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Despite the scientific advances observed in the recent decades and the emergence of newmethodologies,
the diagnosis of systemic fungal infections persists as a problematic issue. Fungal cultivation, the stan-
dard method that allows a proven diagnosis, has numerous disadvantages, as low sensitivity (only 50% of
the patients present positive fungal cultures), and long growth time. These are factors that delay the
patient's treatment and, consequently, lead to higher hospital costs. To improve the accuracy and
quickness of fungal infections diagnosis, several new methodologies attempt to be implemented in
clinical microbiology laboratories. Most of these innovative methods are independent of pathogen
isolation, which means that the diagnosis goes from being considered proven to probable. In spite of the
advantage of being culture-independent, the majority of the methods lack standardization. PCR-based
methods are becoming more and more commonly used, which has earned them an important place
in hospital laboratories. This can be perceived now, as PCR-based methodologies have proved to be an
essential tool fighting against the COVID-19 pandemic. This review aims to go through the main steps of
the diagnosis for systemic fungal infection, from diagnostic classifications, through methodologies
considered as “gold standard”, to the molecular methods currently used, and finally mentioning some of
the more futuristic approaches.

© 2021 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Throughout the years the estimated number of fungal species
around the world had an explosive growth. In 2015, based on
morphological, physiological, and molecular characteristics, this
estimation reached 100,000 fungal species [1]. In the same year, the
International Code of Nomenclature (ICN) reported that about 1000
to 1500 fungal species were being described and identified every
year. By 2020, the number of identified fungal species was 140,000,
representing only 12 to 1% of the estimated fungal species present
on Earth [2]. Despite the high number of described fungal species, it
is estimated that over 700 species are associated with humans,
either as commensal or as pathogenic [3e5].

During the past decade, advances in molecular phylogenetic
approaches for fungal identification led to significant changes in
fungal taxonomy/nomenclature. Borman et al. [6] addressed the
recent taxonomy updates for clinically relevant fungi, that comprise
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new and often cryptic species in fungal genera such as Aspergillus
and Fusarium, and also revised names for existing species, like
Pichia kudriavzevii (previously Candida krusei). Although C. krusei
has been renamed, since clinicians remain reluctant to use it and
the majority of the commercially available kits still mentions
C. krusei, we will indicate the commercially described name.

Nowadays, people benefit from the progression of medicine,
providing an increase in the average life expectancy, as well as the
improvement of treatments for various diseases. However, the
development of medicine also increased the susceptibility of
humans to infections, including fungal infections, especially due to
the use of immunosuppressive therapies. These infections, whether
caused by opportunistic fungi or by primary pathogens, are divided
into superficial mycoses, allergic diseases and mycoses with an
invasive character [7,8]. Fungal infections continue to be under-
valued and underestimated both by the population and by public
health organizations. Diseases caused by protozoa, bacteria and
viruses have been recognized as a public health issue over the
centuries, but systemic fungal infections were only considered as a
relevant issue since the 19800s [9].

The Global Action Fund for Fungal Infections reported that,
annually, more than 300 million people suffer from systemic fungal
infections and, from these, about 1.5 million succumb to a fungal
d.
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infection [10]. The most prevalent fungal pathogens in underde-
veloped countries are Cryptococcus spp. and Pneumocystis spp.,
generally associated with AIDS, but in developed countries, the
most frequently diagnosed invasive infections are those caused by
Candida spp., Aspergillus spp. and also Cryptococcus spp [11]. Blas-
tomyces, Histoplasma, Paracoccidioides, and Coccidioides are
endemic fungi that can cause localized infections, yet they can
progress into systemic and have much more severe clinical impli-
cations in high-risk patients. Most fungi in this endemic group are
dimorphic, growing in the infectious mould form in the environ-
ment but switching to a yeast or other form in tissues to produce
infection. They differ from the opportunistic fungi in their ability to
cause disease in previously healthy persons, but the most serious
disseminated disease still occurs in immunocompromised in-
dividuals [12].

In 2021 there has been an increased concern related to the
COVID-19 pandemic caused by the SARS-CoV-2 virus. According to
Sharma and co-workers [13], infection by SARS-CoV-2 leads to a
decrease in T cells, namely CD4þT and CD8þT, resulting in a
debilitated immune system that makes the patients more suscep-
tible to contracting fungal infections. One of the fungal orders
commonly linked to post-COVID-19 infections is Mucorales, being
Rhizopus arrhizus responsible for most cases of mucormycosis
worldwide [14,15], followed by Rhizomucor pusillus, Apophyso-
myces, variabilis and Lichtheimia corymbifera [16]. Between 5th May
and 3rd August of 2021, approximately 47,508 cases and 4425
deaths of mucormycosis as COVID-19 associated infection, were
reported in India [17]. Also during that period, the admission of
patients to intensive care units with COVID-19 associated mucor-
mycosis, increased from 2 per month to 600 per month [18]. These
high rates of incidence and mortality, led the Central Government
of India to declare it as an epidemic [18]. Mucormycosis combined
with COVID-19 infection results in a more aggressive fungal infec-
tion, thus linked to higher mortality rates. Those can be due to the
overload of the health system, poor hygiene in healthcare envi-
ronments, late diagnosis, and the weakened patient's immune
system that results in more critical fungal infections [19]. Specific
glucocorticoids steroids, as methylprednisolone and dexametha-
sone, that are being administrated to COVID-19 patients are linked
to immunosuppressive effects [20], as well as rising of blood sugar
levels [21], predisposing patients to fungal infections.

The COVID-19 pandemic might have increased the transmission
of other nosocomial fungal infections, like those caused by Candida
auris that is considered a serious global health threat. This
emerging pathogen can cause serious invasive infections and even
death, particularly in patients with other comorbidities. Since its
first identification in 2009, C. auris outbreaks have been reported in
several healthcare facilities [22,23], raising major concerns due to
its frequent high antifungal resistance and rapid transmission in
hospital environments. There are common risk factors for in-
fections caused by SARS-CoV-2 and C. auris, such as diabetes,
contact with intubation systems, mechanical ventilation, and
exposure to broad-spectrum antibiotics. Therefore, C. auris out-
breaks have been reported in COVID-19 intensive care units
[24e26]. Bayona and co-workers reported an increase of C. auris
candidaemia cases during the pandemic, in a Spanish hospital.
From 2019 to march 2021, the 28-day mortality rate for C. auris
candidaemia increased from 33.3% to 57.1% [25].

To prevent epidemics, it seems clear that public health organi-
zations need to consider systemic fungal infections as contempo-
rary and a real problem, as has been observed previously in other
models of infectious diseases. In addition, since these infections are
less known and caused by less-studied pathogens, they represent a
greater risk to public health, and should concentrate higher
attention [27].
2

2. Fungal infections diagnosis

The European Organization for Research and Treatment of
Cancer/Invasive Fungal Infections Cooperative Group (EORTC) and
the Mycoses Study Group e Education & Research Consortium
(MSG-ERC) established definitions incorporating the parameters of
the diagnosis of fungal infections at a clinical level. Those have been
extremely useful for researchers conducting epidemiologic studies,
diagnostic assays, and antifungals clinical trials. The 3 levels of
classification of Invasive Fungal Infection (IFI) diagnosis are proven,
probable, and possible [28e30]. These definitions, established in
2002, only covered the diagnosis of fungal infections related to
immunocompromised, oncological, and hematopoietic stem cell
transplant patients [28]. But in 2019, a new revision and updating of
the consensus definitions established that the proven IFI classifi-
cation could be applied to any patient (immunocompromised or
not) and that the probable and possible classifications were only
projected for immunocompromised patients [30].

The proven diagnosis requires the detection of the pathogenic
fungi through histopathological or culture methods from sterile
sites [29,30]. For the probable and possible diagnosis to be attrib-
uted, 3 variables have to be analysed: (i) the host factors, that are
related to the patient's risk of contracting a fungal infection, thus
several parameters are evaluated, such a recent history of neu-
tropenia, receipt of an allogeneic stem cell transplant, prolonged
use of corticosteroids, immunosuppressants therapy, and inherent
immunodeficiency; (ii) the clinical signs and symptoms related to
the fungal infection, so some clinical manifestations are taken into
consideration as tracheobronchitis, sinonasal infection and central
nervous system infection; (iii) mycological evidences, accompanied
by the positive result of a diagnostic test, either conventional,
molecular or imaging [29,30].

A probable diagnosis is attributed to a patient when the pa-
rameters of host factors, clinical signs and mycological evidences
are present. In this case, when the positive mycological evidence is
achieved through molecular methodologies, such as Polymerase
Chain Reaction (PCR)-based methods or serological tests, a prob-
able diagnosis is immediately attributed. On the other hand, a
possible diagnosis is attributed to patients who meet 2 of the 3
variables; the host factors and clinical signs strongly indicate an
invasive fungal infection, but the mycological evidence parameter
remains negative [29].

