinically relevant resistance mechanism may be acquired from
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the surroundings [59]. Further epidemiological and genetic studies have brought more
evidence supporting this hypothesis [60].

The primary mutation responsible for azole resistance highlighted so far is the TR34/L98H
on the Cyp51A gene, which has shown similar fitness and virulence to the wild-type
strain [60]. Nevertheless, once the role of pesticides and fungicides has been established,
how to turn the tide is yet to be clarified. Despite being regulated in high-income countries,
many nations do not have any policy regarding the use of pesticides and the permitted
levels in water and soil [61,62]. The pathogenic role of Aspergillus spp. on plants and
the threat of mycotoxins for humans is well known. Yet alternative control methods are
lacking, and chemical fungicides are still the primary tool available [63]. Transmission of
azole-resistant aspergillosis using triazole in agriculture is shown in Figure 2.
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4.2. Animals

Similarly to humans, birds can become infected with Aspergillosis spp. by inhalation of
conidia. The infection can profoundly affect birds’ health, or they can remain completely
asymptomatic. They can spread the pathogen through their intestinal system and car-
cass. Given the high distance birds can cover during migration, their role as spreaders of
Aspergillus spp. strains, including those carrying azole resistance mutations, have been in-
creasingly recognized. Human migration and air movements are also possible mechanisms;
however, bird migration seems to be the most likely reason for identifying identical strains
in geographical areas far apart [64].

Not only birds have a role in the dispersion of resistant strains acquired from the
environment, but fungicides in wild birds’ prophylaxis and poultry house disinfection may
trigger azole resistance mutations in this species [60,61]. Another reason for the attention
given to the avian population is their role as markers of the environment. For example,
investigating the prevalence of resistant strains among birds could be a reliable proxy for
the actual prevalence of these strains in the environment [65]. It is of note that Aspergillus
spp. can thrive in various animals, including vertebrates and invertebrates, from corals
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to cattle. A. viridinutans species complex, a group of cryptic species, has been increasingly
associated with animal as well as human infections [66]. However, the role of other animal
species in One Health’s vision seems less critical [57].

4.3. Cryptic Aspergillosis and Reservoirs

Cryptic aspergillosis is a growing problem all over the world. Emerging new species of
Aspergillus from tropical and subtropical areas confirm their evolutionary advantage in the
face of climate change, thus suggesting that cryptic species will be more and more common
in the future [67]. Cryptic species threaten humans and animals due to higher Minimum
Inhibitory Concentrations (MICs) in antifungal agents and challenging diagnosis [68,69].

Many cryptic species have been identified as human pathogens, but they can also
affect animals; for example, A. felis has been highlighted as the leading cause of aspergillosis
in cats [70], but human case reports have also been reported [71]. A. alabamensis is one of
the cryptic species described in dogs and humans [72,73].

Moreover, similarly to non-cryptic species, they are ubiquitously distributed and can
be found in a wide range of environments; an example of the impact of these species
on agricultural settings is the role of A. novoparasiticus as a contaminant of sugar cane
production chain [74], rice and corn fields [75,76].

Despite the lack of robust data on cryptic species, case reports and limited published
studies suggest a tight entanglement between medical, veterinary, and environmental
sciences. Nonetheless, more epidemiological data are needed to assess the impact of these
species on human, animal, and environmental Health. Thus, the One Health approach
should be encouraged when conducting further research to better understand and control
cryptic species.

5. Diagnosis and Identification

Diagnostic methods constitute the bedrock of unraveling cryptic aspergillosis.
Culture, the cornerstone of microbiological identification, unveils the fungal phe-

notypical characteristics. Aspergillus, a filamentous fungus, thrives in various cultural
media. Selective agar, such as Sabouraud dextrose (2%) agar supplemented with chlo-
ramphenicol and gentamicin (to allow the elimination of bacterial contaminants), fosters
its growth. Colonies typically emanate a velvety texture, exhibiting hues ranging from
green to brown. The length of incubation serves as a crucial determinant, with colonies
emerging within five to seven days. Phenotypic identification relies on microscopic and
macroscopic characteristics, encompassing features like pigmentation, distinctive conidial
arrangement, and different degrees of sporulation or growth at different temperatures [77].
Microscopic research can be conducted via fluorescence (blancophore stain) and classic
microscopy on lactophenol supplemented media. These features might help identify some
cryptic species; nevertheless, they vary greatly according to different media conditions,
often lacking phenotypic distinctions within a given Aspergillus section. Therefore, the
phenotypic method should not be considered sufficient for cryptic species identification.

Serological tests, like the serum beta-1,3-D-glucan (BDG) and galactomannan (GM)
enzyme immunoassay, may possess diagnostic value for invasive aspergillosis, with GM
best performances on broncho-alveolar fluid rather than on serum [78]. However, sensitivity
and specificity vary. Host factors, crucial in fungal infection predisposition, should always
be integrated into the diagnostic algorithm to enhance the predictive value of serological
tests [79].

Molecular methods’ advent brought the first revolution in fungal diagnostics [25].
Polymerase Chain Reaction (PCR) and DNA sequencing techniques target specific genetic
markers such as: (i) fungal 18S or 23S ribosomal DNA (for broader at-section-level pan-
fungal identification), (ii) Nuclear Ribosomal Internal Transcribed Spacer region (ITS,
universally used as barcoding gene because of being a common DNA spacer in fungi) [38],
(iii) beta-tubulin (benA, a component of eukaryotic cytoskeleton and present in multiple
copies in the genome, with both conserved and variable regions) [80], (iv) calmodulin gene
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(cmdA, eukaryotic intracellular Ca2+ receptor, easily amplifiable with both conserved and
variable regions) [32], (v) Mini-chromosome maintenance protein (mcm7, single copy gene
encoding essential component for replication) [38]. Numerous other, more or less specific
genes could target alternative metabolic pathways, such as toxin or pheromone production.
However, to achieve differentiation within the section, it will still be necessary to integrate
multiple targets (multiplex assays), resulting in a labor-intensive technique that is neither
time-efficient, nor cost-effective, nor universally available [80].

MALDI-TOF has recently emerged as a powerful and relatively cost-effective tool,
offering rapid and accurate species-level identification by analyzing protein profiles [81–83].

Another essential tool is the Mass Spectrometry Identification (MSI) platform, an
independent and freely accessible online mass spectrometry database, which is helpful for
all clinicians to correctly determine whether their isolates are cryptic Aspergillus species [84].

