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Abstract: With increasing frequency, clinical and laboratory-based mycologists are consulted on
invasive fungal diseases caused by rare fungal species. This review aims to give an overview of the
management of invasive aspergillosis (IA) caused by non-fumigatus Aspergillus spp.—namely A. flavus,
A. terreus, A. niger and A. nidulans—including diagnostic and therapeutic differences and similarities
to A. fumigatus. A. flavus is the second most common Aspergillus spp. isolated in patients with IA and
the predominant species in subtropical regions. Treatment is complicated by its intrinsic resistance
against amphotericin B (AmB) and high minimum inhibitory concentrations (MIC) for voriconazole.
A. nidulans has been frequently isolated in patients with long-term immunosuppression, mostly
in patients with primary immunodeficiencies such as chronic granulomatous disease. It has been
reported to disseminate more often than other Aspergillus spp. Innate resistance against AmB has been
suggested but not yet proven, while MICs seem to be elevated. A. niger is more frequently reported in
less severe infections such as otomycosis. Triazoles exhibit varying MICs and are therefore not strictly
recommended as first-line treatment for IA caused by A. niger, while patient outcome seems to be
more favorable when compared to IA due to other Aspergillus species. A. terreus-related infections
have been reported increasingly as the cause of acute and chronic aspergillosis. A recent prospective
international multicenter surveillance study showed Spain, Austria, and Israel to be the countries
with the highest density of A. terreus species complex isolates collected. This species complex seems
to cause dissemination more often and is intrinsically resistant to AmB. Non-fumigatus aspergillosis is
difficult to manage due to complex patient histories, varying infection sites and potential intrinsic
resistances to antifungals. Future investigational efforts should aim at amplifying the knowledge
on specific diagnostic measures and their on-site availability, as well as defining optimal treatment
strategies and outcomes of non-fumigatus aspergillosis.

Keywords: invasive aspergillosis; epidemiology; invasive fungal disease; immunocompromised host;
surgery; antifungal treatment; antifungal stewardship
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1. Introduction

Increasing drug resistance and rising numbers in incidence and mortality due to
invasive fungal disease (IFD) are worrisome trends in medical mycology [1–4].

Molds cause a broad spectrum of diseases, while the development of IFD generally
depends on the underlying immune status and other host factors. Invasive aspergillosis (IA)
is an IFD of major importance among severely immunocompromised patients, especially
those with long-term neutropenia, acute leukemia, glucocorticoids or other immunosup-
pressive drugs, in recipients of hematopoietic stem cell transplantation (HSCT), or solid
organ transplantation (SOT) or in patients with inherited immune disorders [5–8].

The genus Aspergillus comprises more than 350 accepted species in the literature to
date, of which at least 60 species were identified to cause invasive infection in humans [9].
In patients with IA, A. fumigatus species complex remains the most commonly identified
species, with a proportion of 46% to 89% of tested clinical isolates [8–10]. Due to the
increased implementation of azole antifungal prophylaxis, antifungal use in agriculture
and developments in diagnostic capacities, a changing epidemiology of Aspergillus spp.
has been described [11].

Non-fumigatus IA cases are infrequently described, and infections are often not ana-
lyzed systematically in prospective studies, however, their detection seems to become more
frequent in clinically relevant samples. Clinical management strategies are most of the
time applied in analogy to IA caused by A. fumigatus. However, non-fumigatus Aspergillus
spp. is a heterogenous group comprising several subgenera and sections [8]. Especially
in tropical and subtropical regions, non-fumigatus species even seem to be the leading
cause of IA [12]. Due to intrinsic resistance patterns, genus identification is mandatory for
clinical management. This review addresses the specifics of the diagnostic and therapeutic
management of non-fumigatus IA.

2. Methods

We performed a PubMed search-based literature review on non-fumigatus IA cases. The
search was restricted to English language articles from database inception until 2023. Search
terms were selected focusing on IA specifically caused by the non-fumigatus Aspergillus
spp. A. flavus, A. terreus, A. niger and A. nidulans (Supplementary Table S1). Publica-
tions were selected based on title and abstract. Studies on aspergillosis, in general, were
included for epidemiological purposes if isolates and/or infections of the respective non-
fumigatus Aspergillus spp. were investigated. Guideline recommendations, book chapters
and well-designed reviews were considered to be included in elaborations on general
aspects regarding diagnostics and treatment. All included publications were checked for
their primary literature and included if additional references became available (Figure 1).
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3. Results
General Aspects

The general diagnostic approach to IA is complex and requires awareness and involve-
ment of multiple medical disciplines as well as a broad portfolio of diagnostic measures. Pa-
tient populations affected by IA are immunosuppressed, as described above. Furthermore,
patients in need of intensive care for viral pneumonia, in particular influenza-associated
pulmonary aspergillosis (IAPA) or COVID-19-associated pulmonary aspergillosis (CAPA),
trauma or post-surgery patients, or inherited or acquired immunodeficiencies, for example,
chronic granulomatous disease (CGD) [13,14]. Of note, disseminated aspergillosis has
been described more frequently for IA due to non-fumigatus spp. than for A. fumigatus,
especially in the hematological population.

For some high-risk patient populations, specifically those with acute myeloid leukemia
(AML) and allogeneic HSCT recipients, antifungal prophylaxis has been shown to reduce
IFD incidence and improve overall survival [15,16].

Based on the underlying disease, chest X-ray or preferably computerized tomography
(CT) can reveal fungal masses (aspergilloma) in chronic pulmonary aspergillosis or charac-
teristic signs of IA [17]. In neutropenic patients, radiological signs suggestive of invasive
pulmonary aspergillosis (IPA) are nodules with a surrounding ground-glass opacity (“halo
sign”) indicating micro-hemorrhage and vessel infiltration as well as the air-crescent sign,
which occurs when infiltrates connect to air-spaces late in the natural course of IA or during
successful antifungal treatment [18]. In certain high-risk groups, such as patients with
AML, it can be beneficial to screen as early as upon hematologic malignancy diagnosis for
early manifestations of IPA by “baseline” chest CT [19–21]. Other infected sites should be
examined by CT, positron-emission tomography (PET)-CT or magnet resonance imaging
(MRI) to identify disseminated disease and rule out bone destruction, abscess formation or
blood vessel infiltration [22].

Radiological examinations may support the suspicion of IFD but cannot help to
identify the causing fungal pathogen and species identification. Subsequent steps involve
obtaining adequate specimens for microscopy and fungal staining, fungal culture, the
biomarkers galactomannan (GM) enzyme immunoassay (EIA) and 1,3-ß-D-glucan (BDG),
and targeted polymerase chain reaction (PCR) assays [23,24].

Serum GM EIA is a rapid and non-invasive, and helpful tool if applied in the appro-
priate patient cohort [25]. Sensitivity of serum and bronchoalveolar lavage (BAL) GM is
best validated for neutropenic patients, while BAL GM has a higher sensitivity than serum
GM [23]. In neutropenic patients, the combination of two serological assays (GM EIA and
BDG) improves the specificity and positive predictive value of each individual test (up to
100%) [26,27].

While microscopy and biomarkers are less specific, culture has the advantage of
identifying the specific etiological agent and allowing antifungal susceptibility testing [17].
Culture on Sabouraud dextrose agar, malt extract agar or specific other culture media
remains the method of choice in order to perform morphologic and microscopic diagnosis
of the specific species, as well as a starting point for antifungal susceptibility testing. The
primary culture should be incubated for at least 10 days [28]. For phenotypic identification,
cultivation on Petri dishes is recommended. To define the temperature tolerance, strains
are precultured on slants and subsequently transferred to Petri dishes and incubated at 25,
35 to 40 and 42 ◦C [28]. For microscopy, culture material is taken with a sellotape, put on a
slide and stained with lactophenol blue, and afterward examined by light microscopy. The
microscopic examination of sexually and asexually produced structures is used for species
identification. [29].

Culture and cytology in BAL have high specificity but low sensitivity in neutropenic
patients [23]. Conventional nested Aspergillus PCR in BAL in immunocompromised patients
is more and more frequently applied but also has limited sensitivity in patients with a low
probability of IFD and without high fungal burden [30]. PCR is frequently used with a
variety of commercially available and in-house kits targeting pan-fungal markers. Common
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genetic targets are ITS regions, calmodulin, beta-tubulin and actin genes, among others [31].
It is important to underline that the performance of these techniques depends on the
availability and quality of the databases employed [31]. PCR-ELISA may improve the
rates of early diagnosis of IA, and the combination of PCR-ELISA and GM assay increased
sensitivity to 83% and negative predictive value to 98% [32].

Another diagnostic tool is matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry [33]. However, it is not frequently used for species
identification in IA due to the complex methodology for molds, the lack of in-house
databases for species identification and the heterogeneity of spectra within Aspergillus
species [34].

In vitro, antifungal susceptibility testing is usually performed against available anti-
fungals using the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
or Clinical and Laboratory Standards Institute (CLSI) broth microdilution method or gra-
dient strip test [35]. For Aspergillus spp. other than A. fumigatus, a clinical breakpoint
according to the EUCAST methodology for most antifungals has not yet been defined
due to a lack of data. However, for the most frequently used triazole antifungals and
polyenes, epidemiological cut-off values (ECOFFs) are available for discrimination of wild
type isolates from isolates with acquired resistance [36] (Table 1).

Definitive diagnosis of a proven IA requires evidence of fungi in direct microscopy of a
normally sterile specimen or histopathology using fungal staining such as Gomori-Grocott
staining showing tissue invasion with septate acute angle branching hyaline hyphae [37,38].

Cryptic species are those that are morphologically indistinguishable from others
but differentiated by molecular methods. Clinically important cryptic species include
A. alliaceus, A. calidoustus, A. felis, A. lentulus, A. tubingensis, A. viridinutans and Neosartorya
pseudofischeri. In these species, intrinsic antifungal resistance has often been noted, but
knowledge of susceptibility patterns, MIC breakpoints, and response to antifungal therapy
is limited [31].

Treatment of IA due to non-fumigatus Aspergillus spp. involves antifungals, but
needs evaluation of surgical options, too [39–42]. Broad-spectrum triazoles isavuconazole,
posaconazole or voriconazole are the drugs of choice for IA [43–45]. For isavuconazole, the
2017 ESCMID guideline only marginally recommends its use for the treatment of IA due
to A. niger, but data seems to be contradicting as this drug was effective during treatment
for non-fumigatus IA in another study. The polyene amphotericin B (AmB), especially
in its liposomal formulation, is licensed for empiric antifungal treatment in persistent
febrile neutropenia as well as a targeted treatment for IA [46,47]. However, for some
non-fumigatus Aspergillus spp. discussed here, particularly high MICs for AmB have been
described. Echinocandins inhibit the growth of Aspergillus spp. in vivo and are available
as treatment alternatives when triazoles and AmB are not available or contraindicated
due to toxicity [48]. However, there are no randomized controlled trials for their use as
single agents in IA, and they should not be used for IA with involvement of the central
nervous system (CNS) due to limited penetration [42]. Combination treatment consisting
of an azole plus an echinocandin may be implemented for severe or refractory cases with
improved outcomes compared to azole monotherapy [49,50]. A relation between the MIC
and the clinical outcome has been described for A. flavus and A. terreus infections, but not
for A. fumigatus [51–55]. Novel antifungals for the treatment of IA, such as fosmanogepix,
ibrexafungerp, olorofim or opelconazole are currently under investigation in clinical trials
and may be promising options for azole-resistant IA, oral outpatient treatment, patients
with toxicity or drug-drug interactions (DDI) during treatment with currently available
antifungals, and in refractory cases [56].
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Table 1. Overview of characteristics of A. fumigatus compared to A. flavus, A. nidulans, A. niger and A. terreus.

