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ABSTRACT
Fusarium and Neocosmospora are two fungal genera recently recognized in the list of fungal 
priority pathogens. They cause a wide range of diseases that affect humans, animals, and plants. 
In clinical laboratories, there is increasing concern about diagnosis due to limitations in sample 
collection and morphological identification. Despite the advances in molecular diagnosis, due to 
the cost, some countries cannot implement these methodologies. However, recent changes in 
taxonomy and intrinsic resistance to antifungals reveal the necessity of accurate species-level 
identification. In this review, we discuss the current phenotypic and molecular tools available for 
diagnosis in clinical laboratory settings and their advantages and disadvantages.

Introduction

Fusarium and Neocosmospora (formerly Fusarium solani 
species complex) are recognized as filamentous fungi 
that infect humans, animals, and plants. The World 
Health Organization (WHO) has recently recognized 
Fusarium in the list of fungal priority pathogens due to 
its fatality rates (30 days) ranging from 43 to 67%, 
moderate accessibility to diagnosis, and intrinsic resis-
tance to most antifungal drugs (WHO 2022). A key 
aspect of fusariosis in a wide sense is the early detec-
tion of invasive infections, which is crucial for survival 
rates (van Diepeningen et  al. 2015). In recent years, 
there has been increasing interest in developing 
point-of-care approaches for early diagnosis, including 
molecular and omics techniques (Perfect 2013; Kidd 
et  al. 2019; Mendonça et  al. 2022). However, there is 
rising concern about mold identification in clinical lab-
oratories because traditional microscopy and culture 
diagnoses may require staff with relatively high degrees 
of specialized mycology training (Backx et  al. 2014). In 
addition, morphological approaches often do not allow 
precise distinction at the species level, even when 
trained professionals perform evaluations. This occurs 
due to factors, such as high morphological homoplasy, 

cryptic speciation processes, and the great phenotypic 
plasticity observed in many fungi, including fusarioids 
(Chethana et  al. 2021; Crous et  al. 2021; Yilmaz et  al. 
2021; Steenwyk et  al. 2023). Nevertheless, training and 
teaching of medical mycology face great challenges, 
for example, most of the medical schools dedicate a 
maximum of two weeks to teaching medical mycology 
in their curricula. Furthermore, postgraduate medical 
students and medical microbiologists are also provided 
with limited instruction in this field.

Recognition as a priority fungus requires new sur-
veillance data that will be possible with an adequate 
diagnosis from the clinical laboratory. On the other 
hand, molecular testing is expensive in low- to 
middle-income nations, and sequencing is frequently 
needed for definitive identification (Hoenigl et  al. 
2021). This paper aims to review the phenotypic and 
molecular tools available for the laboratory diagnosis 
of Fusarium and Neocosmospora.

Taxonomy and clinical importance

Fusarium and Neocosmospora are two genera of fungi 
belonging to the family Nectriaceae and are part of a 
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fungal group called the “Terminal Fusarium Clade” 
(TFC). To date, there has been little agreement on the 
taxonomy of this group (O’Donnell et  al. 2020; Crous 
et  al. 2021). This controversy is divided into two pro-
posals: the TFC comprises the genus Fusarium sensu 
lato (which means the name Neocosmospora should 
not be used) (O’Donnell et  al. 2020), and the TFC is 
composed of 10 recognized genera, including Fusarium 
and Neocosmospora (Crous et  al. 2021). In this review, 
we will adhere to the taxonomy nomenclature pro-
posed by Crous et  al. (2021) because it is based on 
phylogenetic relationships as well as phenotypic and 
ecological characteristics of species in this group. It 
was also recently accepted as an appropriate nomen-
clature by Crous et  al. (2021) and Kidd et  al. (2023).

These genera have clinical relevance, causing a wide 
range of diseases in humans, including superficial infec-
tions, such as keratitis and onychomycosis, as well as 
locally invasive and disseminated diseases (Figure 1). 
Epidemiologically, there are more cases of keratitis caused 
by species of Neocosmospora compared to Fusarium 
(Al-Hatmi, Hagen, et  al. 2016; Muraosa et  al. 2017; Walther 
et  al. 2017; Herkert et  al. 2019; Huang et  al. 2022), except 
for one report in Iran (Najafzadeh et al. 2020) and another 
in the Netherlands (Oliveira dos Santos et  al. 2020). The 
main causal agents of this pathology are Neocosmospora 
falcifomis (formerly Fusarium falciforme) and Neocosmospora 
keratoplastica (formerly Fusarium keratoplasticum) (Al-Hatmi, 
Hagen, et  al. 2016; Muraosa et  al. 2017; Walther et  al. 
2017; Huang et  al. 2022). Regarding disseminated dis-
eases, there is a similar prevalence between the genera as 
keratitis (Muraosa et  al. 2017; Herkert et  al. 2019; Rosa 

et al. 2019). In contrast, for Onychomichosis, Fusarium spe-
cies associated with the Fusarium fujikuroi species complex 
(FFSC) and Fusarium oxysporum species complex (FOSC) 
are more prevalent than Neocosmospora (Al-Hatmi, Hagen, 
et  al. 2016; Muraosa et  al. 2017; Najafzadeh et  al. 2020). 
These data show the difference in epidemiology between 
these two genera. However, these data correspond to 
active surveillance in specific hospitals and countries. 
Therefore, the global epidemiology of these genera is still 
unknown due to the lack of available diagnostic tools and 
epidemiology surveillance in most countries.