Even though advances have been made in this field and MALDI-TOF databases keep
being updated, due to the high inter- and intra-variability of traits, a combination of
methods may sometimes be recommended to achieve robust results and ensure the possible
discovery of new species.

The correct identification has clinical relevance. Imbert et al., in a prospective multicen-
ter study, analyzed 369 cryptic Aspergillus species, 15 responsible for invasive aspergillosis,
showing a high rate of in vitro low susceptibility to antifungal drugs [85]. They also
highlighted the correlation between pre-exposure to azoles and cryptic invasive aspergillo-
sis [85].

6. Antimicrobial Susceptibility Testing

The landscape of AST involves several methodologies with sometimes intricate in-
terpretations and often a lack of standardization [86]. Broth microdilution assays (e.g.,
Sensititre™ YeastOne™, Thermo Fisher Scientific (Waltham, MA, USA); Micronaut-AM,
Bruker (Billerica, MA, USA)) contain the MICs, offer quantitative insights, and presently
serve as the standard method of reference both for the European Committee on Antimicro-
bial Susceptibility Testing (EUCAST) [87] and by the Clinical Laboratory Standard Institute
in the U.S. (CLSI) [88]. While E-test strips and gradient diffusion methods can visually
illustrate susceptibility patterns, the interpretation remains challenging. Only occasionally
has the E-test been shown to outperform broth microdilution. Furthermore, the lack of
uniformity in testing and interpretation criteria makes them poor candidates for universal
AST. Studies on flow cytometry mainly focused on Candida species, and showed promising
results. Even though the lack of standardization and the significant error reported posed
some concerns [86], similar studies on Aspergillus are lacking.

The intricate relationship between cryptic aspergillosis and antifungal susceptibility
creates a complex interplay. While some groups (mostly A. fumigatus complex) can present a
species-dependent susceptibility profile, in other groups (such as A. niger complex), strains
from the same species show different patterns of resistance [24]. Another example is A.
lentulus, which has demonstrated high MIC values for azoles and Amphotericin B (AMB),
unlike A. fumigatus [89], and it is also reported to have poorer clinical outcomes [90].

7. Resistance Mechanisms

The clinical course of aspergillosis depends on the patient’s underlying condition,
the identified Aspergillus species, the antifungal resistance profile, and treatment choice.
Identifying the mold isolates to determine the antifungal susceptibility pattern and find
the possible presence of intrinsic or acquired resistance is essential [41] to reduce the
risk of treatment failure. Azoles that inhibit ergosterol synthesis and impede fungal
growth, such as fluconazole (FCZ), itraconazole (ITC), voriconazole (VRC), isavuconazole
(ISAV), and posaconazole (POS), are common antifungal drugs used for treatment in most
cases [91,92]. Long-term use of azole drugs and extensive application of fungicides in
agriculture represent the primary reasons for the emergence of azole resistance [60,93].
Additionally, some species have intrinsic resistance to antifungal-specific medicines: for
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example, A. terreus is intrinsically resistant to AMB [94], and A. flavus to polyenes [95].
Others are susceptible to a particular class of drug but may become resistant due to
the prolonged incomplete dosages of antifungal [96]. Since the first azole-resistant A.
fumigatus isolate was detected in 1997 the United States (U.S.), azole resistance has become
increasingly reported in many countries, particularly in the Netherlands [97]. Azole-
resistant isolates of A. fumigatus ranged from 6.6% to 28% worldwide [96].

Azoles are competitive inhibitors of the Cyp51A protein, a fundamental enzyme with
lanosterol-14α-demethylase activity in the ergosterol biosynthesis of fungi [98]. Several
mutations can affect azole activity and have been observed during prolonged antifungal
therapy or prophylaxis [99,100]. The azole resistance has been related to a single allele of
cyp51A, termed TR/L98H [98]. The allele contains a tandem repeat in the cyp51A promoter
region combined with a single amino acid exchange of leucine 98 to histidine. The TR/L98H
allele has been reported to occur worldwide in patients and the environment [101,102].
Clinical and environmental azole-resistant route of transmission is reported in Figure 3.
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Azole resistance is a common finding, but the mutation of the Cyp51A gene has not
yet been studied in all cryptic species [103]. A. lentulus has shown a mutation of this gene,
which appears to differ from that highlighted for A. fumigatus [104]. A. terreus has also
shown a mutation of Cyp51A gene, together with other resistant mechanisms, such as efflux
pumps and hyperexpression of Cyp51A [72]. The development of azole resistance is most
common in patients that have long-term azole history exposure, including patients with
allergic and chronic pulmonary aspergillosis, individuals receiving prophylaxis, and those
with predisposing conditions, such as preexisting lung cavities and cystic fibrosis [105]. The
common use of azoles in agriculture and veterinary medicine affects the risk of inhaling
conidia that already harbor azole resistance mechanisms [106].

FCZ and POS, often used in prophylaxis regimens among Hematopoietic stem-cell
transplantation (HSCT) patients, are more likely to show higher MICs in cryptic species.
Nevertheless, some strains might still show higher MICs for POS than ITC or VOR [24].
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Escribano et al. observed that, in Spain, the prevalence of azole resistance in A.
fumigatus sensu lato was 7.4% (63/847) [107]. However, azole resistance was higher among
cryptic species (18/19, 95%) than in A. fumigatus sensu stricto (45/828, 5.5%). This higher
prevalence of resistance was principally associated with the TR34/L98H mutation. Tsang
et al. showed that most cryptic species identified were non-wild-type or resistant to azole.
Notably, A. tabacinus and A. tubingensis were resistant to ISAV, VRC, POS and ITC. In
addition, A. austroafricanus isolate fell into the area of technical uncertainty (ATU) for VRC.
Moreover, A. austroafricanus and A. sydowii were resistant to ISAV [108].

Pinto et al. noted a 7.5% prevalence of cryptic species in the north of Portugal. A. wel-
witschiae (3.1%) and A. lentulus (2.2%) were the most frequent molds isolated. Most cryptic
spies showed worrisome resistance to triazole (VRC 47.1%, POS 82.4%, and ISAV 100%) [29].

AMB is a broad-spectrum polyene binding to ergosterol and can cause cell membrane
depolarization and damage membrane permeability, resulting in fungal cell death [109].
Some studies have also suggested that AMB can induce oxidative killing mechanisms in
cell membranes and DNA by producing reactive oxygen species (ROS) [110,111].