A. fumigatus A. flavus A. nidulans A. niger A. terreus

Phylogeny—
Subgenus and

Section

Fumigati
Fumigati

Circumdati
Flavi

Nidulantes
Nidulantes

Circumdati
Nigri

Circumdati
Terrei

Environmental
sources

Ubiquitous in the
environment,

construction work, dust,
soil, compost

Ubiquitous in the
environment; also

identified in compost

Ubiquitous in the
environment

Ubiquitous in the
environment

Ubiquitous in the
environment; compost,

soil, construction
work, dust

Epidemiology Worldwide
identification

Higher incidence in
warm, arid climate
zones (tropical and

subtropical
climate zones)

Worldwide
identification Worldwide identification

More often identified in
Austria, Israel, Spain

and Texas, USA

Morphology

- Colony color - Blue-green - Yellow-green
- Green, cream-

buff or honey-
yellow

- Black - Yellow-brown to
cinnamon-brown

- Conidial heads - Columnar - Radiate - Columnar - Radiate - Densely colum-
nar

-
Conidiogenous
cells

- Uniseriate - Uni- and biseri-
ate - Biseriate

- Biseriate, metulae
twice as long as
phialides

- Biseriate, metu-
lae and phialides
of equal length

- Conidia - Verrucose - Echinulate - Green in mass - Brown, subspheri-
cal

- Spherical to ellip-
soidal

- Conidiophore - Smooth-walled - Rough-walled - Brownish stipes - Smooth-walled - Smooth walled

Microbiological test
peculiarities

Microscopy, culture,
PCR, Galactomannan in

BAL or serum;
Hypersensitivity tests

for ABPA

Microscopy, culture,
PCR, Galactomannan in

BAL or serum
(reduced sensitivity)

Microscopy, culture,
PCR, Galactomannan in

serum or BAL;

Microscopy, culture, PCR,
Galactomannan in serum

or BAL;

Microscopy, culture,
PCR, Galactomannan in

serum or BAL;

Disease entities

IPA, sinusitis and
cerebral IA;

chronic aspergillosis
including aspergilloma;

allergic
bronchopulmonary

aspergillosis

IPA, sinusitis,
otomycosis, cutaneous

IA; osteomyelitis; rarely
aflatoxin-induced

diseases

IPA, osteomyelitis
IPA, superficial infections
in chronically ill patients:

otomycosis, sinusitis

IPA,
Higher rate of

disseminated disease
reported

Main risk factors for
IFI

Long-term neutropenia
(acute leukemias,

HSCT), GvHD, SOT,
ICU patients with viral

pneumonia
(CAPA, IAPA)

Long-term neutropenia
(acute leukemias,

HSCT), SOT,
Trauma, diabetes

Neutropenia, CGD

Long-term neutropenia
(acute leukemias, HSCT),
SOT; frequently identified

colonizer in
immunocompetent

individuals

Neutropenia, HSCT,
liver transplant

Treatment until
susceptibility test
results available

Triazoles
(isavuconazole,
posaconazole,
voriconazole),

(liposomal) AmB

Triazoles
(isavuconazole,
posaconazole,

voriconazole), consider
combination therapy

Voriconazole
Avoid azole monotherapy;

consider combination
with (liposomal) AmB

Triazoles
(isavuconazole,
posaconazole,
voriconazole)

Peculiarities in
treatment (according

to MIC)

Azole resistance in
Europe increasing

Sometimes reduced
susceptibility for AmB

(≥4 mg/L); if MIC
≥2 mg/L combination

treatment with
echinocandins

suggested

Reduced susceptibility
for AmB (published

MICs between ≥1 mg
and 4 mg/mL), innate

resistance to AmB
suggested

Commonly reported
elevated MICs of azoles

compared to A. fumigatus
(2 µg/mL, 1 µg/mL,

4 µg/mL, and 1 µg/mL
for AmB, isavuconazole,

itraconazole, and
voriconazole,

respectively), lower MIC
for posaconazole
(0.5 µg/mL) and

caspofungin (0.25 µg/mL)
(CLSI) [57]; if available use

other azoles than
itraconazole or
isavuconazole

Avoid AmB (most
species with intrinsic
resistance and MIC

>2 mg/L)

Abbreviations: AML, acute myeloid leukemia; BAL, bronchoalveolar lavage; CAPA, COVID-19 associated pul-
monary aspergillosis; CGD, chronic granulomatous disease; CLSI, clinical and laboratory and standards institute;
GvHD, graft-versus-host disease; HSCT, hematopoietic stem cell transplantation; IA, invasive aspergillosis; IAPA,
influenza-associated pulmonary aspergillosis; IPA, invasive pulmonary aspergillosis; ICU, intensive care unit;
MIC, minimum inhibitory concentration; PCR, polymerase chain reaction; SOT, solid organ transplantation.
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4. A. flavus
4.1. General Characteristics and Epidemiology

Aspergillus flavus is the second most frequently isolated Aspergillus spp. from clinical
samples [58–60]. There seems to be a higher incidence of IA caused by A. flavus in warm
and arid climate zones due to its ability to withstand higher temperatures [38,61]. Therefore,
most reports of invasive infections are from sub-tropical countries like India, Pakistan,
Saudi Arabia, Tunisia or Mexico (Table 1) [62].

IA due to A. flavus usually manifests as IPA but causes bronchopulmonary infections
less frequently compared to A. fumigatus. Furthermore, it is the most frequently detected
fungal pathogen of sinu-orbital and cerebral IFD as well as a frequent causative agent
of invasive sinusitis and otitis externa in immunosuppressed patients. It also occurs in
cutaneous IA and fungal keratitis, with the highest risk in patients after ocular surgery and
diabetes [38,63]. Risk factors for the development of primary osteomyelitis due to A. flavus
are trauma and diabetes [38,64]. In a review of bone and joint aspergillosis, A. flavus
was the causative agent in 18% of patients, including the manifestations of mastoiditis,
discitis, vertebral osteomyelitis and septic arthritis [65]. Arthritis and/or osteomyelitis
usually develop as a secondary infection in disseminated aspergillosis after pulmonary
aspergillosis or endocarditis with hematogenous spread [38]. Cardiac aspergillosis due to
A. flavus has been described rarely and may present as endocarditis or after cardiac surgery
and is mainly a healthcare-acquired infection [66,67].

4.2. Diagnosis and Microbiology

Aspergillus flavus grows well on Sabouraud dextrose agar or Czapek Dox and malt
extract at 37 ◦C, and germination of conidia occurs at about 24 h (Figure 2) [38].
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The key microscopic finding for A. flavus is biseriate conidial heads with a yellow
to green or brown appearance and dark sclerotia [60]. Besides the general diagnostic
approach for IA and conventional microscopic approaches, immunohistochemistry with
in situ hybridization with WF-AF-1 or EB-A1 antibodies specific for A. flavus (as well as
A. fumigatus and A. niger) may be of use. However, this technique is time-consuming and
not available in many centers [68,69].

For serologic testing, the sensitivity of GM was shown to be lower for A. flavus when
compared to A. fumigatus [70]. A combination of an A. flavus-targeted PCR-ELISA and GM
testing showed an improved rate of early IA diagnosis in patients with hematological malig-
nancies [32]. This may specifically be applied to patients without antifungal prophylaxis.

Susceptibility testing should be performed on all clinically relevant A. flavus samples to
focus on reported elevated MICs for AmB. A. flavus has shown broadly variable MICs with
shares between 66.6% and 92% of isolates being higher than ≥2 mg/L for AmB. depending
on study and region suggestive of intrinsic resistance [71,72]. In addition, azole resistance
seems to play a role in India, with 2.5% to 5% of isolates tested being resistant to commonly
used triazoles [73,74]. Resistance mechanisms superior to those described for IA, in general,
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have been detected for A. flavus, such as mutations in the cyp51a, cyp51b and cyp51c alleles
as multiple mechanisms responsible for azole resistance [74,75].

4.3. Clinical Management and Treatment

The recommended first-line antifungal treatment agent is voriconazole. Posaconazole
and isavuconazole are reasonable alternatives with better tolerability [42,44,72]. Posacona-
zole has been noted to inhibit the lanosterol 14α-demethylase to a larger extent than other
azoles in vitro [38]. In cases with a MIC ≥ 2 mg/L for voriconazole, combination therapy
with caspofungin has been suggested to improve overall survival in modeling studies [76],
as all echinocandins seem to demonstrate good activity against A. flavus in vitro [72].

The proposed ECOFF for AmB by EUCAST ranges at 4 mg/L. Therefore, if available,
this may be used to guide therapy in patients with IA due to A. flavus. A correlation
between the MIC and the clinical outcome of A. flavus infections has been described. Thus,
L-AmB should be avoided as first-line treatment (Table 1) [31,71].

In patients with fungal sinusitis, fungal endophthalmitis and fungal otitis, bone erosion
and subsequent spread to the CNS may occur [22,38]. For these sites of infection, local
treatment (e.g., intracameral and intravitreal application) with antifungals is recommended
as an addition to systemic therapy [74,77]. In these cases, surgical debridement should be
performed to improve outcomes [22].

5. A. nidulans
5.1. General Characteristics and Epidemiology

In patients with primary immunodeficiencies, A. nidulans is the second most common
pathogen causing IA after A. fumigatus [78]. Among them, patients with CGD are to be
mentioned as particularly susceptible to IFD due to disruption of the NADPH oxidase
complex and subsequent lack of neutrophil extracellular trap formation [78,79].

Generally, A. nidulans is the third most common fungal pathogen causing osteomyeli-
tis, and besides CGD, risk factors include hematological malignancies, SOT, diabetes, and
chronic pulmonary diseases, among others [64]. Lungs are the primary site of infection, but
less frequently, skin, lymph nodes and liver may be affected [80]. Furthermore, osteomyeli-
tis due to A. nidulans occurs more often compared to A. fumigatus and more frequently
involves small bones with substantially higher mortality [65,81]. A. nidulans infections
seem to have a more aggressive course and cause disseminated disease more often [82].

IFDs are the most common cause of death in patients with CGD and are also caused
by rare and resistant molds, which may partially be due to the broad and long-term use
of antifungals [83,84]. For this population, therefore, systemic triazole-based prophylaxis
is generally recommended [85,86]. The fact that A. nidulans is rarely found as a causative
agent of IFD in other immunocompromised patients than CGD favors the hypothesis of a
unique pathogen-host interaction and role of the NADPH-oxidase for innate host-defense,
which still needs to be determined [87].

5.2. Diagnosis and Microbiology

Aspergillus nidulans (also referred to as Emericella nidulans in its teleomorph form)
shows rapidly growing, (dark) green, cream-buff or honey-yellow/orange colonies and
reverse dark purplish appearance in culture (Figure 3A). Microscopically the conidial
heads of A. nidulans are short, septated and columnar; the vesicles hemispherical, and the
conidiogenous cells biseriate (Figure 3B). MALDI-TOF MS analysis may be used to identify
A. nidulans in clinical samples [88]. GM is detectable in serum in patients with IA due to
A. nidulans, but is less sensitive [89].
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To select antifungal treatment, susceptibility testing is mandatory. For AmB, the MIC
was >1 mg/L and up to 4 mg/L in some cases, using the EUCAST method [90]. The
lowest MICs were noted for anidulafungin, micafungin, and posaconazole (<1 mg/L).
Isavuconazole seems to have good in vitro activity with rather low proposed ECOFFs
for A. nidulans as well [91]. In a study with patients with primary immunodeficiencies,
A. nidulans isolates had low MICs for itraconazole, posaconazole and voriconazole but
were elevated for AmB [78]. Thus, innate resistance of A. nidulans against AmB has been
suggested [92].

5.3. Clinical Management and Treatment

The 2018 ESCMID guideline on the management of Aspergillus infections marginally
recommends therapy with voriconazole with a low level of evidence, mostly due to the
lack of studies involving enough patients with IA due to A. nidulans [42]. No primary
recommendation was made for AmB, especially for patients with CGD, due to high MICs
and documented poor clinical outcomes [82].

In cases with fungal osteomyelitis, the treating team needs to strive for surgical re-
section alongside a broad systemic antifungal therapy to achieve a higher rate of positive
outcomes [64,79]. In those cases, voriconazole should be used for treatment as it pro-
vides high oral bioavailability and good penetration into bone tissue [65]. Though rarely
performed, allogeneic HSCT represents a therapeutic option for patients with CGD with
recurrent and refractory IFD [79]. The novel fungicidal agent olorofim seems to exhibit
reasonable activity against A. nidulans in a mouse model [93]. In summary, treatment for IA
due to A. nidulans does not differ substantially from general treatment approaches with
close response monitoring when AmB is selected as upfront monotherapy.