Pathogenic fungi identification can be obtained through several
approaches, from traditional fungal cultures to PCR-based methods
[29,30]. A variety of tests are available and, preferably, more than
one type of test should be applied to the patient if an invasive
fungal infection is suspected so that a more effective and robust
diagnosis is achieved. Molecular methodologies allowed to signif-
icantly reduce the turn-around time, by introducing methodologies
that permit to obtain more specific, efficient, fast, and accurate
results. This means that the overall diagnosis process is faster,
which allows an adequate and timely delineation of the therapeutic
plan, increasing the survival rate. This also leads to a reduction of
people admitted to intensive care units, which can yield the hos-
pital approximately $30,000 per patient, according to a study
developed in the United States [31].

With this review we plan to provide a framework to optimally
choose among the existing molecular methods. So, the advan-
tages and disadvantages, time consumption, sensitivity, speci-
ficity, and automation of the most frequently used methods will
be provided. Since host factors, clinical signs and symptoms are
not under the scope of this review, we will focus on methods for
mycological evidences. For further analysis on the previous pa-
rameters some reviews are available. Zhang and co-workers [32]
analysed the clinical characteristics of 145 cases of invasive
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fungal infections. Webb and colleagues [33], analysed the inci-
dence, clinical features and outcomes of invasive fungal in-
fections in the US health care network, according to 3374
episodes in 3154 patients.
3. Framework of clinical diagnosis

The diagnosis of a fungal infection is a lengthy process, espe-
cially due to the symptomatic similarities between a bacterial and
fungal infection. Fig. 1 provides a simplified framework reviewing
the steps for the diagnosis of systemic fungal infections. When a
patient that presents clinical signs of infections does not respond to
an antibiotic treatment (Fig.1A), an invasive fungal infection should
be included in the patient's differential diagnosis (Fig. 1B and C).
The host factors and clinical signs defined by the EORTC and MSG-
ERC are analysed (Fig. 1D) and methodologies available for myco-
logical evidences should be selected accordingly. There are several
methodologies available for mycological evidences but it is
important to notice that the type of methodology used will dictate
the diagnosis classification (Fig.1E). Methodologies that are capable
of detecting the fungal pathogen through histopathological or
culture methods from sterile sites provide a proven diagnosis.
However, if positive mycological evidence is achieved through
molecular methodologies, such as PCR-based methods or serolog-
ical tests, a probable diagnosis is attributed. Still, it is of utmost
importance to achieve specific identifications to establish the most
appropriate therapeutic plan, which can lead to higher survival
rates and decrease hospital costs (Fig. 1F).
Fig. 1. Systemic fungal infection diagnosis framework. When a patient does not respond
differential diagnosis (BeC). After evaluating the 3 parameters defined by the EORTC and MS
is a strong evidence for a systemic fungal infection, mycological evidences should be assess
fast and accurate results, which leads to a better therapeutic plan and lower hospital costs (F
Invasive Fungal Infections Cooperative Group; MSG-ERC, Mycoses Study Group e Education
hybridization; CAGT, Candida albicans Germ Tube Antibody Assay; MALDI-TOF, Matrix-Assis

3

4. Methods used for proven diagnosis

For gathering mycological evidences to obtain a definitive
proven diagnosis, the fungal culture, microscopy, and histopathol-
ogy remain the gold standard methods for identification of the
pathogenic fungi (Table 1). The major advantages of these tech-
niques are the possibility of obtaining the pathogenic fungi, which
will enable not only the further identification of the species but also
the evaluation of the antifungal resistance (Table 1). The major
disadvantages include long turn-around-time and the low fungal
culture sensitivity (Table 1). Even when other more modern tech-
niques are available, these conventional methodologies continue to
be employed for comparison and confirmation [34].
4.1. Fungal cultures

If the host factors and the clinical signs and symptoms point to
an invasive fungal infection, the start-off is to try to isolate the
pathogenic fungi. For this, sterile liquids, such as blood, urine and/
or cerebrospinal fluid are collected. When the growth of the
microorganism in cultures in these fluids is possible, the diagnosis
is proven. On the other hand, when using non-sterile fluids, like
bronchoalveolar fluid, commensalism and/or environmental
contamination needs to be considered. Despite cultivation being a
gold standard methodology, this method is associated with low
sensitivity. The overall sensitivity of blood cultures for yeasts is
about 50e95%, and for moulds the situation is even more compli-
cated, presenting sensitivity values of 1e5% [35,36].
to the antibiotic treatment (A), a systemic fungal infection should be included in the
G-ERC (D) (host factors, clinical manifestations and mycological evidence), and if there
ed (E). The main goal is that the method used to identify the pathogenic fungi delivers
). Abbreviations: EORTC, European Organization for Research and Treatment of Cancer/
& Research Consortium; NMR, Nuclear Magnetic Resonance; FISH, Fluorescence in situ
ted Laser Desorption/Ionization e Time of Flight.



Table 1
Overview of advantages and disadvantages of the most commonly used methodologies for mycological evidences.

Methodologies Advantages Disadvantages References

Proven diagnosis Fungal culture - Detection of the fungal pathogen;
- Detection of antifungal resistance;
- Identification at species level.

- Long turn-around-time; in case of yeasts, up to five
days, and moulds up to four weeks;

- Qualification to select the proper medium;
- Long-delayed targeted treatment;
- Prone to contaminations;
- Low sensitivity for candidemia and aspergillosis.

[35,50,173]

Microscopy - Visualization of fungal structures;
- Analysis of shape, tracking of motion, and
classification of microorganisms;

- Visualization of fungal biofilm formation.

- Does not allow fungal genus or species identification;
- Similar microscopic appearance of several fungus.

[34,35,174]

Histopathology - Detection of tissues invasion by fungi;
- Detection of the host response or tissue necrosis.

- Similar histopathologic appearance of several fungus;
- The use of stains does not always provide an accurate
identification at species level;

- Limited sensitivity.

[34,35]

Chromogenic mediaa - Detection in polymicrobial samples;
- Several commercially available chromogenic media;
- Detection and identification of Candida at the species
level;

- Fast and cost-efficient.

- Difficult distinction between Candida non-albicans
species;

- Difficult differentiation of emergent pathogenic
Candida species, such as C. auris;

- Phenotypic similarities between related species may
hamper the distinction at specie level.

[59,62,63]

Fluorescence in situ
hybridizationa (FISH)

- Accurate identification of Candida spp. infections;
- Time saving, comparing with conventional methods;
- High specificity and sensitivity.

- High detection limit;
- Reduced number of peptide nucleic acid (PNA) probes
commercially available.

[34,175]

Matrix-Assisted Laser
Desorption Ionization-Time of
Flight - Mass spectrometrya

(MALDI-TOF)

- Identification of the pathogen at the genus, species,
and strain levels;

- Accurate and rapid identification of Candida spp. and
Aspergillus spp.;

- High concordance with conventional methods;
- Easy performance;
- Reduced cost per analysis;
- Applicability for a wide range of microorganisms;
- Differentiation of closely related species;
- Great potential for antifungal susceptibility testing.

- Prior extraction step is required;
- Incapable of performing quantification;
- High initial instrument cost;
- Limit species coverage in the fungal reference
databases of available MALDI-TOF MS systems;

- Databases require continuous updates to cover rarest
and emergent fungal species.

[34,35,77,79e81,176]

Biochemical Phenotypic
Identification Systemsa

- Reduced costs;
- Allows quantitative and qualitative information;
- Accurate identification of an unknown sample;
- Several commercially available platforms.

- Laborious methods and time-consuming;
- Results are only provided after a few days;
- Low sensitivity to identify and distinguish emergent
pathogenic species, such as C. auris.

[64,66e69,72,73,177]

Probable diagnosis
(Serological
methods)

1,3 b-D-glucan - Detection of relevant fungal pathogens;
- Non-invasive;
- Fast results;
- High NPV is excellent for invasive fungal infections
screening;

- Nonspecific panfungal test;
- Lower sensitivity and high number of false-positive
results;

- Certain fungus produce less b-D-glucan (Cryptococcus
spp.) or do not produce any (Blastomyces spp. and
mucoraceous moulds);

- Lack of specificity for endemic mycosis diagnosis.

[35,106,107,166,178]

Mannan antigen and
antimannan antibody

- Best performance when the two biomarkers are
combined;

- Non-invasive;
- Economic;
- Deliver fast results.

- Limited specificity due to normal commensalism or
colonization by Candida species;

- Limited sensitivity of antibody assays for
immunocompromised patients;

- Lower sensitivity for C. krusei and C. parapsilosis.

[35,166,178,179]

Galactomannan - Good biomarker for the detection of invasive
aspergillosis;

- Useful for assessing the response to antifungal
therapy.

- Low sensitivity for early diagnosis.
- Cross reactivity with Fusarium spp. and Histoplasma
spp.;

- Lower sensitivity for Aspergillus fumigatus.