Among Aspergillus spp., A. terreus is the strain harboring intrinsic resistance to AMB [112],
as previously written. The mechanism related to AMB resistance in A. terreus and other
Aspergillus species is not completely known. However, AMB resistance in the section Terrei
seems to be associated with the modulation of chaperones, targeting ROS by mitochon-
dria and influencing cellular redox homeostasis [113]. Other studies suggested that the
resistance could be related to the glucan content in the cell wall or ergosterol content in cell
membranes [114].

In Europe, AMB resistance is 2.6% to 10.8% for A. fumigatus. In France, A. flavus isolates
show a worrisome rate of 84% of AMB-resistant strains. A. niger AMB-resistant isolates
ranged from 75% to 12.8% in Greece and Belgium, respectively [113].

In different cryptic isolates, such as A. lentulus, A. fumigatiaffinis, A. udagawae (from
A. fumigatus complex) and A. alliaceus (from A. flavus complex), AMB showed high MIC
values [22,89,115,116]. In a recent article, Imbert et al. demonstrated a consistent reduction
in susceptibility to AMB in Fumigati cryptic molds. However, Won et al. showed that AMB
resistance is not so frequent in cryptic aspergillosis, except for A. lentulus [117].

8. Treatment

Cryptic Aspergillus species pose a significant treatment challenge, primarily due to
their inherent resistance to widely used antifungal agents. Understanding the evolving
landscape of antifungal therapy is critical in addressing the complexities introduced by
these elusive fungal pathogens.

Historically, polyenes, like AMB, were fundamental in anti-mold therapy thanks to
their broad-spectrum fungicidal action [118,119]. However, the significant toxicity and the
logistical hurdles tied to intravenous administration have diminished their utility. These
challenges necessitated the exploration of alternative therapeutic options. The advent of
liposomal amphotericin B (LAMB) enhanced safety profiles, yet the issue of intravenous
administration persisted [119]. Despite this, it remains vital for managing infections caused
by A. niger, notorious for its resistance to triazoles [120].

Echinocandins, known for their favorable safety profiles, play a limited role against
invasive mold diseases caused by cryptic Aspergillus species, with their efficacy in this con-
text still under investigation due to limited validating studies [49,121,122]. Some research
suggests the potential of echinocandins in combination with VRC or as monotherapy in rare
azole resistance, particularly against cryptic species exhibiting high MICs to conventional
treatments [123].

The azole class of antifungals has been extensively researched for its activity against
Aspergillus species, with VRC being internationally recommended as the primary treatment
for invasive aspergillosis [120,124]. Despite its effectiveness, VRC’s safety concerns have
led to the search for safer alternatives. ISAV, demonstrated as non-inferior to VRC in the
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SECURE trial and known for its favorable safety profile, has emerged as the preferred
first-line therapy in invasive aspergillosis [125,126].

Nevertheless, the rise of azole-resistant strains, including cryptic species like A. uda-
gawae and A. lentulus, which show high MICs to all azoles, presents a formidable chal-
lenge [127–129]. Cryptic species often display intrinsic resistance to several antifungal
classes, rendering some treatments less effective than against A. fumigatus sensu stricto [29].
For instance, A. lentulus and A. udagawae exhibit reduced susceptibility across multiple
antifungal classes, including azoles and polyenes. This intrinsic resistance significantly
hampers treatment options, necessitating alternative or combination therapies, potentially
linked to increased toxicity and costs. Moreover, diagnostic challenges in accurately identi-
fying cryptic Aspergillus species, often misidentified as A. fumigatus sensu stricto, can lead
to inappropriate antifungal use, contributing to resistance development and spread [49].
Additionally, the lack of standardized susceptibility testing for cryptic species complicates
resistance pattern assessments, further challenging effective antifungal therapy selection.

New antifungal agents with promising efficacy against Aspergillus-resistant strains
have been developed in light of these challenges. Fosmanogepix (FMGX), an antifungal
prodrug inhibiting the Gwt1 enzyme, which is crucial for glycosyl-phosphatidyl-inositol
anchor biosynthesis, shows broad-spectrum activity against Aspergillus species, including
azole-resistant strains [130,131]. Its unique action mechanism offers a novel therapeutic
avenue for infections resistant to current treatments.

Ibrexafungerp (IBX) is the first of a new class of antifungals, the triterpenoids, in-
hibiting 1,3-β-D glucan synthase, essential for fungal cell wall synthesis [132]. Its efficacy
against azole-resistant Aspergillus strains and oral bioavailability makes it a promising
candidate for treating cryptic aspergillosis, offering easier administration and potential for
outpatient treatment [133,134].

Rezafungin (RZF), a next-generation echinocandin with a prolonged half-life, allows
for once-weekly dosing [135]. Its potent in vitro activity against various Aspergillus species,
including cryptic species such as A. calidoustus, A. lentulus, A. thermomutatus, and A. uda-
gawae, and convenient dosing regimen could significantly improve patient adherence [136].
Olorofim (OLO), belonging to the novel orotomides’ class, targets dihydroorotate dehy-
drogenase, inhibiting pyrimidine synthesis through a unique action mechanism [137]. Its
potent activity against a broad spectrum of Aspergillus species, including resistant strains,
underscores its development significance for managing difficult-to-treat Aspergillosis
cases [138].

ATI-2307, a novel aromatic diamidine pentamidine-like compound, disrupts the mi-
tochondrial respiratory chain complexes III and IV [139]. Although data remain sparse,
early indications suggest promising activity against Aspergillus spp., contributing to the
expanding arsenal against fungal pathogens [140].

Conversely, opelconazole (OPZ), a new synthetic azole designed for topical and
nebulized administration, may not be effective against cryptic aspergillosis due to the
prevalent resistance within this class. For instance, its in vitro efficacy against A. flavus and
A. niger is notably weak. Similarly, encochleated AMB, which offers the advantage of oral
administration, demonstrates limited activity against A. terreus, A. flavus, and A. nidulans,
underscoring the need for ongoing research and development in the fight against resistant
fungal infections.

9. Conclusions

Aspergillus spp. is a genus that encloses many species worldwide, many of which are
addressed as “cryptic”. The role of these species in human diseases is enormously increas-
ing, causing difficult-to-treat infections due to their resistance profile and the demanding
effort needed to recognize them.

The increased use in the agricultural and biomedical fields of antifungals increasingly
selects resistant Aspergillus. Cryptic species, in some cases, show high rates of resistant
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patterns that significantly increase mortality and morbidity, especially in immunocompro-
mised patients.

In the ever-evolving landscape of microbiology, cryptic aspergillosis unfurls its com-
plexities. The arsenal of culture characteristics, diagnostic methodologies, and antifungal
susceptibility elucidates the intricate dance between the pathogen and the clinician. Un-
raveling the enigma of cryptic aspergillosis demands a harmonious symphony of clinical
acumen, diagnostic precision, and therapeutic finesse, ensuring the pursuit of the best
patient outcomes in the face of this elusive fungal foe.