6. A. niger
6.1. General Characteristics and Epidemiology

The cumulative 1-year incidence of infections with A. niger complex in patients with
SOT or HSCT was 0.048% in a multicenter cohort study [7]. It is a rarely detected species
in IA of post-transplant patients [50,94]. There seems to be an increase in the incidence of
IA due to A. niger spp. complex from a mean incidence of 0.023 per 10,000 patient days to
0.095 per 10,000 patient days between 2005 and 2011 [95]. Within the A. niger spp. complex,
A. tubingensis was most frequently isolated [95]. A possible explanation for the selection
of triazole-resistant Aspergilli tubingensis could be the use of fungicides in agriculture or
azole-based prophylaxis in certain patient populations [96]. A. niger has been reported to
be a spore contaminant in burn wards which elucidates the role of hygiene measures for
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the prevention of IA, including filtered ventilation and decontamination of surfaces and
personal equipment [97].

Aspergilli of the section Nigri have been identified as colonizers of the nose and throat
in immunocompetent patients with other predisposing conditions, such as chronic lung
diseases [98]. In this population, A. niger was also the most frequently detected pathogen
causing otomycosis [99]. In a series of eight proven/probable A. niger cases in patients with
hematological malignancies, three of which were breakthrough IA during systemic antifun-
gal prophylaxis, the infected sites were the lungs and paranasal sinuses. Patients with AML
were particularly at risk, and most acquired the fungal infection during remission-induction
chemotherapy. IA-related mortality was as high as 75% [100]. Furthermore, A. niger is the
second most common Aspergillus spp. found in the setting of fungal peritonitis in peritoneal
dialysis patients [101].

Overall, larger epidemiological studies have shown a higher survival rate in patients
with IA due to A. niger—about 80% vs. 66% and 60.5% compared to A. fumigatus and
A. flavus, respectively [8].

6.2. Diagnosis and Microbiology

Aspergilli of the section Nigri grow on all mycological media within one to two days,
as they do not need special culture conditions. A. niger shows black colonies in culture
(Figure 4A). Microscopically the conidial heads radiate, the vesicles subspherical and the
conidiogenous cells biseriate (Figure 4B).

Figure 4. Aspergillus niger macro- and micromorphology. (A) A. niger on malt extract agar, incu-
bation for 4 days at 35 ◦C. (B) Lactophenol cotton blue preparation (at ×400), radiate and biserate
conidial heads.

The species within the section are morphologically indistinguishable, but identification
at the species level is usually not necessary [102]. If required, identification of A. niger
can also be performed with the MALDI-TOF MS analysis [88]. Where Aspergillus isolates
cannot be clearly identified by conventional phenotypic methods, DNA sequencing is often
helpful [103].

There are no clinical data on the value of GM or (1-3)-ß-D-glucan in serum for diagnosis
of invasive infection, but GM is detectable in serum in patients with IA due to A. niger [89].
Specific PCR-based assays to detect A. niger DNA in clinical specimens are commercially
not available.

In general, Aspergilli of the section Nigri are susceptible to all antifungal drugs, and
breakpoints for A. niger have been proposed by EUCAST [104]. However, data on antifungal
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susceptibility testing of A. niger isolates seem to be contradictory. CLSI methodology
yielded epidemiological cutoff values of 2 µg/mL, 1 µg/mL, 4 µg/mL and 1 µg/mL for
AmB, and isavuconazole, itraconazole and voriconazole, respectively, and was the lowest
for caspofungin and posaconazole (both 0.25 µg/mL) [105]. Breakthrough IFDs have also
been observed under voriconazole therapy, which is why the use of voriconazole has been
rather discouraged [95]. Among the A. niger spp. complex, A. tubingensis shows particularly
high MICs to azoles, especially to itraconazole [95,106,107]. It was shown that A. niger
isolates were 100% resistant to ketoconazole and 33% resistant to AmB and itraconazole
but showed no resistance to caspofungin [108]. In summary, MIC values for A. niger were
generally higher than those for A. fumigatus; whether this translates into a poorer clinical
response is unknown [109].

6.3. Clinical Management and Treatment

Compared to A. fumigatus, infections due to A. niger appear to be less virulent and are
less frequently associated with invasiveness, as they are up to 10 times more frequently
reported in superficial mycoses [94,110]. Nonetheless, invasive A. niger infections remain
difficult to treat due to varying susceptibility patterns. Guidelines recommend avoiding
azole monotherapy due to higher MICs and moderately recommend against the use of
itraconazole and isavuconazole for the same reason, however, with a low level of clinical
evidence [42,111]. First-line AmB treatment in hematological patients showed a response
in only 25% of cases. However, with a very low number (n = 8) of patients treated for IA
due to A. niger [100]. In cases of peritoneal IA in peritoneal dialysis patients, removal of
the indwelling catheter and intra-peritoneal antifungals improves outcome [101]. With
the lung being the most frequently affected site in invasive A. niger infections, surgical
approaches may hardly be feasible. Overall mortality seems to be higher in patients with
hematological malignancies and in the ICU compared to those with SOT and chronic
pulmonary diseases [95].

7. A. terreus
7.1. General Characteristics and Epidemiology

Within the genus Aspergillus, A. terreus species complex takes a special position, as
most representatives are AmB resistant, and invasive infections are frequently associated
with the dissemination and poor outcome [112].

A. terreus accounts for four to 12% of clinically relevant Aspergillus isolates [113,114]. It
is described as the most important species within the section Terrei and is found commonly
in soil, dust, compost and other environmental sources [115]. It appears that A. terreus
is a fungal pathogen of increasing importance in patients with IA. In an international
multicenter study, the prevalence of A. terreus was 5.2% among all reported aspergillosis
cases [114].

Generally, patients with hematological malignancies, especially acute leukemia and
long-term neutropenia, are at risk of developing A. terreus IA. Reporting or observer
bias may play a role in the description of the epidemiology of such rare fungal species
depending on the local research efforts and the variable contribution to international studies
in the field.

7.2. Diagnosis and Microbiology

Molecular and phylogenetic studies divide the Aspergillus section Terrei into a total
of 17 accepted species distributed over three series (Ambigui, Nivei, Terrei) [112]. Only
micromorphology or targeted molecular-based analyses support discrimination of this
pathogen from other Aspergillus species, such as from the sections Fumigati, Flavi and
Nigri [17].

On Czapek or Sabouraud dextrose agar, A. terreus colonies grow from beige to buff to
cinnamon and are able to become floccose, the reverse is yellow, and yellow soluble pig-
ments are frequently present (Figure 5A). Conidial heads are compact, columnar (reaching
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up to 500 µm long by 30 to 50 µm in diameter), and biseriate; conidiophores are hyaline
and smooth-walled; conidia are globose-shaped, smooth-walled, 1.5 to 2.5 µm in diameter,
and vary in color from brown to light yellow (Figure 5B) [112]. Only A. allahabadii and
A. neoindicus produce white conidia. The production of accessory conidia seems to be spe-
cific to A. terreus species complex, as described for A. terreus sensu strictu, A. citrinoterreus,
A. hortai, A. alabamensis and A. neoafricanicus [112]. The formation of these non-pigmented
aleurioconidia, which are settled directly from vegetative hyphae—reveal under both
in vitro and in vivo conditions. Additionally, accessory conidia have been described for
species of the Aspergillus section Flavipedes, which seem to form an evolutionary sister
branch of the section Terrei [112].
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7.3. Clinical Management and Treatment

The most relevant clinical feature of A. terreus is the intrinsic resistance to AmB.
Therefore, identification of A. terreus at the species level is crucial to exclude AmB treatment.
MIC testing should be performed while clinical breakpoints are available for isavuconazole,
itraconazole and posaconazole.

First-line treatment should be based on triazoles which have shown better response
rates and greater survival in hematology patients [116].

A. terreus infections seem to be associated with a poorer outcome than compared to
A. fumigatus infections [116,117]. An almost twice as high rate of disseminated infections
has been described in one single-center study, and higher mortality compared to IA caused
by other species [116].

8. Discussion

There is a large variety of IFD caused by non-fumigatus Aspergilli. Their epidemiology
is still not well described, and clinical evidence is scarce, of heterogenous quality and
often outdated.

One older study reported a high incidence of non-fumigatus IA in neutropenic patients
with similar IA-attributed mortality in the A. fumigatus and non-fumigatus groups [109].
Other studies suggested a comparable distribution of infectious sites and mortality inde-
pendent of affected immunosuppressed subpopulation and involved Aspergillus spp. [8].
Furthermore, it appears that these rarely detected species are more often present in IA in pa-
tients with primary immunodeficiencies [78]. This suggests that fungal pathogenesis differs
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in this small patient population compared to patients with iatrogenic immunosuppression
and creates an epidemiological niche for certain fungal pathogens.

To diagnose, general recommendations and procedures for collection, transport and
storage of clinical specimens, direct microscopic examination, isolation and identification
procedures are equally valid for all Aspergillus species. Whether or not the precise species
identification may have an impact on individual clinical management remains to be deter-
mined. However, its value for epidemiological surveillance and outbreak investigation has
been documented beyond doubt [118,119]. Molecular methods should be implemented and
made available in routine practice for exact species identification to improve and accelerate
the diagnosis of these IFDs. Unfortunately, these techniques rely on the availability of
laboratory resources and databases and are not available in many centers, especially in low-
and middle-income countries [120–122].

Susceptibility patterns suggest more differences to A. fumigatus than yet described [123].
Non-fumigatus Aspergillus spp. has been suspected to exhibit innate AmB resistance, which
has been described for both A. nidulans and A. terreus, as well as elevated MICs for AmB
for other strains [92]. However, this has not yet been fully proven in vivo, despite varying
MICs for non-fumigatus Aspergilli in several studies. This elucidates the importance of
identification by culture and antifungal susceptibility testing to guide antifungal therapy.
The patient outcome has been correlated with in vitro MICs of AmB [71]; it has been docu-
mented for A. flavus and A. niger but not for A. fumigatus so far [53,54]. Whether in vitro
susceptibility patterns generally translate into the clinical response is, therefore, not yet
fully determined.

Further Aspergillus species than the ones presented in this review are identified in
clinical samples and IFD with increasing frequency [124]. Efforts to perform clinical studies
on IFD caused by one fungal species only are much appreciated and enrich the knowledge
on differences between the different Aspergillus spp., a gap that may be closed by global
registry studies [125].

The general diagnostic and therapeutic approach for suspected IA due to non-fumigatus
Aspergillus spp. does not differ substantially from the work-up and measures taken for
any IFD. Host factors, as outlined above, and local epidemiology should be considered.
Diagnosis includes adequate sampling and examination via microscopy and culture-based
procedures and, if available, molecular tests such as specific PCR for A. flavus to differentiate
the specific aspergilli causing IFD. When GM is detected in serum or BAL fluid, but no
culture results or other way of species identification are available, sampling should be
repeated until a definitive diagnosis or ruling out of IA. In such cases of suspected IA,
empiric treatment with AmB or a broad-spectrum triazole like isavuconazole, posaconazole
or voriconazole may be initiated, and once a non-fumigatus Aspergillus spp. is identified,
therapy may be adapted according to available MICs and local resistance patterns, if
known. Therefore, a versatile mycology team should support the primarily caring clinical
team in diagnosis and treatment, e.g., through an established ID consultation service, and
awareness for IFD caused by rare fungal species needs to be created.