[35,124e126,178,179]

Antibody-based
(Immunofluorescence, ELISA,

- Higher accuracy than the standard serologic markers
mentioned above;

- Low cost;

- Reduced sensitivity for immunocompromised
patients;

- Limited specificity;

[35,127,130,131,133,174]
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For invasive candidiasis, the golden standard approach for yeast
detection is the blood culture. The sensitivity of this technique
varies from 50 to 70%, when sampling recommendations are in
agreement with the Clinical and Laboratory Standards Institute
guidelines (40e60 mL of blood) [37]. Ericson and colleagues [38]
evaluated the effectiveness of several commercially available blood
culture vials at detecting Candida species. BacT/Alert FA vials
detected 144 of 179 samples (80.45%), proving to be the most
efficient when compared to Bactec Mycosis IC/F and BacT/Alert FN.
This study also reported that anaerobic vials (BacT/Alert FN) were
not successful for Candida spp. growth, but Candida glabrata growth
was detected (8 out of 179 samples) [38]. Additionally, that the vast
majority of the blood culture vials took about 14e72 h to become
positive [39]. A comparison between Candida albicans, Candida
dubliniensis, C. krusei, C. lusitaniae, Candida parapsilosis and Candida
tropicalis growth times, showed no significant differences regard-
less of the culture used (40 he57 h). However, C. glabrata had an
overall lower growth time (12 he37 h) and the culture vial was an
important factor since significant differences in growth time were
observed (Bactec Mycosis IC/F 12 h, and BacT/Alert FN 37 h) [38].

Candida spp. in the bloodstream (candidemia) is associated with
around 40e68% of cases of candiduria (presence of Candida species
in the urinary tract) [40,41]. Therefore, in suspected candidemia,
the use of urine cultures can also be considered [42]. Once more the
culture medium has a significant effect on the performance of
detection. The standard urine culture (blood andMacConkey agars)
showed only 37% of detection while the fungal culture medium
(Sabouraud dextrose agar) showed detected 98% of Candida spp. in
urine [43].

Cerebrospinal fluid samples (CSF) cultivation is often used in
suspected fungal infections on the central nervous system but it
detects mainly Cryptococcus and Candida [44,45]. The most
appropriate media for pathogens growth from CSF are Sabouraud
4% dextrose and sheep blood agar plates [44]. These pathogens
usually take about 3e7 days to grow, with very good sensitivity for
Cryptococcus, >95%, while for Candida only 37% [35,46]. However,
due to the risk associated with CSF collection, that includes nerve
damage, the possibility of an infection, discomfort and/or pain, and
bleeding into the spinal cord, CSF culture is not the first option in
sample collection [47].

Despite advances in fungal cultures, the majority of moulds are
rarely isolated from CSF or blood cultures, however in cases of
disseminated infection, the Fusarium spp. blood cultures are often
positive [36,45,48]. Therefore, particularly for invasive aspergillosis
(IA), detection of Aspergillus spp. from bronchoalveolar fluid (BAL)
is often used. Guegan and colleagues [49] processed 1555 BAL
samples from 1336 patients, including 61 diagnosed with invasive
aspergillosis (1 proven, 37 probable, and 23 possible). For invasive
aspergillosis patients, the detection of Aspergillus spp. from BAL
culture increase the chance of detecting the fungal pathogen from
1.6% to 47.4% (18/38 proven or probable) [49]. It is important to
consider environmental contamination at the local of isolation
when using BAL samples.

To improve mould detection by culture, Bao et al. [50] analysed
the effect of different culture media and time of incubation of 1821
moulds (hyaline, dematiaceous, Onygenales and Mucorales) iso-
lated from 1687 patients. Regarding medium, the inhibitory mould
agar (IMA), Sabouraud dextrose agar Emmons (SDAE), and malt-
yeast agar (MYA) were tested and results showed that 55.6% of
moulds were isolated using IMA, 18.5% using SDAE, and only 3.2%
with MYA [50]. This study showed that SDAE, the often-used cul-
ture medium to isolate moulds, did not meet the expectations. IMA
had the best performance, which can be linked to the fact that this
medium inhibits bacterial growth [50]. Concerning incubation
time, Mucorales had the fastest growth time, with a growth peak at
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the 3rd day. Hyaline moulds had the growth peak at 4th day, and
85.4% of Aspergillus fumigatus were mostly isolated after the first
week, and 97.3% after two weeks. Contrarily, Histoplasma capsu-
latum and Trichophyton isolates were isolated during the 4th week
of growth [50]. Concerning temperature, Tarrand and co-workers
[51] demonstrated that incubation of the 10,062 clinical speci-
mens cultured (sputum, bronchial wash or respiratory lavages)
from patients with different pathologies, only 344 (3.4%) showed
fungal growth, of Aspergillus species. However, cultures incubated
at 35 �C provided higher Aspergillus-positive rate when compared
to incubation at 25 �C (31% increase). This is explained by the fact
that there is a greater similarity between the incubation environ-
ment and the environment within the host, from which they were
just isolated at 35 �C [51].

Despite being a gold standard method, fungal cultures are
associated with several drawbacks, where the most evident are the
long turn-around time which delays patient's treatment, suscep-
tibility to contamination and low sensitivities values. However, this
method provides a proven diagnosis, and it can lead to antifungal
susceptible tests and identification at the species level (Table 1).

4.2. Direct microscopy and histopathology

Direct microscopy is used to look for fungi morphological
structures in a portion of infected biopsy tissue or fluid. This allows
to evaluate whether the infection is triggered by a septate mould
(such as Aspergillus spp.), a non-septate mould (for example
Mucorales), or a yeast (for example a Candida spp.) [52].
Throughout the visualization of the fungi's appearance in the tissue
section and identification of specific morphological patterns, it is
possible to differentiate between different histopathological di-
agnoses associated with invasive fungal infections. However, the
visualization of those structures alone does not provide a specific
identification since the analysed structures are similar in various
fungal species [53]. Additionally, it is very important to assess tissue
invasion to understand the significance of the isolate (pathogenic
fungus/normal microbiota/environmental contamination). Visual-
ization of fungal structures by histopathology and direct micro-
scopy techniques can be improved, through the use of stains, such
as Gomori's methenamine silver, the periodic acideSchiff reaction
[53], or India ink [54], and fluorescent brighteners, such as Calco-
fluor White [55].

Biological samples from patients with clinical diagnosis of
cryptococcosis (CSF samples) can be examined directly for the
presence of encapsulated budding yeast by India ink preparation.
However, the agreement between direct detection of encapsulated
yeast cells with India ink and fungal culture (“gold standard”)
varies, Martins et al. [56] showed an 80% (8with India ink test out of
10 positive fungal culture), Sato and colleagues [57] showed only
44% (7 out of 16), while Silva et al. [54] presented 95% (46 out of 48).
Fluorescence in situ hybridisation (FISH) can also be used directly in
CSF samples. In this technique, fluorescent probes that bind to
specific targets on ribosomal RNA allow the direct microscopic
visualisation of individual fungal cells. Silva et al. [54] study in-
dicates that FISH directly used on CSF samples presents a 100%
concordance with PCR results, at detecting Cryptococcus.

A 10-year retrospective study, analysing surgical pathology
evaluation from patients with concurrent positive mould and yeast
cultures, without known history of a fungal infection, showed a 79%
accuracy of the histologic diagnosis of fungal infections vs culture
[58]. However, a specific identification based only on the visuali-
zation of those structures is difficult. Discrepant diagnoses included
misidentification of septate and nonseptate hyphal organisms and
yeast forms, and also from morphologic mimics, use of inappro-
priate terminology, and incomplete knowledge in mycology
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[53,58]. Nevertheless, these techniques are very useful to avoid
false negative results from the fungal culture or cases of unculti-
vable fungi and, implementation of a standardized reporting
format should improve diagnostic accuracy and prevent adverse
outcomes [58]. Still, microscopy requires a trained mycologist to
differentiate different species, or even genus, especially due to the
similar microscopic appearance of several fungus (Table 1).

5. Methods for identification after pathogen isolation

The isolation of the fungal pathogen from the cultures allows
the evaluation of several relevant parameters as their antifungals
resistance and species identification [55]. Despite the growth of the
pathogenic fungi, the culture media provides only information
about the presence/absence of fungus. Therefore, in order to be able
to identify the fungal species behind the infection, there are com-
plementary methodologies to achieve a specific identification,
leading to a better therapeutic plan.

5.1. Chromogenic media

Considering the unspecific clinical scenarios of fungal infections,
the detection of the presence or absence of a fungal pathogen is
frequently insufficient, thus chromogenic media can be used to
overcome this limitation [59]. Chromogenic media has beenwidely
used in clinical microbiology to detect and identify either bacterial
or fungal pathogens [60] being used for Candida identification since
1994. They allow the growth of a specific microorganism, and with
the inclusion of chromogenic or fluorescent enzyme subtracts tar-
geting microbial enzymes, such media are able to target pathogens
with high specificity [59]. These culture media are suitable for non-
sterile samples as they stimulate the growth of a specific genus,
inhibiting the growth of other microorganisms [34]. There are
several chromogenic media available for the detection of yeasts,
and these media often include a chromogenic substrate for b-
hexosaminidase, which allows the differentiation of the most
frequent and clinically important species, C. albicans. Combining
chromogenic substrates, colonies from different species present
different colours, enhancing the differentiation of yeast species.
CHROMagar® Candida Plus (CHROMagar, Paris, France), chromID™
Candida Agar (CCA, bioM�erieux, Marcy-l’�Etoile, France), HiCrome®
Candida (HiMedia, Mumbai, India), CandiSelect™ 4 (CS4, Bio-Rad,
Marnes-la-Coquette, France) and Brilliance™ Candida Agar (BCA,
Oxoid, Basingstoke, UK) are examples of commercially available
selective and differential media which facilitates differentiation of
Candida species, namely C. albicans, C. tropicalis, C. glabrata, C.
parapsilosis and C. krusei, on the basis of colouration and colony
morphology [59,61].