From our point of view, we suggest reflecting on the possibility of a cryptic Aspergillosis
species infection whenever there is a discrepancy between susceptible isolates of Aspergillus
spp. and therapeutic failure despite correct treatment. Also, whenever divergence emerges,
it is necessary to work with the microbiology laboratory so that the isolate can be further
studied with specific techniques, like molecular ones.

Eventually, knowing the strong relationship between the environment and possible hu-
man exposure, we recommend performing an extensive anamnesis regarding the life habits
of patients suspected of Aspergillosis infection, forecasting probable antifungal resistance.

In conclusion, addressing aspergillosis caused by cryptic Aspergillus species can be
challenging; available antifungal drugs are not always practical. The emergence of novel med-
ications represents a significant advance. These developments offer hope for more effective
treatment strategies, improved diagnostic accuracy, and potential combination therapies.
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56. Bian, C.; Kusuya, Y.; Sklenář, F.; D’hooge, E.; Yaguchi, T.; Ban, S.; Visagie, C.M.; Houbraken, J.; Takahashi, H.; Hubka, V. Reducing
the Number of Accepted Species in Aspergillus Series Nigri. Stud. Mycol. 2022, 102, 95–132. [CrossRef]

57. Seyedmousavi, S.; Guillot, J.; Arné, P.; de Hoog, G.S.; Mouton, J.W.; Melchers, W.J.G.; Verweij, P.E. Aspergillus and Aspergilloses
in Wild and Domestic Animals: A Global Health Concern with Parallels to Human Disease. Med. Mycol. 2015, 53, 765–797.
[CrossRef] [PubMed]

58. Snelders, E.; Camps, S.M.T.; Karawajczyk, A.; Schaftenaar, G.; Kema, G.H.J.; van der Lee, H.A.; Klaassen, C.H.; Melchers, W.J.G.;
Verweij, P.E. Triazole Fungicides Can Induce Cross-Resistance to Medical Triazoles in Aspergillus Fumigatus. PLoS ONE 2012,
7, e31801. [CrossRef] [PubMed]

59. Snelders, E.; Huis in ‘t Veld, R.A.G.; Rijs, A.J.M.M.; Kema, G.H.J.; Melchers, W.J.G.; Verweij, P.E. Possible Environmental Origin of
Resistance of Aspergillus Fumigatus to Medical Triazoles. Appl. Environ. Microbiol. 2009, 75, 4053–4057. [CrossRef] [PubMed]

60. Chowdhary, A.; Kathuria, S.; Xu, J.; Meis, J.F. Emergence of Azole-Resistant Aspergillus Fumigatus Strains Due to Agricultural
Azole Use Creates an Increasing Threat to Human Health. PLoS Pathog. 2013, 9, e1003633. [CrossRef] [PubMed]

61. Melo, A.M.; Stevens, D.A.; Tell, L.A.; Veríssimo, C.; Sabino, R.; Xavier, M.O. Aspergillosis, Avian Species and the One Health
Perspective: The Possible Importance of Birds in Azole Resistance. Microorganisms 2020, 8, 2037. [CrossRef] [PubMed]

https://doi.org/10.3114/sim.2007.59.01
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1128/JCM.43.12.5996-5999.2005
https://www.ncbi.nlm.nih.gov/pubmed/16333088
https://doi.org/10.1128/EC.00162-06
https://www.ncbi.nlm.nih.gov/pubmed/17030996
https://doi.org/10.1378/chest.110.2.363
https://doi.org/10.1016/B978-0-12-800262-9.00004-4
https://doi.org/10.5248/116.481
http://www.iapt-taxon.org/nomen/main.php
http://www.iapt-taxon.org/nomen/main.php
https://doi.org/10.12705/666.10
https://doi.org/10.3114/sim.2011.70.01
https://doi.org/10.1016/j.simyco.2016.11.006
https://www.ncbi.nlm.nih.gov/pubmed/28082760
https://doi.org/10.1128/cmr.00099-22
https://www.ncbi.nlm.nih.gov/pubmed/37930182
https://doi.org/10.1099/acmi.0.000344
https://www.ncbi.nlm.nih.gov/pubmed/35812705
https://doi.org/10.3390/jof4040138
https://www.ncbi.nlm.nih.gov/pubmed/30558386
https://doi.org/10.3389/fmicb.2015.01485
https://www.ncbi.nlm.nih.gov/pubmed/26779142
https://doi.org/10.1080/1040841X.2022.2082267
https://www.ncbi.nlm.nih.gov/pubmed/35758008
https://doi.org/10.1099/jmm.0.001480
https://www.ncbi.nlm.nih.gov/pubmed/35451946
https://doi.org/10.1093/mmy/myab027
https://www.ncbi.nlm.nih.gov/pubmed/34022772
https://doi.org/10.3114/sim.2022.102.02
https://doi.org/10.3114/sim.2022.102.03
https://doi.org/10.1093/mmy/myv067
https://www.ncbi.nlm.nih.gov/pubmed/26316211
https://doi.org/10.1371/journal.pone.0031801
https://www.ncbi.nlm.nih.gov/pubmed/22396740
https://doi.org/10.1128/AEM.00231-09
https://www.ncbi.nlm.nih.gov/pubmed/19376899
https://doi.org/10.1371/journal.ppat.1003633
https://www.ncbi.nlm.nih.gov/pubmed/24204249
https://doi.org/10.3390/microorganisms8122037
https://www.ncbi.nlm.nih.gov/pubmed/33352774


Microorganisms 2024, 12, 886 14 of 17

62. Branchet, P.; Cadot, E.; Fenet, H.; Sebag, D.; Ngatcha, B.N.; Borrell-Estupina, V.; Ngoupayou, J.R.N.; Kengne, I.; Braun, J.-J.;
Gonzalez, C. Polar Pesticide Contamination of an Urban and Peri-Urban Tropical Watershed Affected by Agricultural Activities
(Yaoundé, Center Region, Cameroon). Environ. Sci. Pollut. Res. 2018, 25, 17690–17715. [CrossRef] [PubMed]

63. Meis, J.F.; Chowdhary, A.; Rhodes, J.L.; Fisher, M.C.; Verweij, P.E. Clinical implications of globally emerging azole resistance in
Aspergillus fumigatus. Philos. Trans. R. Soc. Lond B Biol. Sci. 2016, 371, 20150460. [CrossRef] [PubMed]