Furthermore, species-specific in vitro susceptibility 
patterns, particularly against voriconazole, have been 
described. For example, voriconazole patterns in 
Neocosmospora solani (formerly F. solani) and N. kerato-
plastica from disseminated diseases, onychomycosis 
and keratitis are generally greater, with MICs (minimum 
inhibitory concentrations) ranging between 4 and 
16 µg/mL, than those of the FFSC, with MICs ranging 
between 0.5 and 8 µg/mL (Al-Hatmi, Meis, et  al. 2016; 
Oliveira dos Santos et  al. 2020). A similar pattern is 
shown for posaconazole; N. solani and N. keratoplastica 
have MICs >16 µg/mL, and FFSC has MICs ranging 
between 0.25 and >16 µg/mL (Al-Hatmi, Meis, et  al. 
2016; Oliveira dos Santos et  al. 2020). Additionally, the 
amphotericin B MICs of N. keratoplastica have been 
reported to be higher (0.5–16 µg/mL) than those (0.5 
and 4 µg/mL) of the closely related species 
Neocosmospora petroliphila (formerly Fusarium petroli-
philum) (Herkert et  al. 2019; Rosa et  al. 2019; Oliveira 
dos Santos et  al. 2020). Recent data report an MIC50 of 
>16 µg/ml for most species complexes in isavuconazole 

Figure 1.  Most common species of Fusarium and Neocosmospora isolated in human diseases. *Mycetoma has poor reports in 
this group. Data obtained from (Al-Hatmi, Hagen, et  al. 2016; Guevara-Suarez et  al. 2016; Muraosa et  al. 2017; Walther et  al. 2017; 
Rosa et  al. 2019; Herkert et  al. 2019; Najafzadeh et  al. 2020; Oliveira dos Santos et  al. 2020; Huang et  al. 2022).
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activity, showing no relevant difference between spe-
cies (Broutin et  al. 2020). Natamycin is the most effec-
tive antifungal in N. solani keratitis isolates (Rosa et  al. 
2019). However, a relationship between MIC and mor-
tality has not been found (Nucci et  al. 2021). On the 
other hand, in terms of human pathogenicity, N. solani 
has been reported to be more resistant to human 
phagocyte attack, while F. oxysporum is more sensitive 
to phagocytosis (Winn et  al. 2003). These data demon-
strate the need for species-level identification to gen-
erate more accurate data on the susceptibility of 
species to antifungals. This will be useful for making 
future therapeutic decisions based on previous knowl-
edge of antifungal susceptibility.

Phenotypic tools

Specimen collection

For a successful laboratory diagnosis of fungi, medical 
personnel and nurses must collect and transport the 
specimens properly. Like other infectious disorders, the 
active infection site yields the best sample for identify-
ing the causal agent. For example, Fusarium and 

Neocosmospora species are usually isolated from cul-
tures of nail scrapes (onychomycosis), corneal scrapes 
(keratitis), skin biopsies (skin lesions), sinus aspirates 
(sinusitis), respiratory secretions (pneumonia), and 
blood cultures (fungemia, disseminated disease) (van 
Diepeningen et  al. 2015).

Nevertheless, fungal keratitis sample collection 
remains a challenge due to the limited sample volume, 
bedside specimen inoculation, and limited ocular anat-
omy/pathophysiology training in clinical microbiology 
laboratories (Leal et  al. 2021). These limitations suggest 
that the ophthalmologist perform a corneal scrape 
using a Kimura/platinum spatula and inoculate the 
sample directly on agar using a “C” pattern (Figure 2) 
(Sharma 2012; Leal et  al. 2021).

The utilization of in vivo confocal microscopy (IVCM) 
has been proposed as a valuable technique for visual-
izing filamentous fungi in the cornea, given the com-
plexity associated with diagnosing fungal keratitis. 
However, it is crucial to acknowledge that despite vari-
ations in hyphal diameters between Aspergillus spp. 
(3–10  m) and Fusarium spp. (3–5  m), these discrepan-
cies lack clinical significance and cannot reliably differ-
entiate between the two genera (Tabatabaei et  al. 

Figure 2. G rowth on “C” pattern of Neocosmospora solani on potato dextrose agar after 48 h incubation at 25 °C.
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2018, 2020). Furthermore, there are no observable vari-
ations in the branching angles. As a result, IVCM can 
be used to evaluate the effectiveness of treatment by 
conducting regular follow-ups and monitoring changes 
in hyphal density (Tabatabaei et  al. 2020). This could 
serve as an indicator to predict the favorable response 
of fungal ulcers to treatment. However, while IVCM 
allows for swift diagnosis and initiation of treatment 
based on the identification of fungal structures, it must 
be complemented by fungal culture, which remains 
the gold standard in fungal keratitis.

Hence, our suggestion is for the ophthalmology ser-
vices, in collaboration with the clinical microbiology 
services, to develop guidelines for the collection of 
cornea eye sampling via Kimura spatula. Additionally, 
as previously stated, it is the ophthalmologists who 
should be responsible for inoculating the corneal 
scrapings on agar plates.