Even though chromogenic media can provide rapid and direct
identification by colony colour and morphology observation, they
were not able to differentiate emerging Candida species, such as
C. auris, until very recently. In 2020, Borman et al. [62] conducted a
study that aimed to test C. auris detection and specificity of a novel
CHROMagar™ Candida Plus, using 52 yeast species recovered from
clinical samples. The authors reported that CHROMagar™ Candida
Plus was able to successfully distinguish C. auris from all other
species tested due to the distinct appearance of its pale cream
colony with a blue halo, except for Candida diddensiae, which
showed a similar appearance to C. auris [62]. De Jong and colleagues
[63] compared five commercially available chromogenic media,
including the two novel chromogenic formulations designed to
differentiate C. auris, the CHROMagar™ Candida Plus and the
HiCrome C. auris MDR selective agar (HAMA) that only allows the
growth of multidrug-resistant C. auris [63]. CHROMagar™ Candida
Plus medium had a better performance in discriminating C. auris
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from other Candida species tested, with an accuracy of (91.8%)
compared to 32.7e87.8% for the other media studied. However,
Candida vulturna and Candida pseudohaemulonii showed pheno-
typic similarities to C. auris colonies [63]. Therefore, the novel
chromogenic medium CHROMagar™ Candida Plus is considered a
valuable tool for detection and identification of C. auris and other
yeast species in clinical contexts. Due to the occasional appearance
of similar colony phenotypes, additional confirmation methods
may be necessary.

Chromogenic media are capable of delivering fast results in a
cost-efficient way. There are multiple assays commercially avail-
able, some of them capable of detecting polymicrobial samples,
providing identification at species level. Yet, there are some diffi-
culties in distinguishing Candida non-albicans species, and emer-
gent species, such as C. auris (Table 1).

5.2. Biochemical phenotypic identification systems

Several biochemical phenotypic systems have been developed
and are commercially available for the identification of microor-
ganisms. These systems evaluate the ability of the microorganism
to assimilate different types of nutrients in microwells, including
sugars and organic acids, substrates for specific enzymatic activ-
ities, and antimicrobial agents. These are turbidimetric methods
organized in cards with different microwells and the results are
barcoded and compared with a database. However, before per-
forming these methods, it is necessary to obtain a pure culture of
the pathogen [64]. Considering fungal infections, these systems are
most suitable for yeast species as for instance the manual API 20C
AUX and the automated VITEK® 2 YST ID card (bioM�erieux, Marcy-
l’�Etoile, France). API 20C AUX system properly identifies around 97%
of the most commonly detected species [65,66].

The accuracy of these two systems (VITEK® 2 and API 20C AUX)
for yeast detection is better for commonly detected species
(76e95% for VITEK® and 96% for API) than for uncommon yeast
species (58e78% for VITEK® 2 and 72% for API) [66e69]. Mis-
identifications or identifications were mostly detected for
C. parapsilosis, C. glabrata, C. dubliniensis, C. norvegensis and
C. pelliculosa [66,67]. VITEK® 2 system database has been recently
updated (version 8.01) to include C. auris, increasing the accuracy of
identification of this emergent pathogen. However, the updated
version showed limited ability to distinguish between C. auris and
closely related species, only identifying correctly about 52% of the
C. auris isolates [70,71]. These biochemical assays provide inaccu-
rate identification of C. auris, mistaken this species with for
instance C. haemulonii, Rhodotorola glutinis, C. famata, or C. sake
[72,73].

5.3. Matrix-Assisted Laser Desorption/Ionization e Time of Flight
(MALDI-TOF MS)

In recent decades, mass spectrometry-based methodologies
gained popularity in microbiology laboratories because they pro-
vide fast identification at low costs, with easy accessibility and
great applicability to several microorganisms. For fungal species
identification, the variation of mass spectrometrymost widely used
is Matrix-assisted laser desorption/ionization (MALDI-TOF MS),
which is based on the identification of fingerprints of extracted
proteins, mainly ribosomal and membrane proteins. The protein
profile obtained for each isolate is compared with universal profile
databases, enabling identification at the species and genus level
[34,35].

Becker and colleagues [74] identified 290 fungal isolates, at
species level, including filamentous fungi and yeasts, belonging to
69 different species, through conventional culture methodologies
7

and by MALDI-TOF MS and confirmed by DNA sequencing. MALDI-
TOF MS was able to correctly identify 89% of the species, while
conventional cultures only achieved 69% of correct identifications
[74]. Lau and co-workers [75] developed a spectra database ac-
cording to 249 fungal isolates, which was used to identify 421
clinical isolates, through MALDI-TOF. This database was able to
correctly identify about 90% of the isolates when compared with
the results obtained from DNA sequencing.

The performance of some commercially available MALDI-TOF
MS systems, such as VITEK MS (bioM�erieux, Marcy l’Etoile,
France), MALDI Biotyper (Bruker Daltonics, Bremen, Germany) and
Autof MS 1000 (Autobio Diagnostics, Zhengzhou, China) has been
evaluated. For instance, Teke et al. [76] conducted a comparative
study of the VITEK MS and MALDI Biotyper performance for the
identification of 157 isolates, representing 23 yeast species (non-
albicans Candida and rare yeast species), and both systems showed
high sensitivity for yeast identification (96.8% and 98.7%, respec-
tively). Yi et al. [77] also compared the performance of the Autof MS
1000 and Vitek MS systems for yeasts identification within closely
related species complexes that cause invasive fungal infections.
This study included the evaluation of 1228 yeast isolates repre-
senting 14 different species. The identification accuracy of all spe-
cies complexes ranged from 98.9% to 100% and from 79.1% to 96.3%,
for Autof MS 1000 and VITEK MS, respectively. Both systems
showed good performance for C. auris identification [77].

MALDI-TOF MS is now commonly used as a first-line identifi-
cation method for common yeasts. However, the identification of
pathogenic filamentous fungi remains difficult. Mould often grow
inside the solid media, which makes harvesting very difficult,
leading to agar contamination of the spectra and hampers MALDI-
TOFMS identification. In this way, a novel culturemedium, ID Fungi
Plates (Conidia, Quincieux, France) was developed to allow easier
and faster harvesting of the isolates [78]. Overall, common yeast
and moulds are mostly well covered in commercially available
databases, but the same does not happen for new, rarer, or cryptic
species. It seems that the best approach to improve the identifi-
cation of these species is to continuously update the commercial
databases or to complement them with homemade reference li-
braries and other online databases, such as MicrobeNet (developed
by CDC), and the Mass Spectrometry Identification platform [79].

In addition to species-level identification, assessing the anti-
fungal resistance is essential to select the most suitable antifungal
therapeutic approach. Several studies have demonstrated that
MALDI-TOF MS has the potential to be adapted for antimicrobial
susceptibility testing. Vatanshenassan and colleagues recently
introduced the MALDI Biotyper antibiotic susceptibility test-rapid
assay (MBT ASTRA) to detect echinocandin resistant C. albicans,
C. glabrata and C. auris isolates [80,81].

MALDI-TOF MS is associated with several advantages such as
being capable of identifying the pathogen at the genus and species
level with accurate and fast results, with easy handling and reduced
costs. It is applicable to a vast variety of microorganisms and allows
antifungal susceptibility detection. Still, it is incapable of per-
forming quantification, and the coverage of databases available is
limited, so there must be a continuous update to cover the rarest
and emergent species (Table 1).

5.4. Fluorescence in situ hybridization (FISH)

FISH technique had also been widely used in microbiology lab-
oratories to detect pathogenic microorganisms from positive blood
cultures. Currently, this technique is not routinely used, but it
continues to be useful for certain applications [54]. Although more
expensive PNA-based FISH probes are appearing more frequently
on the market compared with DNA-based FISH probes since their
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complementarity has higher affinity and specificity, and are more
resistant to degradation [82]. Silva and co-workers [54] evaluated
the potential of the FISH methodology in identifying fungal species
from blood cultures. They showed that results obtained with FISH
analysis were in complete agreement with fungal culture. However,
microscopy identification after culture needs specialized clinics to
carry and are time-consuming (3e10 days). In contrast, the FISH
methodology presented the same results within 5 h [54]. Thus,
PNA-FISH® platform that detects several sequences of pathogenic
microorganisms, such as Staphylococcus aureus, various Entero-
coccus spp., gram-negative bacteria, and several Candida spp. was
used in the hospital routine [82]. More recently, a new PNA FISH
platform, Yeast Traffic Light PNA FISH (AdvanDx, Inc., Woburn, MA;
YTL PNA FISH), was developed combining the identification of 5
Candida spp. with their susceptibility to fluconazole, according to
different fluorescence dyes. PNA FISH probes that show green
fluorescence stands for susceptible to fluconazole treatment
(C. albicans and C. parapsilosis), yellow means that a higher dose of
fluconazole must be administrated (C. tropicalis), and red means
that there is a natural resistance to fluconazole (C. krusei and
C. glabrata) [83]. A study using this new platform showed that of
137 patients with positive blood cultures without antifungal
treatment, the YTL PNA FISH was able to correctly target the
treatment of 132 patients (96.4%), and distinguish between bacteria
and yeasts in a concomitant growth (95.8%) [83]. These platforms
are capable of displaying results within 2 h, with high sensitivity
and specificity values (above 95%) [82]. In microbiology labora-
tories this assay was replaced by more efficient methodologies
especially because FISH platforms presented a high limit of detec-
tion, and there was a reduced number of PNA probes commercially
available (Table 1).