64. Ashu, E.E.; Hagen, F.; Chowdhary, A.; Meis, J.F.; Xu, J. Global Population Genetic Analysis of Aspergillus Fumigatus. mSphere
2017, 2, 1110–1128. [CrossRef] [PubMed]

65. Newman, S.; Chmura, A.; Converse, K.; Kilpatrick, A.; Patel, N.; Lammers, E.; Daszak, P. Aquatic Bird Disease and Mortality as
an Indicator of Changing Ecosystem Health. Mar. Ecol. Prog. Ser. 2007, 352, 299–309. [CrossRef]

66. Talbot, J.J.; Barrs, V.R. One-Health Pathogens in the Aspergillus Viridinutans Complex. Med. Mycol. 2018, 56, 1–12. [CrossRef]
67. Nji, Q.N.; Babalola, O.O.; Mwanza, M. Soil Aspergillus Species, Pathogenicity and Control Perspectives. J. Fungi 2023, 9, 766.

[CrossRef] [PubMed]
68. Paulussen, C.; Hallsworth, J.E.; Álvarez-Pérez, S.; Nierman, W.C.; Hamill, P.G.; Blain, D.; Rediers, H.; Lievens, B. Ecology of

Aspergillosis: Insights into the Pathogenic Potency of Aspergillus Fumigatus and Some Other Aspergillus Species. Microb. Biotechnol.
2017, 10, 296–322. [CrossRef]

69. Yagi, K.; Ushikubo, M.; Maeshima, A.; Konishi, M.; Fujimoto, K.; Tsukamoto, M.; Araki, K.; Kamei, K.; Oyamada, Y.; Oshima, H.
Invasive Pulmonary Aspergillosis Due to Aspergillus Lentulus in an Adult Patient: A Case Report and Literature Review. J. Infect.
Chemother. 2019, 25, 547–551. [CrossRef] [PubMed]

70. Barrs, V.R.; Talbot, J.J. Feline Aspergillosis. Vet. Clin. N. Am. Small Anim. Pract. 2014, 44, 51–73. [CrossRef] [PubMed]
71. Parkes-Smith, J.; Bauer, M.J.; Bergh, H.; Eidan, A.; Forde, B.M.; Hilton, J.; Kidd, T.J.; Schmidt, C.; Stewart, A.G.; Harris, P.N.A. Case

Report: A Fatal Case of Aspergillus Felis Infection in an Immunocompetent Host. Access Microbiol. 2022, 4, 000453. [CrossRef]
[PubMed]

72. Zoran, T.; Sartori, B.; Sappl, L.; Aigner, M.; Sánchez-Reus, F.; Rezusta, A.; Chowdhary, A.; Taj-Aldeen, S.J.; Arendrup, M.C.;
Oliveri, S.; et al. Azole-Resistance in Aspergillus Terreus and Related Species: An Emerging Problem or a Rare Phenomenon?
Front. Microbiol. 2018, 9, 516. [CrossRef] [PubMed]

73. Tritz, D.M.; Woods, G.L. Fatal Disseminated Infection with Aspergillus Terreus in Immunocompromised Hosts. Clin. Infect. Dis.
1993, 16, 118–122. [CrossRef] [PubMed]

74. Iamanaka, B.T.; de Souza Lopes, A.; Martins, L.M.; Frisvad, J.C.; Medina, A.; Magan, N.; Sartori, D.; Massi, F.P.; Fungaro, M.H.P.;
Taniwaki, M.H. Aspergillus Section Flavi Diversity and the Role of A. Novoparasiticus in Aflatoxin Contamination in the
Sugarcane Production Chain. Int. J. Food Microbiol. 2019, 293, 17–23. [CrossRef] [PubMed]

75. Katsurayama, A.M.; Martins, L.M.; Iamanaka, B.T.; Fungaro, M.H.P.; Silva, J.J.; Frisvad, J.C.; Pitt, J.I.; Taniwaki, M.H. Occurrence
of Aspergillus Section Flavi and Aflatoxins in Brazilian Rice: From Field to Market. Int. J. Food Microbiol. 2018, 266, 213–221.
[CrossRef]

76. Rasheed, U.; Wu, H.; Wei, J.; Ou, X.; Qin, P.; Yao, X.; Chen, H.; Chen, A.J.; Liu, B. A Polyphasic Study of Aspergillus Section Flavi
Isolated from Corn in Guangxi, China- a Hot Spot of Aflatoxin Contamination. Int. J. Food Microbiol. 2019, 310, 108307. [CrossRef]

77. Lamoth, F. Aspergillus Fumigatus-Related Species in Clinical Practice. Front. Microbiol. 2016, 7, 683. [CrossRef]
78. Meersseman, W.; Lagrou, K.; Maertens, J.; Wilmer, A.; Hermans, G.; Vanderschueren, S.; Spriet, I.; Verbeken, E.; Van

Wijngaerden, E. Galactomannan in Bronchoalveolar Lavage Fluid. Am. J. Respir. Crit. Care Med. 2008, 177, 27–34. [CrossRef]
[PubMed]

79. Donnelly, J.P.; Chen, S.C.; Kauffman, C.A.; Steinbach, W.J.; Baddley, J.W.; Verweij, P.E.; Clancy, C.J.; Wingard, J.R.; Lockhart, S.R.;
Groll, A.H.; et al. Revision and Update of the Consensus Definitions of Invasive Fungal Disease From the European Organization
for Research and Treatment of Cancer and the Mycoses Study Group Education and Research Consortium. Clin. Infect. Dis. 2020,
71, 1367–1376. [CrossRef] [PubMed]

80. Lee, R.; Kim, W.-B.; Cho, S.-Y.; Nho, D.; Park, C.; Yoo, I.Y.; Park, Y.-J.; Lee, D.-G. Clinical Implementation of β-Tubulin Gene-Based
Aspergillus Polymerase Chain Reaction for Enhanced Aspergillus Diagnosis in Patients with Hematologic Diseases: A Prospective
Observational Study. J. Fungi 2023, 9, 1192. [CrossRef]

81. Patel, R. MALDI-TOF MS for the Diagnosis of Infectious Diseases. Clin. Chem. 2015, 61, 100–111. [CrossRef]
82. Barker, K.R.; Kus, J.V.; Normand, A.-C.; Gharabaghi, F.; McTaggart, L.; Rotstein, C.; Richardson, S.E.; Campigotto, A.; Tadros, M.