In conclusion, IFD is due to rare fungal species, and this may include Aspergillus spp.
other than A. fumigatus, are complex to diagnose and treat. They have a high potential to be
missed or detected late during the clinical evaluation and diagnostic work-up, while even
skilled ID physicians may not be able to make ad-hoc decisions on treatment if diagnosed.
Detailed, resource-orientated and species-specific guideline recommendations on diagnosis
and clinical management for IA are upcoming by an initiative of the ECMM [126]. Larger
studies are needed to determine differences in local epidemiology, risk groups and outcomes
for each non-fumigatus entity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jof9040500/s1, Table S1 Search Algorithms for PubMed Search.

https://www.mdpi.com/article/10.3390/jof9040500/s1
https://www.mdpi.com/article/10.3390/jof9040500/s1


J. Fungi 2023, 9, 500 14 of 20

Author Contributions: J.S. (Jannik Stemler) conceived the study idea, performed literature research,
interpreted data, wrote the first draft of the manuscript, and reviewed and approved the final draft
of the manuscript. C.T. performed literature research, and reviewed and approved the final draft
of the manuscript. C.L.-F. performed literature research, interpreted data, wrote the first draft of
the manuscript, and reviewed and approved the final draft of the manuscript. J.S. (Jörg Steinmann)
performed literature research, interpreted data, wrote the first draft of the manuscript, and reviewed
and approved the final draft of the manuscript. K.A. performed literature research, interpreted data,
wrote the first draft of the manuscript, and reviewed and approved the final draft of the manuscript.
P.-M.R. performed literature research, interpreted data, wrote the first draft of the manuscript, and
reviewed and approved the final draft of the manuscript. M.S. wrote the first draft of the manuscript,
and reviewed and approved the final draft of the manuscript. O.A.C. conceived the study idea,
interpreted data, and reviewed and approved the final draft of the manuscript. P.K. conceived the
study idea, interpreted data, and reviewed and approved the final draft of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was carried out as part of our routine duties and did not receive any additional funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to being a review of the literature.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: J.S. (Jannik Stemler) has received research grants by the Ministry of Education
and Research (BMBF) and Basilea Pharmaceuticals Inc.; has received speaker honoraria by Pfizer Inc.,
Gilead and AbbVie; has been a consultant to Gilead, Produkt&Markt GmbH, Alvea Vax. and Micron
Research, and has received travel grants by German Society for Infectious Diseases (DGI e.V.) and
Meta-Alexander Foundation. C.T. declares no conflict of interest. C.L.-F. reports grants, consulting
fees, support for travel to meetings, and payment for lectures including service on speakers’ bureaus
from Gilead Sciences, Astellas Pharma, Merck Sharp and Dahme, Basilea, and Angelini. J.S. (Jörg
Steinmann) has received speakers’ honoraria by Pfizer Inc., Gilead Sciences and bioMerieux. K.A.
declares no conflict of interest. P.-M.R. declares no conflict of interestMS declares no conflict of
interestOAC reports grants or contracts from Amplyx, Basilea, BMBF, Cidara, DZIF, EU-DG RTD
(101037867), F2G, Gilead, Matinas, MedPace, MSD, Mundipharma, Octapharma, Pfizer, Scynexis;
Consulting fees from Abbvie, Amplyx, Biocon, Biosys, Cidara, Da Volterra, Gilead, IQVIA, Janssen,
Matinas, MedPace, Menarini, Molecular Partners, MSG-ERC, Noxxon, Octapharma, Pardes, Pfizer,
PSI, Scynexis, Seres; Honoraria for lectures from Abbott, Abbvie, Al-Jazeera Pharmaceuticals, Astellas,
Gilead, Grupo Biotoscana/United Medical/Knight, Hikma, MedScape, MedUpdate, Merck/MSD,
Mylan, Noscendo, Pfizer, Shionogi; Payment for expert testimony from Cidara; Participation on a
Data Safety Monitoring Board or Advisory Board from Actelion, Allecra, Cidara, Entasis, IQVIA,
Janssen, MedPace, Paratek, PSI, Pulmocide, Shionogi, The Prime Meridian Group; A patent at the
German Patent and Trade Mark Office (DE 10 2021 113 007.7). Stocks from CoRe Consulting. P.K.
reports grants or contracts from German Federal Ministry of Research and Education (BMBF) B-FAST
(Bundesweites Forschungsnetz Angewandte Surveillance und Testung) and NAPKON (Nationales
Pandemie Kohorten Netz, German National Pandemic Cohort Network) of the Network University
Medicine (NUM) and the State of North Rhine-Westphalia; Consulting fees Ambu GmbH, Gilead
Sciences, Mundipharma Resarch Limited, Noxxon N.V. and Pfizer Pharma; Honoraria for lectures
from Akademie für Infektionsmedizin e.V., Ambu GmbH, Astellas Pharma, BioRad Laboratories Inc.,
Datamed GmbH, European Confederation of Medical Mycology, Gilead Sciences, GPR Academy
Ruesselsheim, HELIOS Kliniken GmbH, Lahn-Dill-Kliniken GmbH, medupdate GmbH, MedMedia
GmbH, MSD Sharp & Dohme GmbH, Pfizer Pharma GmbH, Scilink Comunicación Científica SC
and University Hospital and LMU Munich; Participation on an Advisory Board from Ambu GmbH,
Gilead Sciences, Mundipharma Resarch Limited and Pfizer Pharma; A pending patent currently
reviewed at the German Patent and Trade Mark Office (DE 10 2021 113 007.7); Other non-financial
interests from Elsevier, Wiley and Taylor & Francis online outside the submitted work.



J. Fungi 2023, 9, 500 15 of 20

References
1. Buil, J.B.; Snelders, E.; Denardi, L.B.; Melchers, W.J.G.; Verweij, P.E. Trends in Azole Resistance in Aspergillus fumigatus, the

Netherlands, 1994–2016. Emerg. Infect. Dis. 2019, 25, 176–178. [CrossRef] [PubMed]
2. Friedman, D.Z.P.; Schwartz, I.S. Emerging Fungal Infections: New Patients, New Patterns, and New Pathogens. J. Fungi 2019,

5, 67. [CrossRef] [PubMed]
3. Koehler, P.; Stecher, M.; Cornely, O.A.; Koehler, D.; Vehreschild, M.; Bohlius, J.; Wisplinghoff, H.; Vehreschild, J.J. Morbidity and

mortality of candidaemia in Europe: An epidemiologic meta-analysis. Clin. Microbiol. Infect. 2019, 25, 1200–1212. [CrossRef]
[PubMed]

4. Kohlenberg, A.; Struelens, M.J.; Monnet, D.L.; Plachouras, D. Candida auris: Epidemiological situation, laboratory capacity
and preparedness in European Union and European Economic Area countries, 2013 to 2017. Eur. Surveill. 2018, 23. [CrossRef]
[PubMed]

5. Kontoyiannis, D.P.; Marr, K.A.; Park, B.J.; Alexander, B.D.; Anaissie, E.J.; Walsh, T.J.; Ito, J.; Andes, D.R.; Baddley, J.W.; Brown, J.M.;
et al. Prospective surveillance for invasive fungal infections in hematopoietic stem cell transplant recipients, 2001–2006: Overview
of the Transplant-Associated Infection Surveillance Network (TRANSNET) Database. Clin. Infect. Dis. 2010, 50, 1091–1100.
[CrossRef]

6. Latgé, J.P.; Chamilos, G. Aspergillus fumigatus and Aspergillosis in 2019. Clin. Microbiol. Rev. 2019, 33, e00140-18. [CrossRef]
7. Pappas, P.G.; Alexander, B.D.; Andes, D.R.; Hadley, S.; Kauffman, C.A.; Freifeld, A.; Anaissie, E.J.; Brumble, L.M.; Herwaldt,

L.; Ito, J.; et al. Invasive fungal infections among organ transplant recipients: Results of the Transplant-Associated Infection
Surveillance Network (TRANSNET). Clin. Infect. Dis. 2010, 50, 1101–1111. [CrossRef]

8. Steinbach, W.J.; Marr, K.A.; Anaissie, E.J.; Azie, N.; Quan, S.P.; Meier-Kriesche, H.U.; Apewokin, S.; Horn, D.L. Clinical
epidemiology of 960 patients with invasive aspergillosis from the PATH Alliance registry. J. Infect. 2012, 65, 453–464. [CrossRef]

9. Sacks, D.; Baxter, B.; Campbell, B.C.V.; Carpenter, J.S.; Cognard, C.; Dippel, D.; Eesa, M.; Fischer, U.; Hausegger, K.; Hirsch, J.A.;
et al. Multisociety Consensus Quality Improvement Revised Consensus Statement for Endovascular Therapy of Acute Ischemic
Stroke. Int. J. Stroke 2018, 13, 612–632. [CrossRef]

10. Ragozzino, S.; Goldenberger, D.; Wright, P.R.; Zimmerli, S.; Mühlethaler, K.; Neofytos, D.; Riat, A.; Boggian, K.; Nolte, O.; Conen,
A.; et al. Distribution of Aspergillus Species and Prevalence of Azole Resistance in Respiratory Samples From Swiss Tertiary Care
Hospitals. Open Forum Infect. Dis. 2022, 9, ofab638. [CrossRef]

11. Lamoth, F.; Chung, S.J.; Damonti, L.; Alexander, B.D. Changing Epidemiology of Invasive Mold Infections in Patients Receiving
Azole Prophylaxis. Clin. Infect. Dis. 2017, 64, 1619–1621. [CrossRef] [PubMed]

12. Zanganeh, E.; Zarrinfar, H.; Rezaeetalab, F.; Fata, A.; Tohidi, M.; Najafzadeh, M.J.; Alizadeh, M.; Seyedmousavi, S. Predominance
of non-fumigatus Aspergillus species among patients suspected to pulmonary aspergillosis in a tropical and subtropical region of
the Middle East. Microb. Pathog. 2018, 116, 296–300. [CrossRef] [PubMed]

13. Thompson, G.R., 3rd; Young, J.H. Aspergillus Infections. N. Engl. J. Med. 2021, 385, 1496–1509. [CrossRef] [PubMed]
14. Koehler, P.; Bassetti, M.; Chakrabarti, A.; Chen, S.C.A.; Colombo, A.L.; Hoenigl, M.; Klimko, N.; Lass-Flörl, C.; Oladele, R.O.;

Vinh, D.C.; et al. Defining and managing COVID-19-associated pulmonary aspergillosis: The 2020 ECMM/ISHAM consensus
criteria for research and clinical guidance. Lancet Infect. Dis. 2021, 21, e149–e162. [CrossRef] [PubMed]

15. Cornely, O.A.; Maertens, J.; Winston, D.J.; Perfect, J.; Ullmann, A.J.; Walsh, T.J.; Helfgott, D.; Holowiecki, J.; Stockelberg, D.; Goh,
Y.T.; et al. Posaconazole vs. fluconazole or itraconazole prophylaxis in patients with neutropenia. N. Engl. J. Med. 2007, 356,
348–359. [CrossRef]

16. Mellinghoff, S.C.; Panse, J.; Alakel, N.; Behre, G.; Buchheidt, D.; Christopeit, M.; Hasenkamp, J.; Kiehl, M.; Koldehoff, M.; Krause,
S.W.; et al. Primary prophylaxis of invasive fungal infections in patients with haematological malignancies: 2017 update of
the recommendations of the Infectious Diseases Working Party (AGIHO) of the German Society for Haematology and Medical
Oncology (DGHO). Ann. Hematol. 2018, 97, 197–207. [CrossRef]

17. Lass-Flörl, C. How to make a fast diagnosis in invasive aspergillosis. Med. Mycol. 2019, 57, S155–S160. [CrossRef]
18. Park, S.Y.; Kim, S.H.; Choi, S.H.; Sung, H.; Kim, M.N.; Woo, J.H.; Kim, Y.S.; Park, S.K.; Lee, J.H.; Lee, K.H.; et al. Clinical and

radiological features of invasive pulmonary aspergillosis in transplant recipients and neutropenic patients. Transpl. Infect. Dis.
2010, 12, 309–315. [CrossRef]

19. Bitterman, R.; Hardak, E.; Raines, M.; Stern, A.; Zuckerman, T.; Ofran, Y.; Lavi, N.; Guralnik, L.; Frisch, A.; Nudelman, O.; et al.
Baseline Chest Computed Tomography for Early Diagnosis of Invasive Pulmonary Aspergillosis in Hemato-oncological Patients:
A Prospective Cohort Study. Clin. Infect. Dis. 2019, 69, 1805–1808. [CrossRef]

20. Ceesay, M.M.; Desai, S.R.; Berry, L.; Cleverley, J.; Kibbler, C.C.; Pomplun, S.; Nicholson, A.G.; Douiri, A.; Wade, J.; Smith, M.;
et al. A comprehensive diagnostic approach using galactomannan, targeted β-d-glucan, baseline computerized tomography and
biopsy yields a significant burden of invasive fungal disease in at risk haematology patients. Br. J. Haematol. 2015, 168, 219–229.
[CrossRef]