5.5. PCR-based methodologies

A large variety of PCR-based methodologies are available to
identify the pathogenic fungi, after obtaining the fungal isolate.
FilmArray® (bioM�erieux, Marcy l’Etoile, France) are fully auto-
mated platforms that incorporates steps from sample preparation
to multiplex PCR amplification and detection/identification of
pathogens, in about 1 h [82,84,85]. FilmArray® was the first to be
developed, allowing the detection of pathogenic microorganisms,
according to different panels, which correlate to sample types. The
first panel for blood cultures, Blood Culture Identification Panel,
allowed the detection of 19 species of bacteria, 5 Candida species
(C. albicans, C. glabrata, C. krusei, C. parapsilosis, and C. tropicalis),
and 3 antimicrobial resistance genes, with sensitivity >96% and
specificity of 99% [84]. It is also effective in identifying mixed in-
fections, being able to detect all microorganisms in 71% of the
samples. The BioFire® FilmArray® Torch System, is a new version of
this platform that allows the inclusion of 2e12 modules, using the
same developed Panels, offering a maximum of 264 samples per
day with 12 modules [82]. Additionally, an updated version of the
blood culture Panel, the BioFire® FilmArray® Blood Culture Iden-
tification 2 Panel provides results for 26 bacterial, 7 yeast species
(with the addition of C. auris and Cryptococcus gattii/C. neoformans
species complexes) and 10 antimicrobial resistance genes [86,87].
The identification of microorganisms through this panel yielded
higher values of sensitivity and specificity (>98% and >99%,
respectively) when compared to cultures [87].

Sepsis Flow Chip (Master Diagn�ostica, Spain) is a platform that
combines multiplex PCR with a reverse dot blot hybridization for
the detection of the most common pathogens in systemic in-
fections, from positive blood cultures [82,88]. This methodology is
able to identify 36 species of bacteria, 20 antimicrobial resistance
genes, C. albicans and Candida spp. (non-albicans), in 3 h [89]. In its
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validation and verification trial, this platform obtained high values
of sensitivity and specificity regarding Candida species: 93 and
100%, respectively [88]. It also showed excellent results when
identifying cultures with more than one pathogen, with a sensi-
tivity of 89%. This diagnostic assay was optimized to use samples
directly from the blood culture without previous DNA extraction
[88].

ePlex® system (GenMark Diagnosis, USA) is a fully automated
platform, incorporating all the necessary steps for the analysis of
positive blood cultures. It has a sample preparation system, fol-
lowed by a multiplex PCR amplification system, and finally the
amplicon analysis through electrochemical examination [82,90,91].
It has several panels that allow the detection of various pathogens
such as gram-negative and gram-positive bacteria, and fungal
species, from blood cultures. The fungal pathogens that this panel
identifies are Candida species (C. albicans, C. auris, C. dubliniensis,
C. famata, C. glabrata, C. guilliermondii, C. kefyr, C. lusitaniae,
C. parapsilosis, and C. tropicalis C. krusei) Cryptococcus neoformans
sensu lato, C. gattii sensu lato, Fusarium spp, and Rhodotorula spp
[90,91]. The sensitivity of ePlex® system from blood cultures
ranged from 99.8 to 100% for fungal pathogens, and specificity of
100% [91,92].

PCR-based methods have a short turn-around time, capable of
providing fast and accurate results. However, some PCR-based
methods do not allow quantification of the amplified DNA, which
can be crucial to interpreting the infection severity, moreover
contaminations are prone to happen if the PCR-platform does not
occur in a closed system, and also the design of primers should be
carefully made (Table 1).

6. Probable diagnosis

When no detection of the pathogenic fungi through histopath-
ological or culture methods from sterile sites is possible, but only
detection of traces of the pathogen, a probable diagnosis is attrib-
uted. Serological, molecular, and other more recent techniques are
available to collect evidence of the presence of the pathogenic
fungi. However, for a probable diagnosis to be attributed, several
aspects must be considered, such as the patients’ clinical signs and
symptoms and the host factors (immunocompromised or not).
Regarding mycological evidences, there should be a final result that
is concordant between at least two different methodologies. Some
of these methodologies can also be used after a positive blood
culture for species identification.

6.1. Invasive fungal infections imaging

There are numerous benefits linked to imaging towards invasive
fungal infections diagnosis, since through this method it is possible
to monitor the progression of the infections, as well as patients’
response to the treatment [93,94]. However, according to the
EORTC and MSG-ERC guidelines, imaging methods regarding
invasive fungal infections, fit only on probable and possible diag-
nosis [30]. Several imaging techniques are available to support
invasive fungal infections diagnosis, being chest X ray (CXR),
computed tomography (CT), magnetic resonance (MR), and posi-
tron emission tomography (PET) the most commonly used [95].

Infections with these organisms often start in the lungs and
become systemic in susceptible individuals, disseminating through
the bloodstream to the brain, and susceptible organs.

Infections of the central nervous system (CNS) are rare, often
associated with immunocompromised patients and commonly
caused by Cryptococcus, Candida spp, Mucorales fungi and Asper-
gillus spp. The most common CNS manifestations caused by those
pathogens are meningitis and focal masses such as cerebral
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abscesses and granulomas. When meningitis is suspected the CT
can be initially used to observe the impaired cerebrospinal fluid
absorption caused by the pathogen. MR is the preferred modality,
which makes evident the thick meningeal enhancement, at the
skull base [93]. Sinus infections are most commonly associated
with Mucorales fungi, especially Rhizopus and Rhizomucor species,
and Aspergillus spp., which may cause bone destruction, and spread
to other areas, as soft tissues and even to intracranial cavity.
Initially, CT is often used to analyse bone destructionwhereasMR is
applied to evaluate the extension of intracranial cavity sinus in-
fections [93]. Concerning pulmonary aspergillosis, the commonly
associated organisms are Aspergillus, Candida, Nocardia and Acti-
nomyces species, as well as Mucorales fungi, Pneumocystis jirovecii,
Histoplasma species and Cryptococcus species. As for pulmonary
infections, a variety of characteristics can be observed, such as
nodules, chest wall invasion and lobar consolidations. CT is often
applied to visualise parenchymal nodules or consolidation with a
surrounding area, called CT “halo”, linked to angioinvasive pul-
monary aspergillosis, Candida spp., Coccidioides and Cryptococcus
infections. In contrast, pulmonary mucormycosis is associated to a
CT “reverse-halo” (consolidation surrounding a central opacity)
[93]. Regarding gastrointestinal and genitourinary infections, the
most associated fungal pathogen is C. albicans. When using CT and
MR imaging these infections usually manifest similar parenchymal
microabscesses [93].

The imaging methodologies commonly used to assess and di-
agnose invasive fungal infections are CT or MRI, since they provide
overall information in less time [95]. However, there is a need for
multimodal imaging to overcome the limitations that exist for the
individual use of each imaging method (Table 1) [96].

6.2. Serological methodologies

The development of laboratory biological markers and the
launching of antigen testing have improved the diagnosis of inva-
sive fungal infections regarding quickness and efficiency. Fungal
antigens, metabolites, or antibodies produced by the host's im-
mune system can be detected in several serum samples, but also
urine and bronchoalveolar fluid [53]. In this review, the most
frequently used techniques will be presented.

6.2.1. b-(1,3)-D-glucan assay
b-(1,3)-D-glucan is a polysaccharide present in the cell wall of

several fungi, and the detection of this antigenic marker can indi-
cate a variety of infections, from invasive candidiasis, to invasive
aspergillosis and also P. jirovecii pneumonia [35]. The assays
developed specifically to measure fungal b-(1,3)-D-glucan typically
depends on the activation, by the serine protease zymogen Factor
G, of a clotting cascade present in the limulus amebocyte lysate
(LAL). The developed assays use serum samples and rely on the
activation of the LAL clotting cascade that ultimately cleaves a
chromogenic substance, p-nitroanilide, from a synthetic peptide in
the beta-glucan LAL, changing to a yellow colour. However, it has
been observed that serum samples have an inherent yellow colour
that may overestimate quantification therefore, a variation of the b-
(1,3)-D-glucan assay uses the diazo derivative of p-nitroanilide
which by cleavage is purple [97]. There several b-(1,3)-D-glucan
assays are available for in vitro diagnosis of invasive fungal infection
in clinical samples: Fungitell (Associates of Cape Cod, East Fal-
mouth, USA), Fungitec-G (Seikagaku Biobusiness, Japan), beta-
Glucan Test (Waco Pure Chemical Industries, Japan), and BGSTAR
b-Glucan Test (Maruha, Japan), which have different measurement
methods and cut-off values. The overall sensitivity and specificity
values for these assays range from 58 to 100% and 57e100%,
respectively [98e100]. Still, only Fungitell is FDA approved and it is
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the commonly used assay in hospital settings, however beta-
Glucan Test became commercially available in Europe. Fungitell
assay presented sensitivity and specificity values of 69.9e100% and
73e97.3%, respectively, for invasive candidiasis [99e102], and for
invasive aspergillosis showed sensitivity and specificity values of
81e93.3% and 77.2e99.5% [99,103,104]. BetaeGlucan Test, on the
other hand, showed sensitivity and specificity values of 42.5e98.7%
and 98e98% respectively, for invasive candidiasis, and for invasive
aspergillosis values of 80e80.3% and specificity of 97.3%, respec-
tively [99,105,106].