A Practical Workflow for the Identification of Aspergillus, Fusarium, Mucorales by MALDI-TOF MS: Database, Medium, and
Incubation Optimization. J. Clin. Microbiol. 2022, 60, e0103222. [CrossRef]

83. Li, Y.; Wang, H.; Zhao, Y.-P.; Xu, Y.-C.; Hsueh, P.-R. Evaluation of the Bruker Biotyper Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry System for Identification of Aspergillus Species Directly from Growth on Solid Agar Media.
Front. Microbiol. 2017, 8, 1209. [CrossRef]

84. Imbert, S.; Normand, A.C.; Gabriel, F.; Cassaing, S.; Bonnal, C.; Costa, D.; Lachaud, L.; Hasseine, L.; Kristensen, L.; Schuttler, C.;
et al. Multi-Centric Evaluation of the Online MSI Platform for the Identification of Cryptic and Rare Species of Aspergillus by
MALDI-TOF. Med. Mycol. 2019, 57, 962–968. [CrossRef] [PubMed]

85. Imbert, S.; Cassaing, S.; Bonnal, C.; Normand, A.; Gabriel, F.; Costa, D.; Blaize, M.; Lachaud, L.; Hasseine, L.; Kristensen, L.;
et al. Invasive Aspergillosis Due to Aspergillus Cryptic Species: A Prospective Multicentre Study. Mycoses 2021, 64, 1346–1353.
[CrossRef]

https://doi.org/10.1007/s11356-018-1798-4
https://www.ncbi.nlm.nih.gov/pubmed/29671229
https://doi.org/10.1098/rstb.2015.0460
https://www.ncbi.nlm.nih.gov/pubmed/28080986
https://doi.org/10.1128/mSphere.00019-17
https://www.ncbi.nlm.nih.gov/pubmed/28168221
https://doi.org/10.3354/meps07076
https://doi.org/10.1093/mmy/myx016
https://doi.org/10.3390/jof9070766
https://www.ncbi.nlm.nih.gov/pubmed/37504754
https://doi.org/10.1111/1751-7915.12367
https://doi.org/10.1016/j.jiac.2019.02.003
https://www.ncbi.nlm.nih.gov/pubmed/30824299
https://doi.org/10.1016/j.cvsm.2013.08.001
https://www.ncbi.nlm.nih.gov/pubmed/24268333
https://doi.org/10.1099/acmi.0.000453
https://www.ncbi.nlm.nih.gov/pubmed/36644434
https://doi.org/10.3389/fmicb.2018.00516
https://www.ncbi.nlm.nih.gov/pubmed/29643840
https://doi.org/10.1093/clinids/16.1.118
https://www.ncbi.nlm.nih.gov/pubmed/8448286
https://doi.org/10.1016/j.ijfoodmicro.2018.12.024
https://www.ncbi.nlm.nih.gov/pubmed/30634067
https://doi.org/10.1016/j.ijfoodmicro.2017.12.008
https://doi.org/10.1016/j.ijfoodmicro.2019.108307
https://doi.org/10.3389/fmicb.2016.00683
https://doi.org/10.1164/rccm.200704-606OC
https://www.ncbi.nlm.nih.gov/pubmed/17885264
https://doi.org/10.1093/cid/ciz1008
https://www.ncbi.nlm.nih.gov/pubmed/31802125
https://doi.org/10.3390/jof9121192
https://doi.org/10.1373/clinchem.2014.221770
https://doi.org/10.1128/jcm.01032-22
https://doi.org/10.3389/fmicb.2017.01209
https://doi.org/10.1093/mmy/myz004
https://www.ncbi.nlm.nih.gov/pubmed/30690478
https://doi.org/10.1111/myc.13348


Microorganisms 2024, 12, 886 15 of 17

86. Durand, C.; Maubon, D.; Cornet, M.; Wang, Y.; Aldebert, D.; Garnaud, C. Can We Improve Antifungal Susceptibility Testing?
Front. Cell Infect. Microbiol. 2021, 11, 720609. [CrossRef]

87. EUCAST. Technical Note on the Method for the Determination of Broth Dilution Minimum Inhibitory Concentrations of
Antifungal Agents for Conidia–Forming Moulds. Clin. Microbiol. Infect. 2008, 14, 982–984. [CrossRef] [PubMed]

88. Castro, C.; Serrano, M.C.; Valverde, A.; Pemán, J.; Almeida, C.; Martín-Mazuelos, E. Comparison of the Sensititre Yeast-
One®Colorimetric Antifungal Panel with the Modified Clinical and Laboratory Standards Institute Broth Microdilution (M38-A)
Method for Antifungal Susceptibility Testing of Dermatophytes. Chemotherapy 2008, 54, 427–430. [CrossRef] [PubMed]

89. Balajee, S.A.; Weaver, M.; Imhof, A.; Gribskov, J.; Marr, K.A. Aspergillus Fumigatus Variant with Decreased Susceptibility to
Multiple Antifungals. Antimicrob. Agents Chemother. 2004, 48, 1197–1203. [CrossRef] [PubMed]

90. Zbinden, A.; Imhof, A.; Wilhelm, M.J.; Ruschitzka, F.; Wild, P.; Bloemberg, G.V.; Mueller, N.J. Fatal Outcome after Heart
Transplantation Caused by Aspergillus lentulus. Transpl. Infect. Dis. 2012, 14, E60–E63. [CrossRef] [PubMed]

91. Fortún, J.; Carratalá, J.; Gavaldá, J.; Lizasoain, M.; Salavert, M.; de la Cámara, R.; Borges, M.; Cervera, C.; Garnacho, J.;
Lassaleta, Á.; et al. Recomendaciones Sobre El Tratamiento de La Enfermedad Fúngica Invasiva Por Aspergillus Spp. y Otros
Hongos Filamentosos de La Sociedad Española de Enfermedades Infecciosas y Microbiología Clínica (SEIMC). Actualización
2011. Enferm. Infecc. Microbiol. Clin. 2011, 29, 435–454. [CrossRef] [PubMed]

92. Romero, M.; Messina, F.; Marin, E.; Arechavala, A.; Depardo, R.; Walker, L.; Negroni, R.; Santiso, G. Antifungal Resistance in
Clinical Isolates of Aspergillus Spp.: When Local Epidemiology Breaks the Norm. J. Fungi 2019, 5, 41. [CrossRef] [PubMed]

93. Hagiwara, D.; Watanabe, A.; Kamei, K.; Goldman, G.H. Epidemiological and Genomic Landscape of Azole Resistance Mechanisms
in Aspergillus Fungi. Front. Microbiol. 2016, 7, 1382. [CrossRef] [PubMed]