Direct examination

Potassium hydroxide (KOH) is a direct procedure used 
to examine specimens. This alkaline solution degrades 
keratin, improving the visualization of fungal structures 
in the skin, nails, and tissues (Dasgupta and Sahu 
2012). When observed directly in tissues using KOH 
10–20%, septate and hyaline branched hyphae of 
Fusarium and Neocosmospora are frequently observed 
at 45-degree angle (Liu et  al. 1998). Data from a 
meta-analysis indicate that the sensitivity of KOH in 
nails for the diagnosis of onychomycosis was 95% (95% 
CI = 94–97; I2 = 93.8%) (Velasquez-Agudelo and 
Cardona-Arias 2017). KOH performed from corneal 
scrapings is a straightforward procedure with sensitiv-
ity dependent on country epidemiology and laboratory 
expertise. Several studies show sensitivity ranges from 
60 to 90% (Sharma et  al. 2002; Chatterjee 2007; Rathi 
et  al. 2017; Hoffman et  al. 2022). The test performs 
better when the corneal ulcer is large (>2 mm), sug-
gesting that the amount of sample available for pro-
cessing may be the cause of the difference in sensitivity 
(Bharathi et  al. 2006; Hoffman et  al. 2022).

A fluorescence microscope clarifies cell debris and 
colors fungal structures bright blue–white or green 
when in contact with clinical samples (Weinberg et  al. 
2003). Sample staining is possible using stains, such as 
Calcofluor White (CFW), a bleaching agent that binds 
to cellulose and chitin in fungal cell walls. CFW is a 
more sensitive (92%) technique than KOH in diagnos-
ing nondermatophyte onychomycosis (Weinberg et  al. 
2003). In addition, according to previous reports, CFW 
has a high sensitivity (97%) and is a well-established 
stain for identifying fungal components in corneal 

scrapings (Sharma et  al. 2002; Zhang et  al. 2010; 
Hoffman et  al. 2022). The rate of accurate diagnosis of 
fungal keratitis is increased due to the combination 
staining method of KOH and CFW (Sharma et  al. 2002; 
Bacorn et  al. 2022). Nevertheless, based on our obser-
vations, some clinical laboratories that handle corneal 
samples do not employ these methods in processing 
corneal scrapings. As a result, we strongly advocate for 
their implementation and the training of laboratory 
staff in fungal keratitis. Direct examination of clinical 
samples does not allow recognition of the type of fun-
gus, and, as a result, culture is needed for specific 
diagnosis.

Fungal culture

Fungal culture is crucial for diagnosing fungal infec-
tions. Therefore, it is necessary to obtain a fungus cul-
ture from skin biopsies and other affected tissues (such 
as sinuses, lungs, and blood) to diagnose invasive 
Fusarium and Neocosmospora infections. Culture also 
enables antifungal susceptibility testing (Backx et  al. 
2014; Rathi et  al. 2017). Furthermore, blood cultures 
yield positive results in 40% of invasive cases, with fun-
gal blood culture bottles detecting growth more faster 
than conventional aerobic bottles (Hoenigl et  al. 2021).

Fusarium and Neocosmospora species can, in gen-
eral, quickly recover in standard mycological medium 
without special growing conditions. Potato dextrose 
agar (PDA) is strongly recommended. In PDA, most 
Fusarium and Neocosmospora species grow in ~5–7 days 
at 25–28 °C without potentially inhibiting cyclohexim-
ide (Nelson et  al. 1994; Crous et  al. 2021). Although 
fusarioid isolates thrive on most mycological media, 
the medium can significantly impact the colony’s mor-
phology, color, and conidium development (Nelson 
et  al. 1994; Crous et  al. 2021). Moreover, based on our 
expertise, the growth and pigment production of a 
fusarioid isolate cultivated on various PDA agar brands 
can vary, thus posing challenges in the phenotypic 
identification. Regarding clinical practice, the unavail-
ability of commercially accessible PDA agar in some 
countries like Colombia poses a challenge for clinical 
laboratories, hindering the morphological colony 
characterization.

The microscopic characteristic feature of Fusarium 
and Neocosmospora species is the production of 
banana-shaped macroconidia. However, macroconidia 
are not produced by all fusarioid species. Other 
important characteristics include (1) the shape and 
septation of microconidia and macroconidia; (2) the 
shape of phialides; (3) the number of openings on 
the phialides (monophialides or polyphialides); (4) the 
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formation of conidia in heads or chains; and (5) the 
presence and arrangement of chlamydospores (Nelson 
et  al. 1994; Crous et  al. 2021). Despite these pheno-
typic characteristics, molecular analysis is necessary 
because morphology alone is unreliable for species 
identification. For example, species may differ from 
each other only by the number of septa in macroco-
nidia or the characteristics of microconidia and chlam-
ydospores. In certain cases, even individuals with a 
wealth of knowledge and experience may encounter 
difficulties when attempting to accurately differenti-
ate between species, particularly in those two fusari-
oid genera.

In Table 1, we summarize the main phenotypic fea-
tures of the most common clinical species of Fusarium 
and Neocosmospora. Some of the aforementioned 
microscopic features are illustrated in Figure 3.

To facilitate morphological identification, a Web tool 
(https://www.fusahelp.com) has recently been devel-
oped, which is available on any device (desktop com-
puter, tablet, mobile phone) (Infantino et  al. 2023). This 
tool helps the user to identify Fusarium and 
Neocosmospora based on their morphological charac-
teristics. However, this tool has some limitations. Firstly, 
it has a limited species coverage, encompassing only 
83 species, primarily focused on plant pathogens rather 
than clinically relevant ones. Secondly, it lacks taxo-
nomic updates. It includes species complexes desig-
nated by sensu lato (in the broad sense) that have 
recently been reclassified into multiple distinct species. 
For example, the tool includes Fusarium oxysporum 
sensu lato without acknowledging the newly described 
species within this complex. Thirdly, the tool incorpo-
rates Neocosmospora under Fusarium solani sensu lato, 
making it unsuitable for Neocosmospora species-level 
identification. Despite these disadvantages, this tool 
could be considered a useful instrument in the training 
of clinical laboratory personnel.