21. Stemler, J.; Bruns, C.; Mellinghoff, S.C.; Alakel, N.; Akan, H.; Ananda-Rajah, M.; Auberger, J.; Bojko, P.; Chandrasekar, P.H.;
Chayakulkeeree, M.; et al. Baseline Chest Computed Tomography as Standard of Care in High-Risk Hematology Patients. J.
Fungi 2020, 6. [CrossRef] [PubMed]

https://doi.org/10.3201/eid2501.171925
https://www.ncbi.nlm.nih.gov/pubmed/30561296
https://doi.org/10.3390/jof5030067
https://www.ncbi.nlm.nih.gov/pubmed/31330862
https://doi.org/10.1016/j.cmi.2019.04.024
https://www.ncbi.nlm.nih.gov/pubmed/31039444
https://doi.org/10.2807/1560-7917.ES.2018.23.13.18-00136
https://www.ncbi.nlm.nih.gov/pubmed/29616608
https://doi.org/10.1086/651263
https://doi.org/10.1128/CMR.00140-18
https://doi.org/10.1086/651262
https://doi.org/10.1016/j.jinf.2012.08.003
https://doi.org/10.1016/j.jvir.2017.11.026
https://doi.org/10.1093/ofid/ofab638
https://doi.org/10.1093/cid/cix130
https://www.ncbi.nlm.nih.gov/pubmed/28199491
https://doi.org/10.1016/j.micpath.2018.01.047
https://www.ncbi.nlm.nih.gov/pubmed/29410233
https://doi.org/10.1056/NEJMra2027424
https://www.ncbi.nlm.nih.gov/pubmed/34644473
https://doi.org/10.1016/S1473-3099(20)30847-1
https://www.ncbi.nlm.nih.gov/pubmed/33333012
https://doi.org/10.1056/NEJMoa061094
https://doi.org/10.1007/s00277-017-3196-2
https://doi.org/10.1093/mmy/myy103
https://doi.org/10.1111/j.1399-3062.2010.00499.x
https://doi.org/10.1093/cid/ciz194
https://doi.org/10.1111/bjh.13114
https://doi.org/10.3390/jof6010036
https://www.ncbi.nlm.nih.gov/pubmed/32183235


J. Fungi 2023, 9, 500 16 of 20

22. Chen, C.Y.; Sheng, W.H.; Cheng, A.; Chen, Y.C.; Tsay, W.; Tang, J.L.; Huang, S.Y.; Chang, S.C.; Tien, H.F. Invasive fungal sinusitis
in patients with hematological malignancy: 15 years experience in a single university hospital in Taiwan. BMC Infect. Dis. 2011,
11, 250. [CrossRef] [PubMed]

23. Lass-Flörl, C.; Samardzic, E.; Knoll, M. Serology anno 2021-fungal infections: From invasive to chronic. Clin. Microbiol. Infect.
2021, 27, 1230–1241. [CrossRef] [PubMed]

24. Springer, J.; Lackner, M.; Nachbaur, D.; Girschikofsky, M.; Risslegger, B.; Mutschlechner, W.; Fritz, J.; Heinz, W.J.; Einsele, H.;
Ullmann, A.J.; et al. Prospective multicentre PCR-based Aspergillus DNA screening in high-risk patients with and without primary
antifungal mould prophylaxis. Clin. Microbiol. Infect. 2016, 22, 80–86. [CrossRef] [PubMed]

25. Woo, P.C.; Chan, C.M.; Leung, A.S.; Lau, S.K.; Che, X.Y.; Wong, S.S.; Cao, L.; Yuen, K.Y. Detection of cell wall galactomannoprotein
Afmp1p in culture supernatants of Aspergillus fumigatus and in sera of aspergillosis patients. J. Clin. Microbiol. 2002, 40, 4382–4387.
[CrossRef] [PubMed]

26. Pazos, C.; Pontón, J.; Del Palacio, A. Contribution of (1->3)-beta-D-glucan chromogenic assay to diagnosis and therapeutic moni-
toring of invasive aspergillosis in neutropenic adult patients: A comparison with serial screening for circulating galactomannan.
J. Clin. Microbiol. 2005, 43, 299–305. [CrossRef]

27. Boch, T.; Spiess, B.; Cornely, O.A.; Vehreschild, J.J.; Rath, P.M.; Steinmann, J.; Heinz, W.J.; Hahn, J.; Krause, S.W.; Kiehl, M.G.; et al.
Diagnosis of invasive fungal infections in haematological patients by combined use of galactomannan, 1,3-β-D-glucan, Aspergillus
PCR, multifungal DNA-microarray, and Aspergillus azole resistance PCRs in blood and bronchoalveolar lavage samples: Results
of a prospective multicentre study. Clin. Microbiol. Infect. 2016, 22, 862–868. [CrossRef]

28. Hoog, J.G.; Guarro, J.; Gené, J.; Ahmed, S.; Al-Hatmi, A.M.S.; Figueras, M.J.; Vitale, R.G. Atlas of Clinical Fungi 2019, 3rd ed.; Reus:
Utrecht, The Netherlands, 2019.

29. McClenny, N. Laboratory detection and identification of Aspergillus species by microscopic observation and culture: The
traditional approach. Med. Mycol. 2005, 43, S125–S128. [CrossRef]

30. Buess, M.; Cathomas, G.; Halter, J.; Junker, L.; Grendelmeier, P.; Tamm, M.; Stolz, D. Aspergillus-PCR in bronchoalveolar lavage for
detection of invasive pulmonary aspergillosis in immunocompromised patients. BMC Infect. Dis. 2012, 12, 237. [CrossRef]

31. Howard, S.J. Multi-resistant aspergillosis due to cryptic species. Mycopathologia 2014, 178, 435–439. [CrossRef]
32. Florent, M.; Katsahian, S.; Vekhoff, A.; Levy, V.; Rio, B.; Marie, J.P.; Bouvet, A.; Cornet, M. Prospective evaluation of a polymerase

chain reaction-ELISA targeted to Aspergillus fumigatus and Aspergillus flavus for the early diagnosis of invasive aspergillosis in
patients with hematological malignancies. J. Infect. Dis. 2006, 193, 741–747. [CrossRef] [PubMed]

33. Alanio, A.; Beretti, J.L.; Dauphin, B.; Mellado, E.; Quesne, G.; Lacroix, C.; Amara, A.; Berche, P.; Nassif, X.; Bougnoux, M.E.
Matrix-assisted laser desorption ionization time-of-flight mass spectrometry for fast and accurate identification of clinically
relevant Aspergillus species. Clin. Microbiol. Infect. 2011, 17, 750–755. [CrossRef] [PubMed]

34. Cassagne, C.; Normand, A.C.; L’Ollivier, C.; Ranque, S.; Piarroux, R. Performance of MALDI-TOF MS platforms for fungal
identification. Mycoses 2016, 59, 678–690. [CrossRef] [PubMed]

35. Espinel-Ingroff, A.; Cuenca-Estrella, M.; Cantón, E. EUCAST and CLSI: Working Together Towards a Harmonized Method for
Antifungal Susceptibility Testing. Curr. Fungal Infect. Rep. 2013, 7, 59–67. [CrossRef]

36. European Committee on Antimicrobial Susceptibility Testing. Breakpoint Tables for Interpretation of MICs for Antifungal Agents.
2020. Available online: https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/AFST/Clinical_breakpoints/
AFST_BP_v10.0_200204_updatd_links_200924.pdf. (accessed on 4 March 2023).

37. 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]

38. Krishnan, S.; Manavathu, E.K.; Chandrasekar, P.H. Aspergillus flavus: An emerging non-fumigatus Aspergillus species of significance.
Mycoses 2009, 52, 206–222. [CrossRef]

39. Patterson, T.F.; Thompson, G.R., III; Denning, D.W.; Fishman, J.A.; Hadley, S.; Herbrecht, R.; Kontoyiannis, D.P.; Marr, K.A.;
Morrison, V.A.; Nguyen, M.H.; et al. Practice Guidelines for the Diagnosis and Management of Aspergillosis: 2016 Update by the
Infectious Diseases Society of America. Clin. Infect. Dis. 2016, 63, e1–e60. [CrossRef]

40. Ruhnke, M.; Cornely, O.A.; Schmidt-Hieber, M.; Alakel, N.; Boell, B.; Buchheidt, D.; Christopeit, M.; Hasenkamp, J.; Heinz, W.J.;
Hentrich, M.; et al. Treatment of invasive fungal diseases in cancer patients-Revised 2019 Recommendations of the Infectious
Diseases Working Party (AGIHO) of the German Society of Hematology and Oncology (DGHO). Mycoses 2020, 63, 653–682.
[CrossRef]

41. Tissot, F.; Agrawal, S.; Pagano, L.; Petrikkos, G.; Groll, A.H.; Skiada, A.; Lass-Flörl, C.; Calandra, T.; Viscoli, C.; Herbrecht, R.
ECIL-6 guidelines for the treatment of invasive candidiasis, aspergillosis and mucormycosis in leukemia and hematopoietic stem
cell transplant patients. Haematologica 2017, 102, 433–444. [CrossRef]

42. Ullmann, A.J.; Aguado, J.M.; Arikan-Akdagli, S.; Denning, D.W.; Groll, A.H.; Lagrou, K.; Lass-Flörl, C.; Lewis, R.E.; Munoz, P.;
Verweij, P.E.; et al. Diagnosis and management of Aspergillus diseases: Executive summary of the 2017 ESCMID-ECMM-ERS
guideline. Clin. Microbiol. Infect. 2018, 24 (Suppl. S1), e1–e38. [CrossRef]

https://doi.org/10.1186/1471-2334-11-250
https://www.ncbi.nlm.nih.gov/pubmed/21939544
https://doi.org/10.1016/j.cmi.2021.02.005
https://www.ncbi.nlm.nih.gov/pubmed/33601011
https://doi.org/10.1016/j.cmi.2015.09.009
https://www.ncbi.nlm.nih.gov/pubmed/26400571
https://doi.org/10.1128/JCM.40.11.4382-4387.2002
https://www.ncbi.nlm.nih.gov/pubmed/12409437
https://doi.org/10.1128/JCM.43.1.299-305.2005
https://doi.org/10.1016/j.cmi.2016.06.021
https://doi.org/10.1080/13693780500052222
https://doi.org/10.1186/1471-2334-12-237
https://doi.org/10.1007/s11046-014-9774-0
https://doi.org/10.1086/500466
https://www.ncbi.nlm.nih.gov/pubmed/16453271
https://doi.org/10.1111/j.1469-0691.2010.03323.x
https://www.ncbi.nlm.nih.gov/pubmed/20673266
https://doi.org/10.1111/myc.12506
https://www.ncbi.nlm.nih.gov/pubmed/27061755
https://doi.org/10.1007/s12281-012-0125-7
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/AFST/Clinical_breakpoints/AFST_BP_v10.0_200204_updatd_links_200924.pdf.
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/AFST/Clinical_breakpoints/AFST_BP_v10.0_200204_updatd_links_200924.pdf.
https://doi.org/10.1093/cid/ciz1008
https://doi.org/10.1111/j.1439-0507.2008.01642.x
https://doi.org/10.1093/cid/ciw326
https://doi.org/10.1111/myc.13082
https://doi.org/10.3324/haematol.2016.152900
https://doi.org/10.1016/j.cmi.2018.01.002


J. Fungi 2023, 9, 500 17 of 20

43. Herbrecht, R.; Denning, D.W.; Patterson, T.F.; Bennett, J.E.; Greene, R.E.; Oestmann, J.W.; Kern, W.V.; Marr, K.A.; Ribaud, P.;
Lortholary, O.; et al. Voriconazole versus amphotericin B for primary therapy of invasive aspergillosis. N. Engl. J. Med. 2002, 347,
408–415. [CrossRef] [PubMed]

44. Maertens, J.A.; Raad, I.I.; Marr, K.A.; Patterson, T.F.; Kontoyiannis, D.P.; Cornely, O.A.; Bow, E.J.; Rahav, G.; Neofytos, D.; Aoun,
M.; et al. Isavuconazole versus voriconazole for primary treatment of invasive mould disease caused by Aspergillus and other
filamentous fungi (SECURE): A phase 3, randomised-controlled, non-inferiority trial. Lancet 2016, 387, 760–769. [CrossRef]
[PubMed]