Although serum (1e3)-b-D- glucan testing is an effective pan-
fungal marker to aid in the screening and diagnosis of invasive
fungal infections, a major problem is the high number of false-
positives. Racil et al. [107] reported a value of 75% of false posi-
tives when analysing 1143 samples, and most of the false-positive
results were attributed to concurrent bacteremia, use of hemodi-
alysis, or treatment involving the use of human immunoglobulin.
Mennink-Kersten et al. [108] reported that bacteria such as Alcali-
genes faecalis, Streptococcus pneumoniae and Pseudomonas aerugi-
nosa showed b-(1,3)-D-glucan reactivity with the Fungitell assay,
which can provide false-positive results. According to
Hammarstr€om and colleagues [109], patients receiving treatment
with pegylated asparaginase and ICU patients treated with plasma,
albumin, or coagulation factors, showed elevated levels of b-(1,3)-
D-glucan, being more likely to test positive for the b-glucan assays.
Additionally, some drugs (lentinan, crestin, scleroglucan, and
schizophyllan) used in intensive care units contain glucans that
may also cause false positive test results. Thus, due to the excellent
negative predictive values of the assay (90.57e99.8%) [106,107] and
high false-positives, Fungitell assay serve best to identify those
patients without invasive fungal infection rather than identifying
those for whom infection has actually been detected.

Despite b-(1,3)-D-glucan assays provides fast results regarding
detection of a broad range of fungal pathogens, in a cost-effective
and non-invasive way. It is more effective in excluding an inva-
sive fungal infection than diagnosing it. Even so, it is a nonspecific
panfungal test, associated with low sensitivity values, and with
several issues regarding false-positive results. Moreover, some
fungal species produce less b-D-glucan, like Cryptococcus spp, or
even any such Blastomyces and Mucorales moulds (Table 1).

6.2.2. Mannan antigen and antimannan antibody detection
Mannan is one of the major components of the Candida cell wall

that has been used as a diagnostic biomarker of invasive candidi-
asis. There are some commercially available serologic tests for
mannan antigen and anti-mannan antibody detection, such as
Platelia™ Candida Ag/Ab Plus (Bio-Rad, France), which is the most
well-studied, and Serion ELISA Antigen Candida Assay (Serion
GmbH, Germany) [110,111]. In several studies with different designs
and populations, the clinical value of mannan detection assays
showed variable sensitivity (52%e85%) and specificity (86.8%e98%)
[111e113]. The anti-mannan antibodies detection specificity and
sensitivity ranged from 57.7 to 80.4% and the specificity from 60 to
87% [112,113].

These serologic tests present some disadvantages (Table 1), such
as limited specificity due to the presence of Candida species in the
host normal flora, limited sensitivity of antibody assays for high-
risk immunocompromised patients, and also different sensitivity
for different species (lower for C. krusei and C. parapsilosis).

6.2.3. Candida albicans germ tube antibody (CAGTA) assay
Regarding Candida species, a broad range of serologic tests is

also available, as for instance the CAGTA [35]. Invasive candidiasis
CAGTA IFA IgG (Vircell Microbiologist S.L., Spain) is a commercially
available indirect immunofluorescence kit that detects antibodies
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against antigens in the cell wall surface of the mycelium of
C. albicans, in human serum or plasma. This test was then adapted
to an automatic chemiluminescence assay, the Invasive Candidiasis
(CAGTA) VirCLia® IgG Monotest (Vircell Microbiologist S.L., Spain),
which provides faster results [114]. For invasive candidiasis, the
CAGTA IFA IgG assay showed sensitivity values ranging from 51.7 to
69.2%, and specificity values from 75 to 80.3%, while for VirCLia®,
these values were 76.9% and 75.8%, respectively [115,116]. Wei et al.
performed a meta-analysis of data from 7 different studies, using
CAGTA IFA IgG assay, and results showed a pooled sensitivity of
66%, and specificity of 76%, concluding that this assay has moderate
accuracy for invasive candidiasis diagnosis [117].

CAGTA assay despite being easy handling, with a fast perfor-
mance at low cost, this assay is one of the few antibody-based that
falls short in terms of sensitivity and specificity for invasive
candidiasis diagnosis, which ends up being a huge drawback
(Table 1).
6.2.4. Galactomannan (GM) assay
For invasive aspergillosis, GM is the main cell wall antigen

detected in serum, in bronchoalveolar fluid or in cerebrospinal
fluid. The overall sensitivity and specificity values of the GM assay
ranged from 67 to 100% and 86e100%, respectively [118e121]. The
commercially available assay to detect GM, the ELISA Platelia
Aspergillus assay™ (Bio-Rad, USA), is the most frequently used in
the clinical context to diagnose invasive aspergillosis and optimized
for serum. ELISA Platelia Aspergillus assay™ showed sensitivity
values ranging from 44% to 100%, and specificity from 78.6% to 100%
[122,123]. This assay has a higher sensitivity to Aspergillus non-
fumigatus species, which turns out to be a drawback, because
A. fumigatus is the prevalent pathogen in invasive aspergillosis [35].
Despite GM being present in the cell wall of Histoplasma spp. and
Fusarium spp., this antigen detection assay is mentioned as an
Aspergillus-specific methodology [124e126]. However, this kit can
be a useful tool for the diagnosis of infections caused by Fusarium
spp., since there is no antigen test for this pathogenic species [125],
and also for histoplasmosis, since Histoplasma spp. can take up to 4
weeks to grow in culture [50,124,126]. GM assay can be a useful
biomarker for the diagnosis of invasive aspergillosis. However,
although being the most frequently used assay in hospital settings
for invasive aspergillosis, this assay has low sensitivity for early
diagnosis and falls short regarding specificity (Table 1).
6.2.5. Lateral-flow devices
Lateral-flow devices detect antibodies, antigens, or metabolites

in serum, respiratory samples, or even urine, being applied for the
diagnosis of probable infections. Due to its easy performance, these
devices can be applied to point-of-care (POC) testing, presenting
results in 15 min [127]. A POC test for aspergillosis was recently
developed, the LFA-IMMY™ (IMMY, Norman, Oklahoma) assay.
This methodology is Aspergillus-specific and detects gal-
actomannan in any respiratory samples, however, it does not
discriminate different types of aspergillosis, but only if there is
Aspergillus present in respiratory samples [128]. The accuracy of
this methodology was compared with conventional ones, such as
culture and microscopy, using 398 respiratory samples. It was
shown that the LFA-IMMY™ assay achieved an accuracy of 92% in
identifying Aspergillus. In other words, LFA-IMMT™ assay led to 48
true-positive results, 44 true-negative results, 4 false-negative re-
sults, and 4 false-positive results, presenting sensitivity values
ranging from 86 to 96%, and specificity of 84% [128]. Another study
evaluated the accuracy of the LFA-IMMY™ in 179 serum samples,
and the test performed slightly better, achieving a sensitivity of
96.6% and specificity of 98% [128,129].
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Lateral-flow assays are available to detect and diagnose other
fungal infections, for example, histoplasmosis. MiraVista Di-
agnostics recently presented a new, rapid and non-invasive way to
diagnose histoplasmosis, the MVista LFA. This is a qualitative assay
that uses polyclonal antibodies to detect Histoplasma antigen in
urine samples, within 30 min, and when compared to proven cul-
tures achieved sensitivity and specificity of 93.1% and 96.1%,
respectively [130,131] Comparing MVista LFA assay, with the
traditional enzyme immunoassay in diagnosing histoplasmosis
using 352 cases (44 proven histoplasmosis infections, 22 probable
infections, and 286 controls) results showed an overall concordant
diagnosis between the two methodologies [130]. The diagnostic
accuracy using MVista LFA was higher in patients with proven
disease (93.2%), when compared with patients with probable dis-
ease (78.6%). However, MVista LFA demonstrated 85%e30% cross-
reactivity with other endemic fungal infections, such as blastomy-
cosis, paracoccidioidomycosis and coccidioidomycosis. Even
though this new methodology provides developing countries with
an easy and effective way to diagnose histoplasmosis [130,131].