Histopathology

By displaying tissue invasion, angioinvasion, and 
inflammatory response, histopathology has the advan-
tage of providing diagnostic significance of positive 
cultures to distinguish contamination, colonization, or 
true infection. Tissue biopsy with culture and histopa-
thology provides definitive evidence of invasive dis-
ease (Guarner and Brandt 2011; Challa and Sistla 2022). 
Biopsies can be stained with hematoxylin and eosin 
(HE), Periodic Acid-Shiff (PAS), and Gomori methenam-
ine silver (GMS) (Challa and Sistla 2022). Fusarium and 
Neocosmospora present acute-angle, hyaline and sep-
tate hyphae; Fusarium and Neocosmospora hyphae 

resemble Aspergillus hyphae in appearance. They differ 
in that fusarioid hyphae are randomly branched with 
regular contours or varicosities. The presence of con-
strictions at the site of septa, hyphal varicosities, and 
terminal or intercalated vesicles is a helpful, although 
not pathognomonic, indicator of the identity of fusari-
oid species (Guarner and Brandt 2011; Challa and 
Sistla 2022).

Antigen test

Currently, no commercial system is available to detect 
specific antigens secreted by Fusarium or Neocosmospora 
species during infection. Using tissue samples from 
patients with IFI (invasive fungal infections) caused by 
Fusarium, the diagnostic value of polyclonal fluorescent 
antibody reagents was evaluated. However, significant 
cross-staining was observed with sections containing 
Aspergillus and Scedosporium boydii (Kaufman et al. 1997).

Due to its presence in the blood of patients with IFI 
and its ability to activate factor G of the coagulation 
cascade, (1,3)-b-D-glucan (BDG) can be detected and 
quantified (Theel and Doern 2013). For IFI detection, 
the BDG test in Fusarium differs significantly. For 
instance, it can be found in patients with pneumonia 
and fungemia, but because of its cross-reaction with 
Aspergillus, its presence is not a marker for fusariosis 
(Odabasi et  al. 2004). However, most patients with 
invasive fusariosis have BDG positivity (sensitivity of 
85% and specificity of 69%), often before the first clin-
ical symptom and diagnosis of the disease. Once treat-
ment has begun, dropping BDG readings indicates a 
positive response (Nucci et  al. 2019). Unfortunately, 
false positive results can also occur in patients with 
renal failure using immunoglobulin products (Nucci 
et  al. 2019).

Similarly, Aspergillus and Fusarium/Neocosmospora 
have cross-reactivity in galactomannan (GM) assays; a 
positive result cannot assist medical professionals in 
making a precise diagnosis (Tortorano et  al. 2012). A 
recent systematic review and meta-analysis revealed 
that the serum GM test exhibits a sensitivity of 76% 
and a specificity of 92% in individuals diagnosed with 
invasive pulmonary aspergillosis (Bukkems et  al. 2023). 
However, the interpretation of this diagnostic tool 
becomes challenging when applied to patients with 
IFI. For example, individuals with hematologic condi-
tions who have invasive fusariosis can produce positive 
GM test results despite the absence of Aspergillus spp. 
(Tortorano et  al. 2012). Furthermore, the GM test can 
yield positive results even before the diagnosis of inva-
sive fusariosis by positive culture or histopathology 
(Nucci and Anaissie 2023).

https://www.fusahelp.com
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Therefore, the presence of septate acute branched 
hyphae in tissue, a fungal culture, and a positive BDG 
or GM test should be carefully interpreted based on 
the clinical context and the prevalence of fusariosis in 
the health center (Tortorano et  al. 2012; Nucci and 

Anaissie 2023). This is because even when probable 
invasive aspergillosis is diagnosed, the patient can 
have fusariosis, as recently demonstrated by using 
Universal Digital High Resolution Melting Analysis 
(U-dHRM). By utilizing machine learning, U-dHRM 

Table 1.  Phenotypical characteristics of some clinically relevant species of Fusarium and Neocosmospora.

Species
The macroscopy 

description on PDA

Microscopy description on CLA (carnation leaf agar)

Macroconidia Microconidia Chlamydospore Phialides

Neocosmospora 
solani (Leslie and 
Summerell 2006; 
Schroers et  al. 
2016)

Colony pigmentation: 
pale yellow to pale 
salmon; colony reverse 
in a gradient from 
Maize Yellow in the 
middle to yellowish 
white at the margin.

Aerial mycelium: 
cottony and forms 
distinct concentric 
rings.

Shape: falcate slightly curved 
and often more strongly 
curved at the tip, base 
broadly pedicellate.

Apical cell: blunt and rounded.
Basal cell: straight to almost 

cylindrical, usually with a 
notched or rounded end.

Number of septa: 3–5.

Shape: ellipsoidal to 
falcate.

Number of septa: 
0–2 septa.

Comment: abundant.

Arrangement: 
one- or two-celled.

Shape: globose.
Wall: smooth to 

rough.
Comment: abundant.

Monophialides

Neocosmospora 
keratoplastica 
(Nalim et  al. 2011)

Colony color: white, 
salmon, peach, 
vinaceous gray, pale 
olivaceous gray; reverse 
pale olivaceous gray, 
flesh, salmon, 
olivaceous buff, 
ocherous, and pale 
luteous.

Aerial mycelium: 
ranging from sparse to 
dense floccose.