94. Vahedi Shahandashti, R.; Lass-Flörl, C. Antifungal Resistance in Aspergillus Terreus: A Current Scenario. Fungal Genet. Biol. 2019,
131, 103247. [CrossRef] [PubMed]

95. Rudramurthy, S.M.; Paul, R.A.; Chakrabarti, A.; Mouton, J.W.; Meis, J.F. Invasive Aspergillosis by Aspergillus Flavus: Epidemiol-
ogy, Diagnosis, Antifungal Resistance, and Management. J. Fungi 2019, 5, 55. [CrossRef]

96. Shishodia, S.K.; Tiwari, S.; Shankar, J. Resistance Mechanism and Proteins in Aspergillus Species against Antifungal Agents.
Mycology 2019, 10, 151–165. [CrossRef]

97. Verweij, P.E.; Chowdhary, A.; Melchers, W.J.G.; Meis, J.F. Azole Resistance in Aspergillus fumigatus: Can We Retain the Clinical
Use of Mold-Active Antifungal Azoles? Clin. Infect. Dis. 2016, 62, 362–368. [CrossRef] [PubMed]

98. Bader, O.; Weig, M.; Reichard, U.; Lugert, R.; Kuhns, M.; Christner, M.; Held, J.; Peter, S.; Schumacher, U.; Buchheidt, D.;
et al. Cyp51A-Based Mechanisms of Aspergillus Fumigatus Azole Drug Resistance Present in Clinical Samples from Germany.
Antimicrob. Agents Chemother. 2013, 57, 3513–3517. [CrossRef] [PubMed]

99. Warrilow, A.G.S.; Melo, N.; Martel, C.M.; Parker, J.E.; Nes, W.D.; Kelly, S.L.; Kelly, D.E. Expression, Purification, and Characteri-
zation of Aspergillus fumigatus Sterol 14-α Demethylase (CYP51) Isoenzymes A and B. Antimicrob. Agents Chemother. 2010, 54,
4225–4234. [CrossRef] [PubMed]

100. Snelders, E.; Karawajczyk, A.; Schaftenaar, G.; Verweij, P.E.; Melchers, W.J.G. Azole Resistance Profile of Amino Acid Changes
in Aspergillus Fumigatus CYP51A Based on Protein Homology Modeling. Antimicrob. Agents Chemother. 2010, 54, 2425–2430.
[CrossRef] [PubMed]

101. Howard, S.J.; Cerar, D.; Anderson, M.J.; Albarrag, A.; Fisher, M.C.; Pasqualotto, A.C.; Laverdiere, M.; Arendrup, M.C.; Perlin, D.S.;
Denning, D.W. Frequency and Evolution of Azole Resistance in Aspergillus fumigatus Associated with Treatment Failure1. Emerg.
Infect. Dis. 2009, 15, 1068–1076. [CrossRef] [PubMed]

102. Mortensen, K.L.; Mellado, E.; Lass-Flörl, C.; Rodriguez-Tudela, J.L.; Johansen, H.K.; Arendrup, M.C. Environmental Study of
Azole-Resistant Aspergillus fumigatus and Other Aspergilli in Austria, Denmark, and Spain. Antimicrob. Agents Chemother. 2010,
54, 4545–4549. [CrossRef] [PubMed]

103. Talbot, J.J.; Frisvad, J.C.; Meis, J.F.; Hagen, F.; Verweij, P.E.; Hibbs, D.E.; Lai, F.; Groundwater, P.W.; Samson, R.A.; Kidd, S.E.; et al.
Cyp51A Mutations, Extrolite Profiles, and Antifungal Susceptibility in Clinical and Environmental Isolates of the Aspergillus
Viridinutans Species Complex. Antimicrob. Agents Chemother. 2019, 63, 10–1128. [CrossRef] [PubMed]

104. dos Santos, R.A.C.; Steenwyk, J.L.; Rivero-Menendez, O.; Mead, M.E.; Silva, L.P.; Bastos, R.W.; Alastruey-Izquierdo, A.;
Goldman, G.H.; Rokas, A. Genomic and Phenotypic Heterogeneity of Clinical Isolates of the Human Pathogens Aspergillus
Fumigatus, Aspergillus Lentulus, and Aspergillus Fumigatiaffinis. Front. Genet. 2020, 11, 459. [CrossRef] [PubMed]

105. Wiederhold, N.P.; Verweij, P.E. Aspergillus Fumigatus and Pan-Azole Resistance: Who Should Be Concerned? Curr. Opin. Infect.
Dis. 2020, 33, 290–297. [CrossRef]

106. Resendiz Sharpe, A.; Lagrou, K.; Meis, J.F.; Chowdhary, A.; Lockhart, S.R.; Verweij, P.E. Triazole Resistance Surveillance in
Aspergillus Fumigatus. Med. Mycol. 2018, 56, S83–S92. [CrossRef]

107. Escribano, P.; Rodríguez-Sánchez, B.; Díaz-García, J.; Martín-Gómez, M.T.; Ibáñez-Martínez, E.; Rodríguez-Mayo, M.; Peláez, T.;
García-Gómez de la Pedrosa, E.; Tejero-García, R.; Marimón, J.M.; et al. Azole Resistance Survey on Clinical Aspergillus Fumigatus
Isolates in Spain. Clin. Microbiol. Infect. 2021, 27, 1170.e1–1170.e7. [CrossRef] [PubMed]

108. Tsang, C.; Tang, J.Y.M.; Ye, H.; Xing, F.; Lo, S.K.F.; Xiao, C.; Han, L.; Wu, A.K.L.; Ngan, A.H.Y.; Law, K.; et al. Rare/Cryptic
Aspergillus Species Infections and Importance of Antifungal Susceptibility Testing. Mycoses 2020, 63, 1283–1298. [CrossRef]
[PubMed]