45. Maertens, J.A.; Rahav, G.; Lee, D.G.; Ponce-de-León, A.; Ramírez Sánchez, I.C.; Klimko, N.; Sonet, A.; Haider, S.; Diego Vélez,
J.; Raad, I.; et al. Posaconazole versus voriconazole for primary treatment of invasive aspergillosis: A phase 3, randomised,
controlled, non-inferiority trial. Lancet 2021, 397, 499–509. [CrossRef] [PubMed]

46. Ellis, M.; Spence, D.; de Pauw, B.; Meunier, F.; Marinus, A.; Collette, L.; Sylvester, R.; Meis, J.; Boogaerts, M.; Selleslag, D.; et al. An
EORTC international multicenter randomized trial (EORTC number 19923) comparing two dosages of liposomal amphotericin B
for treatment of invasive aspergillosis. Clin. Infect. Dis. 1998, 27, 1406–1412. [CrossRef]

47. Walsh, T.J.; Pappas, P.; Winston, D.J.; Lazarus, H.M.; Petersen, F.; Raffalli, J.; Yanovich, S.; Stiff, P.; Greenberg, R.; Donowitz, G.;
et al. Voriconazole compared with liposomal amphotericin B for empirical antifungal therapy in patients with neutropenia and
persistent fever. N. Engl. J. Med. 2002, 346, 225–234. [CrossRef]

48. Maertens, J.; Raad, I.; Petrikkos, G.; Boogaerts, M.; Selleslag, D.; Petersen, F.B.; Sable, C.A.; Kartsonis, N.A.; Ngai, A.; Taylor,
A.; et al. Efficacy and Safety of Caspofungin for Treatment of Invasive Aspergillosis in Patients Refractory to or Intolerant of
Conventional Antifungal Therapy. Clin. Infect. Dis. 2004, 39, 1563–1571. [CrossRef]

49. Marr, K.A.; Schlamm, H.T.; Herbrecht, R.; Rottinghaus, S.T.; Bow, E.J.; Cornely, O.A.; Heinz, W.J.; Jagannatha, S.; Koh, L.P.;
Kontoyiannis, D.P.; et al. Combination Antifungal Therapy for Invasive Aspergillosis. Ann. Intern. Med. 2015, 162, 81–89.
[CrossRef]

50. Singh, N.; Limaye, A.P.; Forrest, G.; Safdar, N.; Muñoz, P.; Pursell, K.; Houston, S.; Rosso, F.; Montoya, J.G.; Patton, P.; et al.
Combination of voriconazole and caspofungin as primary therapy for invasive aspergillosis in solid organ transplant recipients:
A prospective, multicenter, observational study. Transplantation 2006, 81, 320–326. [CrossRef]

51. Barchiesi, F.; Spreghini, E.; Sanguinetti, M.; Giannini, D.; Manso, E.; Castelli, P.; Girmenia, C. Effects of amphotericin B on
Aspergillus flavus clinical isolates with variable susceptibilities to the polyene in an experimental model of systemic aspergillosis. J.
Antimicrob. Chemother. 2013, 68, 2587–2591. [CrossRef]

52. Hadrich, I.; Makni, F.; Neji, S.; Cheikhrouhou, F.; Bellaaj, H.; Elloumi, M.; Ayadi, A.; Ranque, S. Amphotericin B in vitro resistance
is associated with fatal Aspergillus flavus infection. Med. Mycol. 2012, 50, 829–834. [CrossRef]

53. Lionakis, M.S.; Lewis, R.E.; Chamilos, G.; Kontoyiannis, D.P. Aspergillus susceptibility testing in patients with cancer and invasive
aspergillosis: Difficulties in establishing correlation between in vitro susceptibility data and the outcome of initial amphotericin B
therapy. Pharmacotherapy 2005, 25, 1174–1180. [CrossRef] [PubMed]

54. Mosquera, J.; Warn, P.A.; Morrissey, J.; Moore, C.B.; Gil-Lamaignere, C.; Denning, D.W. Susceptibility testing of Aspergillus flavus:
Inoculum dependence with itraconazole and lack of correlation between susceptibility to amphotericin B in vitro and outcome
in vivo. Antimicrob. Agents Chemother. 2001, 45, 1456–1462. [CrossRef]

55. Paterson, P.J.; Seaton, S.; Prentice, H.G.; Kibbler, C.C. Treatment failure in invasive aspergillosis: Susceptibility of deep tissue
isolates following treatment with amphotericin B. J. Antimicrob. Chemother. 2003, 52, 873–876. [CrossRef]

56. Hoenigl, M.; Sprute, R.; Egger, M.; Arastehfar, A.; Cornely, O.A.; Krause, R.; Lass-Flörl, C.; Prattes, J.; Spec, A.; Thompson, G.R.,
3rd; et al. The Antifungal Pipeline: Fosmanogepix, Ibrexafungerp, Olorofim, Opelconazole, and Rezafungin. Drugs 2021, 81,
1703–1729. [CrossRef] [PubMed]

57. The European Committee on Antimicrobial Susceptibility Testing. Overview of Antifungal ECOFFs and Clinical Breakpoints for
Yeasts, Moulds and Dermatophytes Using the EUCAST E.Def 7.3, E.Def 9.4 and E.Def 11.0 Procedures, Version 3. 2022. Available
online: http://www.eucast.org (accessed on 4 March 2023).

58. Rudramurthy, S.M.; Paul, R.A.; Chakrabarti, A.; Mouton, J.W.; Meis, J.F. Invasive Aspergillosis by Aspergillus flavus: Epidemiology,
Diagnosis, Antifungal Resistance, and Management. J. Fungi 2019, 5, 55. [CrossRef] [PubMed]

59. Saghrouni, F.; Ben Youssef, Y.; Gheith, S.; Bouabid, Z.; Ben Abdeljelil, J.; Khammari, I.; Fathallah, A.; Khlif, A.; Ben Saïd, M.
Twenty-nine cases of invasive aspergillosis in neutropenic patients. Med. Mal. Infect. 2011, 41, 657–662. [CrossRef]

60. Tarrand, J.J.; Lichterfeld, M.; Warraich, I.; Luna, M.; Han, X.Y.; May, G.S.; Kontoyiannis, D.P. Diagnosis of Invasive Septate Mold
Infections: A Correlation of Microbiological Culture and Histologic or Cytologic Examination. Am. J. Clin. Pathol. 2003, 119,
854–858. [CrossRef] [PubMed]

61. Al-Hatmi, A.M.S.; Castro, M.A.; de Hoog, G.S.; Badali, H.; Alvarado, V.F.; Verweij, P.E.; Meis, J.F.; Zago, V.V. Epidemiology of
Aspergillus species causing keratitis in Mexico. Mycoses 2019, 62, 144–151. [CrossRef] [PubMed]

62. Chakrabarti, A.; Kaur, H.; Savio, J.; Rudramurthy, S.M.; Patel, A.; Shastri, P.; Pamidimukkala, U.; Karthik, R.; Bhattacharya, S.;
Kindo, A.J.; et al. Epidemiology and clinical outcomes of invasive mould infections in Indian intensive care units (FISF study). J.
Crit. Care 2019, 51, 64–70. [CrossRef]

63. Chakrabarti, A.; Chatterjee, S.S.; Das, A.; Shivaprakash, M.R. Invasive aspergillosis in developing countries. Med. Mycol. 2011, 49
(Suppl. S1), S35–S47. [CrossRef]

https://doi.org/10.1056/NEJMoa020191
https://www.ncbi.nlm.nih.gov/pubmed/12167683
https://doi.org/10.1016/S0140-6736(15)01159-9
https://www.ncbi.nlm.nih.gov/pubmed/26684607
https://doi.org/10.1016/S0140-6736(21)00219-1
https://www.ncbi.nlm.nih.gov/pubmed/33549194
https://doi.org/10.1086/515033
https://doi.org/10.1056/NEJM200201243460403
https://doi.org/10.1086/423381
https://doi.org/10.7326/M13-2508
https://doi.org/10.1097/01.tp.0000202421.94822.f7
https://doi.org/10.1093/jac/dkt232
https://doi.org/10.3109/13693786.2012.684154
https://doi.org/10.1592/phco.2005.25.9.1174
https://www.ncbi.nlm.nih.gov/pubmed/16164392
https://doi.org/10.1128/AAC.45.5.1456-1462.2001
https://doi.org/10.1093/jac/dkg434
https://doi.org/10.1007/s40265-021-01611-0
https://www.ncbi.nlm.nih.gov/pubmed/34626339
http://www.eucast.org
https://doi.org/10.3390/jof5030055
https://www.ncbi.nlm.nih.gov/pubmed/31266196
https://doi.org/10.1016/j.medmal.2011.09.011
https://doi.org/10.1309/EXBVYAUPENBM285Y
https://www.ncbi.nlm.nih.gov/pubmed/12817433
https://doi.org/10.1111/myc.12855
https://www.ncbi.nlm.nih.gov/pubmed/30256460
https://doi.org/10.1016/j.jcrc.2019.02.005
https://doi.org/10.3109/13693786.2010.505206


J. Fungi 2023, 9, 500 18 of 20

64. Gabrielli, E.; Fothergill, A.W.; Brescini, L.; Sutton, D.A.; Marchionni, E.; Orsetti, E.; Staffolani, S.; Castelli, P.; Gesuita, R.; Barchiesi,
F. Osteomyelitis caused by Aspergillus species: A review of 310 reported cases. Clin. Microbiol. Infect. 2014, 20, 559–565. [CrossRef]
[PubMed]

65. Koehler, P.; Tacke, D.; Cornely, O.A. Aspergillosis of bones and joints—A review from 2002 until today. Mycoses 2014, 57, 323–335.
[CrossRef] [PubMed]

66. Villate, J.I.; Aldamiz-Echevarria, G.; Gaztelurrutia, L.; Barrenechea, J.I.; González de Zárate, P. Cardiac aspergillosis. J. Thorac.
Cardiovasc. Surg. 2000, 119, 403–404. [CrossRef] [PubMed]

67. Pasqualotto, A.C.; Denning, D.W. Post-operative aspergillosis. Clin. Microbiol. Infect. 2006, 12, 1060–1076. [CrossRef] [PubMed]
68. Choi, J.K.; Mauger, J.; McGowan, K.L. Immunohistochemical Detection of Aspergillus Species in Pediatric Tissue Samples. Am. J.

Clin. Pathol. 2004, 121, 18–25. [CrossRef] [PubMed]
69. Kaufman, L.; Standard, P.G.; Jalbert, M.; Kraft, D.E. Immunohistologic identification of Aspergillus spp. and other hyaline fungi

by using polyclonal fluorescent antibodies. J. Clin. Microbiol. 1997, 35, 2206–2209. [CrossRef] [PubMed]
70. Taghizadeh-Armaki, M.; Hedayati, M.T.; Moqarabzadeh, V.; Ansari, S.; Mahdavi Omran, S.; Zarrinfar, H.; Saber, S.; Verweij, P.E.;

Denning, D.W.; Seyedmousavi, S. Effect of involved Aspergillus species on galactomannan in bronchoalveolar lavage of patients
with invasive aspergillosis. J. Med. Microbiol. 2017, 66, 898–904. [CrossRef] [PubMed]

71. Lass-Flörl, C.; Kofler, G.; Kropshofer, G.; Hermans, J.; Kreczy, A.; Dierich, M.P.; Niederwieser, D. In-vitro testing of susceptibility
to amphotericin B is a reliable predictor of clinical outcome in invasive aspergillosis. J. Antimicrob. Chemother. 1998, 42, 497–502.
[CrossRef]

72. Rudramurthy, S.M.; Chakrabarti, A.; Geertsen, E.; Mouton, J.W.; Meis, J.F. In vitro activity of isavuconazole against 208 Aspergillus
flavus isolates in comparison with 7 other antifungal agents: Assessment according to the methodology of the European Committee
on Antimicrobial Susceptibility Testing. Diagn Microbiol. Infect. Dis. 2011, 71, 370–377. [CrossRef]

73. Paul, R.A.; Rudramurthy, S.M.; Dhaliwal, M.; Singh, P.; Ghosh, A.K.; Kaur, H.; Varma, S.; Agarwal, R.; Chakrabarti, A. Magnitude
of Voriconazole Resistance in Clinical and Environmental Isolates of Aspergillus flavus and Investigation into the Role of Multidrug
Efflux Pumps. Antimicrob. Agents Chemother. 2018, 62, e01022-18. [CrossRef]