Shape: usually cylindrical and 
gently curved, sometimes 
falcate, with dorsal and 
ventral lines nearly parallel or 
gradually wider basally.

Apical cell: acute.
Basal cell: distinct foot shape.
Number of septa: 3–5.

Shape: oval, fusiform, 
pyriform, napiform, 
or cylindrical.

Number of septa: 
0–3.

Comment: abundant.

Arrangement: single, 
frequently in pairs.

Shape: subglobose.
Wall: smooth.
Comment: formed 

after several weeks.

Monophialides

Neocosmospora 
falciformis

Colony color: white to 
yellow.

Aerial mycelium: no 
clear information.

Shape: falcate and dorsiventral.
Apical cell: pointed.
Basal cell: barely notched.
Number of septa: 3–4.

Shape: elongated 
oval and obovoid 
with a truncated 
base.

Number of septa: 
0–1.

Arrangement: single, 
in a cluster, or in 
chains.

Shape: globose, 
subglobose.

Wall: rough.

Monophialides

Fusarium oxysporum Colony color: surface 
pale vinaceous, reverse 
vinaceous to rosy 
vinaceous.

Aerial mycelium: 
floccose and abundant.

Shape: falcate, curved 
dorsoventrally with almost 
parallel sides tapering slightly 
toward both ends.

Apical cell: blunt to papillate, 
curved.

Basal cell: blunt to foot-like.
Number of septa: 3–5.

Shape: ellipsoidal to 
falcate.

Number of septa: 
0–1.

Comment: abundant.

Arrangement: single.
Shape: globose to 

subglobose.
Wall: smooth.

Monophialides

Fusarium proliferatum 
(Yilmaz et  al. 2021)

Colony color: white to 
pale pink, reverse with 
pale grayish ruby 
center fading into a 
grayish rose, becoming 
dark violet to blue at 
center with age.

Aerial mycelium: 
floccose.

Shape: straight to falcate, 
tapering toward the basal 
part, moderately to strongly 
curved, and slender.

Apical cell: papillate.
Basal cell: foot-shaped to barely 

notched.
Number of septa: 3–4.

Shape: ovoid to 
pear-shaped

Number of septa: 0 
to rarely 1.

Comment: abundant, 
and in chains.

Absent Mono- and 
polyphialides

Fusarium fujikuroi 
(Leslie and 
Summerell 2006)

Colony color: initially, 
white mycelia that 
become gray, violet, or 
magenta with age.

Aerial mycelium: no 
clear information.

Shape: relatively slender, 
medium length with no 
significant curvature.

Apical cell: tapered.
Basal cell: poorly developed.
Number of septa: 3–5.

Shape: oval to 
club-shaped with a 
flattened base. 
Pyriform could be 
present.

Number of septa: 
0–1.

Comment: abundant, 
and in chains.

Absent Mono- and 
polyphialides

Fusarium 
verticillioides 
(Leslie and 
Summerell 2006)

Colony color: initially 
white mycelia but may 
develop violet 
pigments with age.

Aerial mycelium: no 
clear information.

Shape: long and slender, slightly 
falcate, or straight.

Apical cell: curved and often 
tapered to a point.

Basal cell: notched or 
foot-shaped.

Number of septa: 3–5.
Comment: difficult to find.

Shape: oval to 
club-shaped with a 
flattened based.

Number of septa: 0.
Comment: abundant, 

and in chains.

Absent Monophialides
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employs digital technology to detect pathogens at the 
single genome level. Interestingly, U-dHRM has shown 
a higher frequency of detecting Fusarium/
Neocosmospora in positive GM samples that did not 
exhibit the growth of Aspergillus spp. in culture (Goshia 
et  al. 2024).

In this section, we have outlined the advantages 
and disadvantages of the most utilized phenotypic 
tools for identifying fusarioid genera in clinical settings. 
While phenotypic diagnosis may require the applica-
tion of various techniques, such as direct examination, 
culture, histopathology, and antigen tests, we advocate 
for the comprehensive use of all available tools to facil-
itate prompt diagnosis and timely treatment. Clinical 
laboratories are recommended to conduct cultures to 
allow antifungal susceptibility testing, followed by 
molecular tests for species identification. The availabil-
ity of antifungal susceptibility and species data is cru-
cial for effective fusarioid surveillance.

Molecular tools

PCR

Polymerase chain reaction (PCR) is a molecular tool 
that helps to correctly identify different microorgan-
isms based on DNA markers (Khot and Fredrick 2009; 
Lass-Flörl et  al. 2013; Liu et  al. 2019). This technique 
has been used primarily for diagnosing IFI and not 
superficial infections. One of its advantages is that it 
reduces the time to diagnosis (Liu et  al. 2019). The sec-
ond advantage is that this technique does not require 
a purified culture because some variants of this tech-
nique could be made in clinical specimens, specifically 
from primary sterile body sites (Rahn et  al. 2016; 
Springer et  al. 2019; Scharf et  al. 2021; Dellière et  al. 
2022). Third, it allows for more accurate identification 
than phenotypic tools by selecting an appropriate DNA 
marker (Chethana et  al. 2021; Crous et  al. 2021; 
Steenwyk et  al. 2023). On the other hand, one disad-
vantage is that a set of specific primers is available 
only for a limited list of causative agents. Another dis-
advantage is the relatively high cost of the technique 
(Liu et  al. 2019).