https://doi.org/10.3389/fcimb.2021.720609
https://doi.org/10.1111/j.1469-0691.2008.02086.x
https://www.ncbi.nlm.nih.gov/pubmed/18828858
https://doi.org/10.1159/000158661
https://www.ncbi.nlm.nih.gov/pubmed/18824849
https://doi.org/10.1128/AAC.48.4.1197-1203.2004
https://www.ncbi.nlm.nih.gov/pubmed/15047520
https://doi.org/10.1111/j.1399-3062.2012.00779.x
https://www.ncbi.nlm.nih.gov/pubmed/22988985
https://doi.org/10.1016/j.eimc.2011.01.010
https://www.ncbi.nlm.nih.gov/pubmed/21474210
https://doi.org/10.3390/jof5020041
https://www.ncbi.nlm.nih.gov/pubmed/31117260
https://doi.org/10.3389/fmicb.2016.01382
https://www.ncbi.nlm.nih.gov/pubmed/27708619
https://doi.org/10.1016/j.fgb.2019.103247
https://www.ncbi.nlm.nih.gov/pubmed/31247322
https://doi.org/10.3390/jof5030055
https://doi.org/10.1080/21501203.2019.1574927
https://doi.org/10.1093/cid/civ885
https://www.ncbi.nlm.nih.gov/pubmed/26486705
https://doi.org/10.1128/AAC.00167-13
https://www.ncbi.nlm.nih.gov/pubmed/23669382
https://doi.org/10.1128/AAC.00316-10
https://www.ncbi.nlm.nih.gov/pubmed/20660663
https://doi.org/10.1128/AAC.01599-09
https://www.ncbi.nlm.nih.gov/pubmed/20385860
https://doi.org/10.3201/eid1507.090043
https://www.ncbi.nlm.nih.gov/pubmed/19624922
https://doi.org/10.1128/AAC.00692-10
https://www.ncbi.nlm.nih.gov/pubmed/20805399
https://doi.org/10.1128/AAC.00632-19
https://www.ncbi.nlm.nih.gov/pubmed/31451501
https://doi.org/10.3389/fgene.2020.00459
https://www.ncbi.nlm.nih.gov/pubmed/32477406
https://doi.org/10.1097/QCO.0000000000000662
https://doi.org/10.1093/mmy/myx144
https://doi.org/10.1016/j.cmi.2020.09.042
https://www.ncbi.nlm.nih.gov/pubmed/33010446
https://doi.org/10.1111/myc.13158
https://www.ncbi.nlm.nih.gov/pubmed/32918365


Microorganisms 2024, 12, 886 16 of 17

109. Vanden Bossche, H.; Warnock, D.W.; Dupont, B.; Kerridge, D.; Gupta, S.S.; Improvisi, L.; Marichal, P.; Odds, F.C.; Provost, F.;
Ronin, O. Mechanisms and Clinical Impact of Antifungal Drug Resistance. Med. Mycol. 1994, 32, 189–202. [CrossRef] [PubMed]

110. Anderson, T.M.; Clay, M.C.; Cioffi, A.G.; Diaz, K.A.; Hisao, G.S.; Tuttle, M.D.; Nieuwkoop, A.J.; Comellas, G.; Maryum, N.;
Wang, S.; et al. Amphotericin Forms an Extramembranous and Fungicidal Sterol Sponge. Nat. Chem. Biol. 2014, 10, 400–406.
[CrossRef] [PubMed]

111. Chen, M.-M.; Shi, G.-H.; Dai, Y.; Fang, W.-X.; Wu, Q. Identifying Genetic Variants Associated with Amphotericin B (AMB)
Resistance in Aspergillus Fumigatus via k-Mer-Based GWAS. Front. Genet. 2023, 14, 1133593. [CrossRef] [PubMed]

112. Blum, G.; Perkhofer, S.; Haas, H.; Schrettl, M.; Würzner, R.; Dierich, M.P.; Lass-Flörl, C. Potential Basis for Amphotericin B
Resistance in Aspergillus terreus. Antimicrob. Agents Chemother. 2008, 52, 1553–1555. [CrossRef]

113. De Francesco, M.A. Drug-Resistant Aspergillus Spp.: A Literature Review of Its Resistance Mechanisms and Its Prevalence in
Europe. Pathogens 2023, 12, 1305. [CrossRef] [PubMed]

114. Walsh, T.J.; Petraitis, V.; Petraitiene, R.; Field-Ridley, A.; Sutton, D.; Ghannoum, M.; Sein, T.; Schaufele, R.; Peter, J.; Bacher, J.; et al.
Experimental Pulmonary Aspergillosis Due to Aspergillus terreus: Pathogenesis and Treatment of an Emerging Fungal Pathogen
Resistant to Amphotericin B. J. Infect. Dis. 2003, 188, 305–319. [CrossRef] [PubMed]

115. Azzola, A.; Passweg, J.R.; Habicht, J.M.; Bubendorf, L.; Tamm, M.; Gratwohl, A.; Eich, G. Use of Lung Resection and Voriconazole
for Successful Treatment of Invasive Pulmonary Aspergillus Ustus Infection. J. Clin. Microbiol. 2004, 42, 4805–4808. [CrossRef]

116. Arabatzis, M.; Kambouris, M.; Kyprianou, M.; Chrysaki, A.; Foustoukou, M.; Kanellopoulou, M.; Kondyli, L.; Kouppari, G.;
Koutsia-Karouzou, C.; Lebessi, E.; et al. Polyphasic Identification and Susceptibility to Seven Antifungals of 102 Aspergillus
Isolates Recovered from Immunocompromised Hosts in Greece. Antimicrob. Agents Chemother. 2011, 55, 3025–3030. [CrossRef]

117. Won, E.J.; Shin, J.H.; Kim, S.H.; Choi, M.J.; Byun, S.A.; Kim, M.-N.; Lee, W.-G.; Lee, K.; Uh, Y.; Shin, M.G.; et al. Antifungal
Susceptibilities to Amphotericin B, Triazoles and Echinocandins of 77 Clinical Isolates of Cryptic Aspergillus Species in Multicenter
Surveillance in Korea. Med. Mycol. 2018, 56, 501–505. [CrossRef] [PubMed]

118. Cavassin, F.B.; Baú-Carneiro, J.L.; Vilas-Boas, R.R.; Queiroz-Telles, F. Sixty Years of Amphotericin B: An Overview of the Main
Antifungal Agent Used to Treat Invasive Fungal Infections. Infect. Dis. Ther. 2021, 10, 115–147. [CrossRef] [PubMed]

119. Moen, M.D.; Lyseng-Williamson, K.A.; Scott, L.J. Liposomal Amphotericin B. Drugs 2009, 69, 361–392. [CrossRef] [PubMed]
120. Fernandez-Pittol, M.; Alejo-Cancho, I.; Rubio-García, E.; Cardozo, C.; Puerta-Alcalde, P.; Moreno-García, E.; Garcia-Pouton, N.;

Garrido, M.; Villanueva, M.; Alastruey-Izquierdo, A.; et al. Aspergillosis by Cryptic Aspergillus Species: A Case Series and
Review of the Literature. Rev. Iberoam. Micol. 2022, 39, 44–49. [CrossRef] [PubMed]
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