CrAg® LFA, developed by IMMY is a new assay, also based on
lateral flow analysis that aims to detect Cryptococcus antigen (CrAg)
in aiding to diagnose cryptococcal infection. This assay provides
faster results (10 min), with higher sensitivity and specificity values
100% and 93%, respectively, when compared to the Meridian's
enzyme immunoassay [132]. A study testing 4627 samples from
3969 patients with the CrAg® LFA resulted in 55 positive cases. Of
this, 38 patients lacked a prior cryptococcal disease history where
20 were confirmed with a positive culture (proven diagnosis), 5
presented cut-of values way above the cut-of value (probable
diagnosis) and 13 showed cut-off values in the limit, leading them
to consider these patients as false-positive (a rate of 34% of false
positives) [133]. Thus, to avoid misdiagnosis, the results from pa-
tients with no history of cryptococcal disease should be carefully
analysed. There are other commercially available LFA to aid the
diagnosis of cryptococcal infection, however they are not as much
evaluated as the CrAg® LFA. Shi and colleagues [134] evaluated the
effectiveness of other commercially available LFA in detecting
Cryptococcus spp., such as CryptoPS (Biosynex, Illkirch-
Graffenstaden, France), cryptococcal antigen LFA (Dynamiker
Biotechnology, Tianjin, China), and cryptococcal capsular poly-
saccharide detection K-set (FungiXpert, Genobio Pharmaceutical,
Tianjin, China), and results were compared to those presented by
CrAg® LFA. For this, 40 cryptococcal strains were used, representing
all the 7 recognized species, and interspecies hybrids were also
tested. Results showed that CrAg® LFA and cryptococcal capsular
polysaccharide detection K-set were able to successfully detect all 7
species. Cryptococcal antigen LFA was not able to detect one strain
of C. bacillisporus and 2 strains of C. tetragattii. CyptoPS could not
detect one strain of C. bacillisporus, one strain of C. deuterogattii and
none of the strains of C. tretagattii. This means that CrAg® LFA and
cryptococcal capsular polysaccharide detection K-set should be
employed over the other two LFA available, especially CyptoPS
since it has a blind spot at detecting C. tretagattii. The major
advantage of LFD is that it can be used in POC, capable of providing
results in 15 min, at low costs. Still, the majority of LFD commer-
cially available lack specificity, since there is cross-reactivity with
other fungal species and, some results should be carefully analysed
in patients that lack clinical signs (Table 1).

7. Nucleic acid molecular methodologies

Several studies showed that rapid identification of the infectious
agent leads to an appropriate therapeutic plan, which results in
lower mortality rates [31,82,135]. Since 1990, thousands of studies
referring to the diagnosis of fungal infections through molecular
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methodologies have been published. However, the use of these
techniques in hospital settings, for some years was hampered by
the lack of standardization and accreditation [136]. Molecular
methodologies have also evolved to be totally independent of the
growth of the microorganism in blood culture.

The majority of molecular methodologies used in clinical
context were first developed in research laboratories and entitled
“research use only” (RUOs) [136]. In order to reach bioindustry and
clinical laboratories, those methodologies must undergo a rigorous
process of verification and validation controlled by several entities
[137e139]. Throughout the verification process, the newmethod is
defined, characterized, and compared with the gold standard
methodology, considering the disease or condition it aims to di-
agnose. This process allows the research centre to evaluate the
limitations, risks of error, and the likelihood of causing changes in
the interpretation of the test results or treatment decisions. The
validation process incorporates the methodology quality control,
that is assessed during the time it is commercially available, to
guarantee that it works the way it was intended [137e139]. There is
a special concern regarding the validation and verification of mo-
lecular methodologies for invasive fungal infections since gold
standard techniques show inconsistent results, associated with
lower rates of specificity and sensitivity. So, comparing a new
molecular methodology with the gold standard, as for example
cultivation in appropriate media, may result in the conclusion that
the new methodology is not suitable [35,136,137].
Fig. 2. PCR-based methods framework for fungal infections diagnosis and the possible
outcomes. aQuantitative real-time PCR using intercalation dyes may require melting
curve analysis of amplicons. bProbe-based qPCR uses probes with a specific fluores-
cence to distinguish different amplicons, being ideal for multiplex situations. Abbre-
viations: PCR, Polymerase Chain Reaction; FISH, Fluorescence in situ Hybridization;
RFLP, restriction fragment length polymorphism.
7.1. PCR-based methods

In clinical terms, PCR-based methodologies are commonly
associated with the direct use of samples from sterile sites such as
whole blood and cerebrospinal fluid, or from nonsterile sites like
bronchoalveolar lavage, to detect fungal DNA (Fig. 2).

Nucleic acid amplification-based methodologies consist of
enzymatic processes inwhich one or more enzymes can synthesize
copies of target sequences. That is achieved through a pair of
primers, which specifically bind to the target sequence, resulting in
the amplification of that sequence. The biggest drawback of these
methods is contamination, which may lead to the amplification of
unwanted sequences [136]. PCR was the first nucleic acid amplifi-
cation methodology to be developed. Throughout the years, novel
and more sophisticated variants of conventional PCR have been
developed, namely nested PCR, reverse transcriptase-PCR and real-
time PCR. Regarding fungal pathogens detection, conventional PCR
and real-time PCR are the most widely used, presenting high
sensitivity, easy handling, and allowing identification of the path-
ogen in a short time [35,136,140].

For a few years, the scientific community faced some obstacles
related to the manipulation of PCR methodologies in hospital
microbiology laboratories. For instance, the fungal burden associ-
ated with invasive fungal infections was considered very close to
the limit of detection of PCR methodologies, so DNA extraction was
a crucial step in the diagnosis [35,136]. Fungi, especially moulds,
have a rigid cell wall, which poses an obstacle for fungal DNA
isolation and detection. Another complication is the omnipresence
of fungi which increases the risk of contamination and false-
positive results. Also, human DNA and other components in clin-
ical samples can inhibit or interfere with the PCR reaction [35].
Despite the challenges faced, the obstacles were eventually
overcome.

In clinical contexts, the use of conventional PCR to detect and
identify pathogenic microorganisms is linked to an extra step for
PCR product analysis, which increases the risk of contamination by
external factors. Another disadvantage is the lack of quantification
11
of the PCR products, precluding the differentiation between
commensal colonization and active infection [35].

Amplicon analysis after conventional PCR can be done through
(i) sequencing - amplified products are sequenced to identify
pathogenic fungi at species or genus level [136,141]; (ii) FISH - this
methodology is used for amplicon analysis by adding specific
fluorescent DNA probes to the PCR products, visualized by fluo-
rescent microscopy [54]; (iii) restriction fragment length poly-
morphism (RFLP) - PCR-RFLP allows the rapid differentiation of
fungal species, through the analysis of the patterns obtained and
the size of the PCR product after digestion of the PCR product with
restriction enzymes, such as MspI [34,142]; and (iv) capillary
electrophoresis - the PCR fragments are analysed according to their
size. Products with close sizes can be distinguished by introducing
different fluorescent labels in one of the primers [65].

Quantitative real-time PCR (qPCR) enables the monitorization
and quantification of the DNA during the amplification process,
implying that the data is collected and visualized as the PCR reac-
tion proceeds. This methodology occurs entirely in a closed system,
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with no transfer of samples, no addition of reagents, or electro-
phoresis [35,136,143]. Several fluorescent reporters are used to
monitor qPCR reactions, being divided into intercalation dyes and
probe-based qPCR [136,144].

Intercalation dyes become fluorescent in the presence of dsDNA.
The amount of DNA present in the sample is proportional to the
fluorescence emitted and observed on the monitor. However,
intercalation dyes, like SYBR Green and EvaGreen, bind to any
dsDNA, which is also the case of primer-dimers. Nevertheless, these
dyes are low-cost and prevent the need to resort to probe design
[136,144e146]. The major downside associated with intercalation
dyes qPCR, is that an extra step is needed to perform amplicon
analysis that is a melting curve analysis, which takes extra time to
perform. Melting curve analysis (MCA) is a methodology that can
be automatically performed after qPCR reaction, with high sensi-
tivity values, based on the association of different amplicons to
different melting temperatures. Melting temperatures are mainly
determined by the guanine and cytosine content, but also by the
size of the amplicon [136,147]. MCA usually accompanies the use of
intercalation dyes like SYBR Green, since it binds to all dsDNA
present in the sample, all amplicons will be analysed through MCA,
and for this reason, it requires a more careful analysis [136,141,147].
This approach is not the most indicated to medical diagnostics, and
so currently for a rigorous monitoring of the amplification in real-
time, the probe-based qPCR is used instead.

Probe-based qPCR techniques are highly specific since they
combine the specificities of the primers and probes, and due to
different dyes available, they can also be used in a multiplex system
[144e146]. Several types of probes are available: (i) Hydrolysis
(TaqMan) probes are related to the phenomenon of fluorescence
resonance energy transfer (FRET) between a reporter and a
quencher present in the probe. They are able to bind to the target
sequence and since the reporter and the quencher are close no
fluorescence is emitted. When DNA polymerase begins to synthe-
size a new sequence, the probe is cleaved and the reporter and
quencher are separated, and so the fluorescence emitted by the
reporter is detected by the device [136,141]; (ii) Molecular beacons
(harpin probes) are also incorporated with a reporter and a
quencher for monitoring fluorescence but contrary to the hydro-
lysis probes they are not degraded. These probes form hairpin
systems that when in secondary structure the reporter and
quencher are close together and do not emit fluorescence, but since
the sequence of the probe is complementary to the target sequence,
when the probe denatures and hybridizes emits fluorescence
[136,145]; (iii) Scorpion primers are also incorporated with a re-
porter and a quencher for fluorescence monitorization. These
probes also form a loop, however the hairpin loop is directly linked
to the 50-end of a primer. The extension of primers allows the
hairpin loop to open and bind to the complementary sequence, in
this way the fluorescence is no longer quenched and can be
measured [136,145,148].