Some of the DNA markers used for fungal identifi-
cation are the internal transcribed spacer (ITS) 
regions, including the 5.8S gene, both the large (LSU; 
28S) and small (SSU, 18S) subunits of the nuclear 
ribosomal RNA genes, as well as protein-encoding 
genes, such as cytochrome oxidase subunit 1 (COX1, 
COI), the largest subunit of RNA polymerase II (RPB1), 
the second largest subunit of RNA polymerase II 
(RPB2), β-tubulin (TUB2), translational elongation 

factor 1-α (TEF1-α), γ-actin and calmodulin (CaM) 
(Tekpinar and Kalmer 2019). Sadly, no gene marker 
globally helps to identify all fungi at the species 
level. In clinical diagnosis, some markers used are 
LSU, SSU, and ITS (Khot and Fredrick 2009; Lass-Flörl 
et  al. 2013). Unfortunately, none of the ribosomal 
markers have been proven to identify Fusarium and 
Neocosmospora at the species level. The reported 
markers that have a great species identification are 
TEF1-α and RPB2 (Crous et  al. 2021). However, in our 
experience, TEF1-α have some difficulties in identify-
ing some Neocosmospora species and RPB2 has a low 
PCR successful rate making it unlikely to be used in 
routine laboratory diagnosis. Single- or multi-locus 
identification could be performed on the FUSARIOID-ID 
database (www.fusarium.org/), which is a curated 
database of fusarioids.

Some studies have designed specific PCR assays to 
detect Fusarium and Neocosmospora from clinical spec-
imens. Unfortunately, since these assays only detect 
one fungus, they probably cannot be used as a routine 
clinical diagnosis tool. In 2019, Springer et  al. designed 
a probe-based real-time PCR using the LSU marker and 
a locked nucleic acid (LNA) probe (Springer et al. 2019). 
They proved that their technique could detect Fusarium 
and Neocosmospora DNA from clinical specimens, spe-
cifically bronchoalveolar lavage fluid (BALF). However, 
they recommend validating positive samples by 
sequencing (Springer et  al. 2019). Dellière et  al. (2022) 
designed another real-time PCR assay of the LSU 
marker that shows high sensitivity (93% for blood and 
100% for tissue) and specificity (100% for the two 
types of samples) in detecting Fusarium and 
Neocosmospora from blood and tissue samples (Dellière 
et  al. 2022).

Other assessments designed a set of real-time PCR 
assays to detect 14 genera of fungi, including Fusarium 
and Neocosmospora (Rahn et  al. 2016; Scharf et  al. 
2021). They demonstrate the technique in clinical 
specimens, such as respiratory washes, respiratory 
swabs, whole blood anticoagulation with EDTA, and 
blood serum with significant detection (Rahn et  al. 
2016; Scharf et  al. 2021). The major advantage of 
these tests (Rahn et  al. 2016; Springer et  al. 2019; 
Scharf et  al. 2021; Dellière et  al. 2022) is the fast 
detection of the fungal pathogen, which allows rapid 
empirical treatment selection. However, since the 
studies were designed with the previous fungal 
nomenclature, these assays cannot differentiate 
between Fusarium and Neocosmospora (Rahn et  al. 
2016; Springer et  al. 2019; Scharf et  al. 2021; Dellière 
et  al. 2022). Additionally, these assays cannot identify 
the pathogen at the species level (Rahn et  al. 2016; 

http://www.fusarium.org/
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Figure 3.  Neocosmospora and Fusarium clinical species. (A–C) N. solani: conidiophores, macro- and microconidia, and chlamydo-
spores, respectively. (D–F) N. keratinoplastica: macro, microconidia, and chlamydospores, respectively. (G,H) N. falciformis: macro-
conidia and chlamydospores, respectively. (I) F. oxysporum: monophialides producing microconidia. (J) F. fujikuroi: Mono-, 
polyphialides, and microconidia. (K,L) F. verticillioides: monophialides producing conidia in chains. Scale bars: (A–L) = 10 µm.
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Springer et  al. 2019; Scharf et  al. 2021; Dellière et  al. 
2022), so other techniques should be nested to gain 
this knowledge.

Previous studies have reported the efficiency of 
PCR techniques in diagnosing IFI, including the diag-
nosis of Fusarium and Neocosmospora. These results 
suggest that this technique could be used in a rou-
tine clinical diagnosis of IFI caused by these patho-
gens. One of the main problems is that current 
protocols are only developed to diagnose at the 
genus level and do not differentiate between 
Fusarium and Neocosmospora species (Rahn et  al. 
2016; Springer et  al. 2019; Scharf et  al. 2021; Dellière 
et  al. 2022). As mentioned, species-level diagnosis is 
relevant for empirical treatment choices and epide-
miological characterization. The future development 
of PCR assays should focus on the species-level diag-
nosis of these pathogens and other relevant fungal 
pathogens.

Next generation sequencing (NGS)

The availability of NGS technologies is an excellent tool 
for the laboratory, including fungal diagnosis. There are 
three possible uses of NGS in the clinical laboratory: 
whole genome sequencing (WGS), targeted NGS 
(tNGS), and metagenomic NGS (mNGS) (Mitchell and 
Simner 2019). The main advantages of tNGS and mNGS 
are that they do not require a fungal culture, which 
could improve and reduce the time for identification. 
However, the cost could be a disadvantage in lower- 
and middle-income countries. Another disadvantage of 
mNGS is the poor data availability for less common 
pathogens, and it requires highly trained staff to per-
form the analysis (Mitchell and Simner 2019).