74. Sharma, C.; Kumar, R.; Kumar, N.; Masih, A.; Gupta, D.; Chowdhary, A. Investigation of Multiple Resistance Mechanisms in
Voriconazole-Resistant Aspergillus flavus Clinical Isolates from a Chest Hospital Surveillance in Delhi, India. Antimicrob. Agents
Chemother. 2018, 62, e01928-17. [CrossRef] [PubMed]

75. Liu, W.; Sun, Y.; Chen, W.; Liu, W.; Wan, Z.; Bu, D.; Li, R. The T788G mutation in the cyp51C gene confers voriconazole resistance
in Aspergillus flavus causing aspergillosis. Antimicrob. Agents Chemother. 2012, 56, 2598–2603. [CrossRef] [PubMed]

76. Zhang, M.; Su, X.; Sun, W.-K.; Chen, F.; Xu, X.-Y.; Shi, Y. Efficacy of the Combination of Voriconazole and Caspofungin in
Experimental Pulmonary Aspergillosis by Different Aspergillus Species. Mycopathologia 2014, 177, 11–18. [CrossRef] [PubMed]

77. Kaushik, S.; Ram, J.; Brar, G.S.; Jain, A.K.; Chakraborti, A.; Gupta, A. Intracameral amphotericin B: Initial experience in severe
keratomycosis. Cornea 2001, 20, 715–719. [CrossRef]

78. Seyedmousavi, S.; Lionakis, M.S.; Parta, M.; Peterson, S.W.; Kwon-Chung, K.J. Emerging Aspergillus Species Almost Exclusively
Associated With Primary Immunodeficiencies. Open Forum Infect. Dis. 2018, 5, ofy213. [CrossRef]

79. Falcone, E.L.; Holland, S.M. Invasive fungal infection in chronic granulomatous disease: Insights into pathogenesis and
management. Curr. Opin. Infect. Dis. 2012, 25, 658–669. [CrossRef]

80. Winkelstein, J.A.; Marino, M.C.; Johnston, R.B., Jr.; Boyle, J.; Curnutte, J.; Gallin, J.I.; Malech, H.L.; Holland, S.M.; Ochs, H.; Quie,
P.; et al. Chronic granulomatous disease. Report on a national registry of 368 patients. Medicine 2000, 79, 155–169. [CrossRef]

81. Dotis, J.; Roilides, E. Osteomyelitis due to Aspergillus spp. in patients with chronic granulomatous disease: Comparison of
Aspergillus nidulans and Aspergillus fumigatus. Int. J. Infect. Dis. 2004, 8, 103–110. [CrossRef]

82. Segal, B.H.; DeCarlo, E.S.; Kwon-Chung, K.J.; Malech, H.L.; Gallin, J.I.; Holland, S.M. Aspergillus nidulans infection in chronic
granulomatous disease. Medicine 1998, 77, 345–354. [CrossRef]

83. Blumental, S.; Mouy, R.; Mahlaoui, N.; Bougnoux, M.E.; Debré, M.; Beauté, J.; Lortholary, O.; Blanche, S.; Fischer, A. Invasive mold
infections in chronic granulomatous disease: A 25-year retrospective survey. Clin. Infect. Dis. 2011, 53, e159–e169. [CrossRef]

84. Stemler, J.; Salmanton-García, J.; Seidel, D.; Alexander, B.D.; Bertz, H.; Hoenigl, M.; Herbrecht, R.; Meintker, L.; Meißner, A.;
Mellinghoff, S.C.; et al. Risk factors and mortality in invasive Rasamsonia spp. infection: Analysis of cases in the FungiScope(®)
registry and from the literature. Mycoses 2020, 63, 265–274. [CrossRef] [PubMed]

85. Gallin, J.I.; Alling, D.W.; Malech, H.L.; Wesley, R.; Koziol, D.; Marciano, B.; Eisenstein, E.M.; Turner, M.L.; DeCarlo, E.S.; Starling,
J.M.; et al. Itraconazole to prevent fungal infections in chronic granulomatous disease. N. Engl. J. Med. 2003, 348, 2416–2422.
[CrossRef] [PubMed]

86. Sprute, R.; Nacov, J.A.; Neofytos, D.; Oliverio, M.; Prattes, J.; Reinhold, I.; Cornely, O.A.; Stemler, J. Antifungal prophylaxis and
pre-emptive therapy: When and how? Mol. Asp. Med. 2023; Accepted for publication.

87. Henriet, S.; Verweij, P.E.; Holland, S.M.; Warris, A. Invasive fungal infections in patients with chronic granulomatous disease.
Adv. Exp. Med. Biol. 2013, 764, 27–55. [CrossRef] [PubMed]

88. Honsig, C.; Selitsch, B.; Hollenstein, M.; Vossen, M.G.; Spettel, K.; Willinger, B. Identification of Filamentous Fungi by MALDI-TOF
Mass Spectrometry: Evaluation of Three Different Sample Preparation Methods and Validation of an In-House Species Cutoff. J.
Fungi 2022, 8, 383. [CrossRef]

https://doi.org/10.1111/1469-0691.12389
https://www.ncbi.nlm.nih.gov/pubmed/24303995
https://doi.org/10.1111/myc.12165
https://www.ncbi.nlm.nih.gov/pubmed/24397460
https://doi.org/10.1016/S0022-5223(00)70204-2
https://www.ncbi.nlm.nih.gov/pubmed/10649224
https://doi.org/10.1111/j.1469-0691.2006.01512.x
https://www.ncbi.nlm.nih.gov/pubmed/17002605
https://doi.org/10.1309/DK1CG9MATKYYBFMQ
https://www.ncbi.nlm.nih.gov/pubmed/14750236
https://doi.org/10.1128/jcm.35.9.2206-2209.1997
https://www.ncbi.nlm.nih.gov/pubmed/9276388
https://doi.org/10.1099/jmm.0.000512
https://www.ncbi.nlm.nih.gov/pubmed/28693685
https://doi.org/10.1093/jac/42.4.497
https://doi.org/10.1016/j.diagmicrobio.2011.08.006
https://doi.org/10.1128/AAC.01022-18
https://doi.org/10.1128/AAC.01928-17
https://www.ncbi.nlm.nih.gov/pubmed/29311090
https://doi.org/10.1128/AAC.05477-11
https://www.ncbi.nlm.nih.gov/pubmed/22314539
https://doi.org/10.1007/s11046-013-9719-z
https://www.ncbi.nlm.nih.gov/pubmed/24306184
https://doi.org/10.1097/00003226-200110000-00009
https://doi.org/10.1093/ofid/ofy213
https://doi.org/10.1097/QCO.0b013e328358b0a4
https://doi.org/10.1097/00005792-200005000-00003
https://doi.org/10.1016/j.ijid.2003.06.001
https://doi.org/10.1097/00005792-199809000-00004
https://doi.org/10.1093/cid/cir731
https://doi.org/10.1111/myc.13039
https://www.ncbi.nlm.nih.gov/pubmed/31769549
https://doi.org/10.1056/NEJMoa021931
https://www.ncbi.nlm.nih.gov/pubmed/12802027
https://doi.org/10.1007/978-1-4614-4726-9_3
https://www.ncbi.nlm.nih.gov/pubmed/23654055
https://doi.org/10.3390/jof8040383


J. Fungi 2023, 9, 500 19 of 20

89. García-Rodríguez, J.; García-Guereta, L.; De Pablos, M.; Burgueros, M.; Borches, D. Galactomannan detection as a tool for the
diagnosis and management of cardiac aspergillosis in 2 immunocompetent patients. Clin. Infect. Dis. 2008, 47, e90–e92. [CrossRef]
[PubMed]

90. Tavakoli, M.; Rivero-Menendez, O.; Abastabar, M.; Hedayati, M.T.; Sabino, R.; Siopi, M.; Zarrinfar, H.; Nouripour-Sisakht, S.; van
der Lee, H.; Valadan, R.; et al. Genetic diversity and antifungal susceptibility patterns of Aspergillus nidulans complex obtained
from clinical and environmental sources. Mycoses 2020, 63, 78–88. [CrossRef] [PubMed]

91. Espinel-Ingroff, A.; Chowdhary, A.; Gonzalez, G.M.; Lass-Flörl, C.; Martin-Mazuelos, E.; Meis, J.; Peláez, T.; Pfaller, M.A.;
Turnidge, J. Multicenter study of isavuconazole MIC distributions and epidemiological cutoff values for Aspergillus spp. for the
CLSI M38-A2 broth microdilution method. Antimicrob. Agents Chemother. 2013, 57, 3823–3828. [CrossRef]

92. Kontoyiannis, D.P.; Lewis, R.E.; May, G.S.; Osherov, N.; Rinaldi, M.G. Aspergillus nidulans is frequently resistant to amphotericin B.
Mycoses 2002, 45, 406–407. [CrossRef]

93. Seyedmousavi, S.; Chang, Y.C.; Law, D.; Birch, M.; Rex, J.H.; Kwon-Chung, K.J. Efficacy of Olorofim (F901318) against Aspergillus
fumigatus, A. nidulans, and A. tanneri in Murine Models of Profound Neutropenia and Chronic Granulomatous Disease. Antimicrob.
Agents Chemother. 2019, 63, e00129-19. [CrossRef]

94. Singh, N.; Paterson, D.L. Aspergillus infections in transplant recipients. Clin. Microbiol. Rev. 2005, 18, 44–69. [CrossRef]
95. Vermeulen, E.; Maertens, J.; Meersseman, P.; Saegeman, V.; Dupont, L.; Lagrou, K. Invasive Aspergillus niger complex infections in

a Belgian tertiary care hospital. Clin. Microbiol. Infect. 2014, 20, O333–O335. [CrossRef] [PubMed]
96. Verweij, P.E.; Snelders, E.; Kema, G.H.; Mellado, E.; Melchers, W.J. Azole resistance in Aspergillus fumigatus: A side-effect of

environmental fungicide use? Lancet Infect. Dis. 2009, 9, 789–795. [CrossRef] [PubMed]
97. Montazeri, A.; Zandi, H.; Teymouri, F.; Soltanianzadeh, Z.; Jambarsang, S.; Mokhtari, M. Microbiological analysis of bacterial and

fungal bioaerosols from burn hospital of Yazd (Iran) in 2019. J. Environ. Health Sci. Eng. 2020, 18, 1121–1130. [CrossRef] [PubMed]
98. Gautier, M.; Normand, A.C.; L’Ollivier, C.; Cassagne, C.; Reynaud-Gaubert, M.; Dubus, J.C.; Brégeon, F.; Hendrickx, M.; Gomez,

C.; Ranque, S.; et al. Aspergillus tubingensis: A major filamentous fungus found in the airways of patients with lung disease. Med.
Mycol. 2016, 54, 459–470. [CrossRef] [PubMed]

99. Aneja, K.R.; Sharma, C.; Joshi, R. Fungal infection of the ear: A common problem in the north eastern part of Haryana. Int. J.
Pediatr. Otorhinolaryngol. 2010, 74, 604–607. [CrossRef] [PubMed]

100. Fianchi, L.; Picardi, M.; Cudillo, L.; Corvatta, L.; Mele, L.; Trapè, G.; Girmenia, C.; Pagano, L. Aspergillus niger infection in patients
with haematological diseases: A report of eight cases. Mycoses 2004, 47, 163–167. [CrossRef]

101. Dotis, J.; Kondou, A.; Koukloumperi, E.; Karava, V.; Papadopoulou, A.; Gkogka, C.; Printza, N. Aspergillus peritonitis in peritoneal
dialysis patients: A systematic review. J. Mycol. Med. 2020, 30, 101037. [CrossRef]

102. D’Hooge, E.; Becker, P.; Stubbe, D.; Normand, A.C.; Piarroux, R.; Hendrickx, M. Black aspergilli: A remaining challenge in fungal
taxonomy? Med. Mycol. 2019, 57, 773–780. [CrossRef]

103. Chen, S.C.-A.; Meyer, W.; Sorrell, T.C.; Halliday, C.L. Aspergillus, Talaromyces, and Penicillium. In Manual of Clinical Microbiology;
John and Wiley and Sons: Hoboken, NJ, USA, 2016; p. 2116.