There have been reports of Fusarium and 
Neocosmospora being successfully identified by mNGS 
or tNGS. For example, there is a case report in Japan 
that identified Neocosmospora as the pathogen causing 
fungal keratitis using multiple techniques, including 
mNGS (Shigeyasu et  al. 2018). However, based on the 
information available, we consider that the species was 
not successfully identified (identified as N. solani) 
(Shigeyasu et  al. 2018). On the other hand, one study 
identified fungal pathogens in fungal stain-positive 
formalin-fixed, paraffin-embedded tissues using tNGS 
(Larkin et  al. 2020). This study performed tNGS with ITS 
as a marker and identified four cases of Neocosmospora 
infection (Larkin et  al. 2020), but as we previously 
described, ITS is not a good gene marker for the iden-
tification of Neocosmospora at the species level (Crous 
et  al. 2021). A study that performed mNGS on BALF 

samples from patients with lower respiratory tract 
infections (LRTIs) identified one probable infection of F. 
oxysporum and one probable infection of F. verticillioi-
des that were not obtained successfully by traditional 
culture (Chen et  al. 2020). Another study identified F. 
oxysporum on aqueous humor in a patient with infec-
tious uveitis using Nanopore mNGS but did not obtain 
a positive culture (Lee et  al. 2023). These results show 
the relevance of mNGS when traditional microbiol-
ogy fails.

Even when mNGS has been increasingly used, we 
consider that there is a disadvantage in the diagnosis 
of Neocosmospora, as shown in a previous example 
(Shigeyasu et  al. 2018). This approach requires an avail-
able genome to compare and identify the pathogen 
(Shigeyasu et  al. 2018; Chen et  al. 2020). However, until 
23 February 2024, only the genomes of the clinically 
relevant species Neocosmospora metavorans, N. solani, 
N. keratoplastica, and N. falciformis were available in 
the NCBI assembly database (https://www.ncbi.nlm.nih.
gov/assembly). Yet, some of these genomes are labeled 
with outdated species names, posing a challenge for 
non-expert laboratory personnel to accurately identify 
and interpret them. Therefore, there is no genome of 
N. petroliphila that is relevant in fungemia and keratitis 
or N. pseudensiformis that is relevant in mycetoma 
(Figure 1). There is no available genome of other 
Neocosmospora pathogens that are less frequent, such 
as Neocosmospora gamsii, Neocosmospora catenata, 
Neocosmospora suttoniana, and Neocosmospora tonkin-
ensis (Sandoval-Denis and Crous 2018). The absence of 
these data could make it difficult to identify 
Neocosmospora species and could lead to the misinter-
pretation of results. Therefore, we propose that 
sequencing the genomes of clinically relevant 
Neocosmospora species could improve the species-level 
identification of this genus in the clinical laboratory 
that has already performed this technique.

MALDI-TOF MS

Matrix-assisted laser desorption ionization-time of flight 
mass spectrometry (MALDI-TOF MS) is a technique that 
helps identify microorganisms through a mass spec-
trum of the most abundant proteins and other bio-
markers (Hou et  al. 2019; Patel 2019; Gómez-Velásquez 
et  al. 2021). The main advantage of this technique is 
the rapid and reproducible identification of microor-
ganisms (Gómez-Velásquez et  al. 2021). One of the 
main limitations of this method is the lack of or limited 
representations of some microorganisms in the data-
bases used for identification. These databases could be 

https://www.ncbi.nlm.nih.gov/assembly
https://www.ncbi.nlm.nih.gov/assembly
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commercial or developed by users (in-house), and the 
database selection could alter the results obtained 
(Hou et  al. 2019; Patel 2019; Gómez-Velásquez et  al. 
2021). Another disadvantage is the equipment and 
commercial database cost, which could limit access to 
this technique in clinical laboratories, particularly in 
low- and middle-income countries (Gómez-Velásquez 
et  al. 2021).

The relevance of MALDI-TOF MS for identifying fungi 
has recently increased in clinical laboratories world-
wide. In a multicenter study in the United States, the 
precision of Vitek 3.0 systems for the identification of 
filamentous fungi was between 85 and 100%, with an 
overall accuracy of 91%, and the precision of the iden-
tification of Fusarium and Neocosmospora was 96.8 and 
84.6%, respectively (Rychert et  al. 2018). A mass spec-
trometry library comparison of three laboratories in 
Canada showed an accuracy of 13.6–72% for filamen-
tous fungi species-level identification, depending on 
the library chosen. Fusarium and Neocosmospora iso-
late identification accuracies vary between 0–80 and 
0–100%, respectively (Stein et  al. 2018). Using the 
MicroIDSys Elite database, a multilaboratory study in 
South Korea determined a species-level accuracy 
between 48.8 and 98.2%, an overall accuracy of 86.5%, 
and an accuracy of Fusarium and Neocosmospora iso-
late identification of 85.7 and 100%, respectively (Lee 
et  al. 2021). In Colombia, a comparison study between 
a commercial and a validated in-house database shows 
an identification accuracy of 58 and 88.7%, respectively 
(Gómez-Velásquez et  al. 2020). This study only includes 
one reference strain of F. oxysporum and does not 
include any Neocosmospora species (Gómez-Velásquez 
et  al. 2020). It is noteworthy that some of these studies 
only have a few species of Fusarium and Neocosmospora, 
with fewer than ten isolates per species (Stein et  al. 
2018; Lee et  al. 2021). These studies show the rele-
vance of database selection in identifying fungi with 
this technique.