104. Arendrup, M.C.; Meletiadis, J.; Mouton, J.W.; Guinea, J.; Cuenca-Estrella, M.; Lagrou, K.; Howard, S.J. EUCAST technical note on
isavuconazole breakpoints for Aspergillus, itraconazole breakpoints for Candida and updates for the antifungal susceptibility
testing method documents. Clin. Microbiol. Infect. 2016, 22, 571.e1–571.e4. [CrossRef]

105. Espinel-Ingroff, A.; Arendrup, M.; Cantón, E.; Cordoba, S.; Dannaoui, E.; García-Rodríguez, J.; Gonzalez, G.M.; Govender, N.P.;
Martin-Mazuelos, E.; Lackner, M.; et al. Multicenter Study of Method-Dependent Epidemiological Cutoff Values for Detection
of Resistance in Candida spp. and Aspergillus spp. to Amphotericin B and Echinocandins for the Etest Agar Diffusion Method.
Antimicrob. Agents Chemother. 2017, 61, e01792-16. [CrossRef]

106. Hashimoto, A.; Hagiwara, D.; Watanabe, A.; Yahiro, M.; Yikelamu, A.; Yaguchi, T.; Kamei, K. Drug Sensitivity and Resistance
Mechanism in Aspergillus Section Nigri Strains from Japan. Antimicrob. Agents Chemother. 2017, 61, e02583-16. [CrossRef] [PubMed]

107. Espinel-Ingroff, A.; Turnidge, J. The role of epidemiological cutoff values (ECVs/ECOFFs) in antifungal susceptibility testing and
interpretation for uncommon yeasts and moulds. Rev. Iberoam. Micol. 2016, 33, 63–75. [CrossRef] [PubMed]

108. Roohani, A.H.; Fatima, N.; Shameem, M.; Khan, H.M.; Khan, P.A.; Akhtar, A. Comparing the profile of respiratory fungal
pathogens amongst immunocompetent and immunocompromised hosts, their susceptibility pattern and correlation of various
opportunistic respiratory fungal infections and their progression in relation to the CD4+T-cell counts. Indian J. Med. Microbiol.
2018, 36, 408–415. [CrossRef] [PubMed]

109. Torres, H.A.; Rivero, G.A.; Lewis, R.E.; Hachem, R.; Raad, I.I.; Kontoyiannis, D.P. Aspergillosis caused by non-fumigatus Aspergillus
species: Risk factors and in vitro susceptibility compared with Aspergillus fumigatus. Diagn. Microbiol. Infect. Dis. 2003, 46, 25–28.
[CrossRef] [PubMed]

110. Wald, A.; Leisenring, W.; van Burik, J.-A.; Bowden, R.A. Epidemiology of Aspergillus Infections in a Large Cohort of Patients
Undergoing Bone Marrow Transplantation. J. Infect. Dis. 1997, 175, 1459–1466. [CrossRef]

111. Howard, S.J.; Harrison, E.; Bowyer, P.; Varga, J.; Denning, D.W. Cryptic species and azole resistance in the Aspergillus niger
complex. Antimicrob. Agents Chemother. 2011, 55, 4802–4809. [CrossRef]

112. Lass-Flörl, C.; Dietl, A.-M.; Kontoyiannis, D.P.; Brock, M. Aspergillus terreus Species Complex. Clin. Microbiol. Rev. 2021, 34,
e00311–e00320. [CrossRef]

https://doi.org/10.1086/592977
https://www.ncbi.nlm.nih.gov/pubmed/18945209
https://doi.org/10.1111/myc.13019
https://www.ncbi.nlm.nih.gov/pubmed/31609022
https://doi.org/10.1128/AAC.00636-13
https://doi.org/10.1046/j.1439-0507.2002.00797.x
https://doi.org/10.1128/AAC.00129-19
https://doi.org/10.1128/CMR.18.1.44-69.2005
https://doi.org/10.1111/1469-0691.12394
https://www.ncbi.nlm.nih.gov/pubmed/24102876
https://doi.org/10.1016/S1473-3099(09)70265-8
https://www.ncbi.nlm.nih.gov/pubmed/19926038
https://doi.org/10.1007/s40201-020-00531-7
https://www.ncbi.nlm.nih.gov/pubmed/33312628
https://doi.org/10.1093/mmy/myv118
https://www.ncbi.nlm.nih.gov/pubmed/26773134
https://doi.org/10.1016/j.ijporl.2010.03.001
https://www.ncbi.nlm.nih.gov/pubmed/20347163
https://doi.org/10.1111/j.1439-0507.2004.00960.x
https://doi.org/10.1016/j.mycmed.2020.101037
https://doi.org/10.1093/mmy/myy124
https://doi.org/10.1016/j.cmi.2016.01.017
https://doi.org/10.1128/AAC.01792-16
https://doi.org/10.1128/AAC.02583-16
https://www.ncbi.nlm.nih.gov/pubmed/28607016
https://doi.org/10.1016/j.riam.2016.04.001
https://www.ncbi.nlm.nih.gov/pubmed/27296911
https://doi.org/10.4103/ijmm.IJMM_18_258
https://www.ncbi.nlm.nih.gov/pubmed/30429396
https://doi.org/10.1016/S0732-8893(03)00013-0
https://www.ncbi.nlm.nih.gov/pubmed/12742315
https://doi.org/10.1086/516480
https://doi.org/10.1128/AAC.00304-11
https://doi.org/10.1128/CMR.00311-20


J. Fungi 2023, 9, 500 20 of 20

113. Baddley, J.W.; Pappas, P.G.; Smith, A.C.; Moser, S.A. Epidemiology of Aspergillus terreus at a University Hospital. J. Clin. Microbiol.
2003, 41, 5525–5529. [CrossRef]

114. Risslegger, B.; Zoran, T.; Lackner, M.; Aigner, M.; Sánchez-Reus, F.; Rezusta, A.; Chowdhary, A.; Taj-Aldeen, S.J.; Arendrup, M.C.;
Oliveri, S.; et al. A prospective international Aspergillus terreus survey: An EFISG, ISHAM and ECMM joint study. Clin. Microbiol.
Infect. 2017, 23, 776.e1–776.e5. [CrossRef]

115. Arabatzis, M.; Velegraki, A. Sexual reproduction in the opportunistic human pathogen Aspergillus terreus. Mycologia 2013, 105,
71–79. [CrossRef]

116. Lass-Flörl, C.; Griff, K.; Mayr, A.; Petzer, A.; Gastl, G.; Bonatti, H.; Freund, M.; Kropshofer, G.; Dierich, M.P.; Nachbaur, D.
Epidemiology and outcome of infections due to Aspergillus terreus: 10-year single centre experience. Br. J. Haematol. 2005, 131,
201–207. [CrossRef] [PubMed]

117. Malani, A.N.; Kauffman, C.A. Changing Epidemiology of Rare Mould Infections. Drugs 2007, 67, 1803–1812. [CrossRef] [PubMed]
118. Blum, G.; Perkhofer, S.; Grif, K.; Mayr, A.; Kropshofer, G.; Nachbaur, D.; Kafka-Ritsch, R.; Dierich, M.P.; Lass-Flörl, C. A 1-year

Aspergillus terreus surveillance study at the University Hospital of Innsbruck: Molecular typing of environmental and clinical
isolates. Clin. Microbiol. Infect. 2008, 14, 1146–1151. [CrossRef] [PubMed]

119. Rüping, M.J.; Gerlach, S.; Fischer, G.; Lass-Flörl, C.; Hellmich, M.; Vehreschild, J.J.; Cornely, O.A. Environmental and clinical
epidemiology of Aspergillus terreus: Data from a prospective surveillance study. J. Hosp. Infect. 2011, 78, 226–230. [CrossRef]
[PubMed]

120. Driemeyer, C.; Falci, D.R.; Oladele, R.O.; Bongomin, F.; Ocansey, B.K.; Govender, N.P.; Hoenigl, M.; Gangneux, J.P.; Lass-Flörl,
C.; Cornely, O.A.; et al. The current state of clinical mycology in Africa: A European Confederation of Medical Mycology and
International Society for Human and Animal Mycology survey. Lancet Microbe 2022, 3, e464–e470. [CrossRef]

121. Salmanton-García, J.; Au, W.Y.; Hoenigl, M.; Chai, L.Y.A.; Badali, H.; Basher, A.; Brockhoff, R.A.; Chen, S.C.; Chindamporn, A.;
Chowdhary, A.; et al. The current state of laboratory mycology in Asia/Pacific: A survey from the European Confederation of
Medical Mycology (ECMM) and International Society for Human and Animal Mycology (ISHAM). Int. J. Antimicrob. Agents 2023,
106718. [CrossRef]

122. Salmanton-García, J.; Hoenigl, M.; Gangneux, J.-P.; Segal, E.; Alastruey-Izquierdo, A.; Arikan Akdagli, S.; Lagrou, K.; Özenci,
V.; Vena, A.; Cornely, O.A. The current state of laboratory mycology and access to antifungal treatment in Europe: A European
Confederation of Medical Mycology survey. Lancet Microbe 2023, 4, e47–e56. [CrossRef]

123. Van Der Linden, J.W.; Warris, A.; Verweij, P.E. Aspergillus species intrinsically resistant to antifungal agents. Med. Mycol. 2011, 49
(Suppl. S1), S82–S89. [CrossRef]

124. Glampedakis, E.; Cassaing, S.; Fekkar, A.; Dannaoui, E.; Bougnoux, M.-E.; Bretagne, S.; Neofytos, D.; Schreiber, P.W.; Hennequin,
C.; Morio, F.; et al. Invasive Aspergillosis Due to Aspergillus Section Usti: A Multicenter Retrospective Study. Clin. Infect. Dis.
2021, 72, 1379–1385. [CrossRef]

125. Seidel, D.; Durán Graeff, L.A.; Vehreschild, M.; Wisplinghoff, H.; Ziegler, M.; Vehreschild, J.J.; Liss, B.; Hamprecht, A.; Köhler, P.;
Racil, Z.; et al. FungiScope(™) -Global Emerging Fungal Infection Registry. Mycoses 2017, 60, 508–516. [CrossRef]

126. Hoenigl, M.; Gangneux, J.-P.; Segal, E.; Alanio, A.; Chakrabarti, A.; Chen, S.C.A.; Govender, N.; Hagen, F.; Klimko, N.; Meis,
J.F.; et al. Global guidelines and initiatives from the European Confederation of Medical Mycology to improve patient care and
research worldwide: New leadership is about working together. Mycoses 2018, 61, 885–894. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1128/JCM.41.12.5525-5529.2003
https://doi.org/10.1016/j.cmi.2017.04.012
https://doi.org/10.3852/11-426
https://doi.org/10.1111/j.1365-2141.2005.05763.x
https://www.ncbi.nlm.nih.gov/pubmed/16197450
https://doi.org/10.2165/00003495-200767130-00001
https://www.ncbi.nlm.nih.gov/pubmed/17722951
https://doi.org/10.1111/j.1469-0691.2008.02099.x
https://www.ncbi.nlm.nih.gov/pubmed/19076844
https://doi.org/10.1016/j.jhin.2011.01.020
https://www.ncbi.nlm.nih.gov/pubmed/21440331
https://doi.org/10.1016/S2666-5247(21)00190-7
https://doi.org/10.1016/j.ijantimicag.2023.106718
https://doi.org/10.1016/S2666-5247(22)00261-0
https://doi.org/10.3109/13693786.2010.499916
https://doi.org/10.1093/cid/ciaa230
https://doi.org/10.1111/myc.12631
https://doi.org/10.1111/myc.12836
https://www.ncbi.nlm.nih.gov/pubmed/30086186

	Introduction 
	Methods 
	Results 
	A. flavus 
	General Characteristics and Epidemiology 
	Diagnosis and Microbiology 
	Clinical Management and Treatment 

	A. nidulans 
	General Characteristics and Epidemiology 
	Diagnosis and Microbiology 
	Clinical Management and Treatment 

	A. niger 
	General Characteristics and Epidemiology 
	Diagnosis and Microbiology 
	Clinical Management and Treatment 

	A. terreus 
	General Characteristics and Epidemiology 
	Diagnosis and Microbiology 
	Clinical Management and Treatment 

	Discussion 
	References