Few previous studies have analyzed this technique’s 
potential in identifying clinical isolates of Fusarium and 
Neocosmospora at the species level. In 2015, Al-Hatmi 
and colleagues validated an in-house database to iden-
tify clinical and environmental F. fujikuroi species com-
plex isolates. The precision of this database for this 
complex was 93.3%, despite being unable to recognize 
clinical isolates of Fusarium ananatum and F. verticillioi-
des (Al-Hatmi et  al. 2015). In China, a study defined the 
accuracy of the Bruker Filamentous Fungi Library 1.0 in 
the identification of Fusarium and Neocosmospora clin-
ical isolates. The identification accuracy for Fusarium 
was 86.25%, and that for Neocosmospora was 98.61% 
(Song et  al. 2021). In general, these studies 

demonstrate the potential of MALDI-TOF MS in 
species-level identification of Fusarium and 
Neocosmospora. The primary limitations for this tech-
nique to be used as a routine clinical diagnosis are the 
cost of the equipment (Gómez-Velásquez et  al. 2021), 
the lack of some species spectra in libraries/databases, 
and the need for a purified culture. The second limita-
tion could be the easiest to overcome by creating an 
open and curated multicenter database of MALDI-TOF 
MS spectra.

Diagnosis difficulties in clinical practice

In the clinical setting, the diagnosis of fusariosis is based 
on clinical manifestations and laboratory tests. However, 
the diagnosis of these pathologies presents some chal-
lenges, such as (1) high mortality in a disseminated clin-
ical presentation associated with immunocompromised 
patients, especially HSCT (hematopoietic stem cell trans-
plantation) recipients and patients with severe and pro-
longed neutropenia (Muhammed et  al. 2011); (2) most 
clinical laboratories are not trained in medical mycology 
or do not have the molecular techniques to determine 
the species; and (3) susceptibility tests are not routinely 
performed, and there are still no defined breakpoints. 
Therefore, the diagnosis is based on a fungal culture 
(when it is possible to isolate the fungus), histopatholog-
ical tests, or clinical suspicion (Guarner and Brandt 2011).

To improve the laboratory diagnosis and epidemio-
logical characterization of these fungi, we advocate for 
collaboration between routine diagnostic laboratories 
and mycological research laboratories.

Based on the available tools and the difficulties 
encountered in the laboratory diagnosis of these fungi, 
we propose the following workflow when the physician 
suspects an infection by Fusarium or Neocosmospora:

1.	 Clinical specimen collection should preferably 
be done before starting antifungal treatment 
based on the infectious site and laboratory 
conditions.

a.	 When available in the laboratory, a real-time/
probe-based PCR should be performed to 
provide a rapid initial response to the 
physician.

2.	 Direct examination of the clinical specimen 
using the available laboratory stains.

3.	 Perform fungal culture on agar at 25 °C. 
Preferably, use PDA agar and Sabouraud-Dextrose 
agar for sterile samples, and Rose Bengal 
Chloramphenicol Agar for non-sterile samples.
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4.	 After observing colony growth, examine the 
microscopic characteristics of the fungus 5–7 
days post-detection. Early examination may not 
reveal the characteristic conidia of Fusarium and 
Neocosmospora, potentially leading to 
misdiagnosis.

5.	 Purify the fungus, preferably on PDA or 
Oatmeal agar to induce conidia production. 
Perform two independent isolations: one for 
microscopic validation and the other for DNA 
extraction.

a.	 Microscopically verify conidia and chlam-
ydospore production at days 7, 15, and 21.

b.	 Perform DNA extraction on day 5.
c.	 If available, reserve one isolation for 

MADI-TOF analysis.

4.	 Conduct antifungal susceptibility test based on 
CLSI or EUCAST recommendations.

5.	 Perform PCR of selected gene marker. Preferably, 
use TEF1-α over ITS, LSU, or SSU if available in 
the laboratory.

6.	 Sequence PCR product, process sequence and 
compare against curated databases. We recom-
mend using FUSARIOID-ID (www.fusarium.org/) 
and Mycobank (www.mycobank.org/), caution-
ing against relying solely on NCBI database for 
gene marker identification in clinical diagnosis.

7.	 The following steps are suggested when it’s 
possible:

a.	 Send isolates to specialized mycology labo-
ratories with comprehensive information.

b.	 Consider genome sequencing of isolates.

Note: results of steps 1a, 2, 4, 5a, 5c, 6, and 8 should 
be promptly communicated to the physician to facili-
tate rapid treatment selection and change.

Conclusions

Recognition of Fusarium and Neocosmospora as priority 
fungi requires new surveillance data, which will only be 
possible with increased awareness of the effects of 
these fungi on human, animal, and environmental 
health. This is greatly facilitated by the training of 
health personnel in the diagnosis of fungal infections 
and by the development of new rapid diagnostic tests, 
such as LFA (lateral flow assays), currently available for 
other filamentous fungi, such as Aspergillus (Jenks et  al. 
2020). The recent outbreak (May 2023) of fungal men-
ingitis associated with procedures performed under 

epidural anesthesia in Mexico, where five cerebrospinal 
fluid (CSF) samples tested positive for N. solani using 
real-time polymerase chain reaction (RT–PCR) (WHO 
2023a), reveals the necessity of a rapid diagnostic test. 
This need coincides with the 2030 global research 
agenda for antimicrobial resistance in human health, 
where fungal diagnosis based on point-of-care diagnos-
tic tests (including antigen and multiplex panel-based 
tests) is a priority for WHO fungal priority pathogens 
(WHO 2023b).
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