Probe-based qPCR techniques can be applied in multiplex situ-
ations, although they depend on the capacity of the equipment to
read fluorescence at different wavelengths [136]. In this case, each
probe would be associated with the detection of a specific target,
with a specific fluorescence, and the equipment would have to be
able to detect different fluorescence simultaneously [136,147].

PCR methodologies can be utilized to detect all fungi (Panfungal
PCR) by using universal primers for highly conserved regions pre-
sent in all fungal genomes, thus being possible to detect any fungal
DNA in a sample, even the rarest species. The specific identification
of the fungal pathogen can be achieved by sequencing, which in-
creases the risks of contamination, or by a specific PCR [141,149].
Usually, the medical procedure in suspicion of a systemic fungal
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infection, is to perform a specific Candida or Aspergillus PCR test.
However, in case of a negative result, only a panfungal assay would
eliminate the hypothesis of fungal infection, and then direct the
diagnosis to bacterial infection [136,149]. In a study conducted by
Camp and co-workers [149], the overall accuracy of Fungi Assay
(real-time panfungal PCR) was compared with fungal cultures. For
this study, 265 clinical samples (blood, CSF, BAL, and tissue) were
used, and a 55.1% agreement between Fungi Assay and fungal
cultures was observed (146 out of 265). Blood samples presented
the best results regarding concordance between Fungi Assay and
fungal cultures, 43 out of 59 (72.9%), while CSF, Tissue and BAL
samples presented lower concordance rates, 60% (36 out of 60), 60%
(30 out of 50) and 38.5% (37 out of 96), respectively. Fungi Assay
was able to detect 3 true-positive blood samples, while fungal
cultures remained negative [149]. This study indicated that Fungi
Assay has a great potential in diagnosing cases where there are
strong evidences of fungal infection, providing better results with
blood samples.

Since quantitative real-time PCR methodologies are the ones
accepted for clinical use, Table 2 summarizes the methodologies
commercially available, reviewing their most important features
(PCR targets, detected species and resistances, specimens used,
assay time, sensitivity and specificity).

PCR-based methods applied directly to clinical samples have
several advantages, to provide a probable diagnosis, such as short
turn-around time, and accurate identification with high sensitivity
and specificity values, especially in blood samples. qPCR allows
quantification of the amplified DNA, which can be critical in the
analysis of infection severity. The new platforms are capable of
including all steps in this analysis, from clinical sample preparation
to visualization of the result, by adding just the sample, which re-
duces contamination since no further input of the technician is
needed, and the circuit is closed (Table 1).

The upcoming In Vitro Diagnostic Medical Device Regulation
(EU IVDR 2017/746) will implement significant changes and fully
replace the Directive 98/79/EC on in vitro diagnostic medical de-
vices (IVDD) on May 26, 2022. From that date on, IVD manufac-
turers' devices in Europe have to comply with IVDR requirements,
to achieve the “Conformit�e Europ�eenne” (CE) certification [150].
EU IVDR aims to regulate CE-IVDs (will have to be certified by
notified bodies and present post-market performance data) and
comprises the (re)classification of both existing and new IVDs
using a risk-based system, which ranges from Class A (lowest risk)
to Class D (highest risk). Additionally, the laboratory's ability to
manufacture and implement in-house IVDs (IH-IVDs) will be
more restricted under the EU IVDR, which will only allow the use
of IH-IVDs when no equivalent CE-IVD is available. BioMed Alli-
ance (which represents 36 European medical professional soci-
eties), in collaboration with the European Haematology
Association and the European Federation of Clinical Chemistry
and Laboratory Medicine, released a statement indicating some
apprehensions regarding the upcoming implementation of the
new EU IVDR [151]. This statement details the concerns about the
impact of the new EU regulation in the availability of essential
medical diagnostic laboratory tests and highlights the crucial role
of IH-IVDs in complementing the CE-marked IVDs. Thus appealing
to the European Commission and Member States to assure the
availability of any essential medical diagnostic laboratory tests
and to provide appropriate guidance to the laboratories work
towards EU IVDR compliance [151].

This regulation will have a huge impact on molecular di-
agnostics, and sincemost medical decisions are based on diagnostic
tests, it can bring significant consequences to the European
healthcare system and patient care [150,151].



Table 2
List of commercially available real-time PCR-based assays for detection of fungi.

Product (Manufacturer) Assay method PCR targets Detected species Detected resistance
mutations

Specimens Assay Time Sensitivity/Specificitya References

SeptiFast LightCycler
(Roche)

Multiplex Real-time
PCR (DNA melt curve
analysis)

ITS region - Candida albicans
- Candida tropicalis
- Candida parapsilosis
- Candida Krusei
- Candida glabrata
- Aspergillus fumigatus

e WB 6e7 h 60e86%/
96.1e100%

[180e183]

Magicplex Sepsis Real
eTime Test (Seegne)

Multiplex real-time
PCR

Unknown - Aspergillus fumigatus
- Candida albicans
- Candida glabrata
- Candida Krusei
- Candida parapsilosis
- Candida tropicalis

e WB 6 h
(including DNA
extraction)

29%/95% [184,185]

A. fumigatus Bio-Evolution
(Bio-Evolution)

Real-time PCR ITS1 region - Aspergillus fumigatus e BAL <80 min
(excluding DNA
extraction)

81%/100% [186,187]

MycAssay Aspergillus
(Myconostica)

Real-time PCR with
molecular beacons

18 S rDNA Eighteen Aspergillus species
including:

- Aspergillus fumigatus
- Aspergillus flavus
- Aspergillus terreus
- Aspergillus niger

e Serum
BAL

4 h
(after sample
collection)

80e100%/
82.4e98.6%

[180,187e189]

AsperGenius®
(PathoNostics)

Multiplex real-time
PCR

28 S rRNA Aspergillus spp. including:

- Aspergillus fumigatus
- Aspergillus terreus

Cyp51 A gene:
- TR34/L98H amino
acid substitution

- TR46/Y121F/T289A
amino acid
substitutions

BAL
Serum
Plasma
Biopsy
CSF

<3 h
(after sample
collection)

65.5e88.9%/
77.8e93.3%

[180,187,190e193]

Fungiplex® Aspergillus and
Fungiplex® Aspergillus
Azole-R (Bruker
Daltonics)

Multiplex real-time
PCR

Unknown - Aspergillus fumigatus
- Aspergillus flavus
- Aspergillus niger
- Aspergillus terreus

Cyp51 gene:
- TR34/L98H amino
acid substitution

- TR46/T289A and
Y121F amino acid
substitutions

WB
Serum
Plasma
BAL

2 h
(excluding DNA
extraction)

60%/91.2% [194,195]

Aspergillus spp. ELITeMGB®
Kit (ELITechGroup)

Quantitative real-time
PCR

18 S rDNA Aspergillus spp. including:

- Aspergillus niger
- Aspergillus nidulans
- Aspergilus terreus
- Aspergillus flavus
- Aspergillus versicolor
- Aspergillus glaucus

e BAL
BA

NA 90e100%/
97e97.8%

[196,197]

MycoReal Aspergillus
(Ingenetix)

Real-time PCR (melt
curve
Analysis)

ITS2 region - Aspergillus fumigatus
- Aspergillus flavus
- Aspergillus nidulans
- Aspergillus niger
- Aspergillus terreus

e BAL
Blood
CSF
Tissues

NA NA [189,198,199]

MycoGENIE® Aspergillus
Species and
MycoGENIE® Aspergillus
fumigatus and resistance
TR34/L98H (Ademtech)

Quadruplex real-time
PCR

28 S rRNA Aspergillus spp. including:

- Aspergillus fumigatus

TR34/L98H mutations Serum
BAL
Biopsy

NA 71e100%/
84.6e100%

[195,200,201]

AspID (OlmDiagnostics) Multiplex real-time
PCR

Unknown Aspergillus spp. including: e BAL 94.1%/76.5% [200e202]

(continued on next page)
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Table 2 (continued )

Product (Manufacturer) Assay method PCR targets Detected species Detected resistance
mutations

Specimens Assay Time Sensitivity/Specificitya References

- Aspergillus terreus 90 min
(excluding DNA
extraction)

CandID® and AurisID®
(OlmDiagnostics)

Multiplex real-time
PCR

Unknown CandID:
- Candida albicans
- Candida dubliniensis
- Candida glabrata
- Candida krusei
- Candida parapsilosis
- Candida tropicalis
AurisID:
- Candida auris

e CandID:
Plasma
Synthetic BAL
AurisID:
Blood

45 min
(excluding DNA
extraction)

CandID:
NA
AurisID:
96.6%/100%

[185,203]

FungiPlex®
Candida (Bruker Daltonics)

Multiplex real-time
PCR

Unknown - Candida albicans
- Candida parapsilosis
- Candida dubliniensis
- Candida tropicalis
- Candida glabrata
- Candida krusei

e WB
Serum
Plasma

<2 h
(excluding DNA
extraction)

98.4e100%/
94.1e99.8%

[183,185]

PneumoGenius
(PathoNostics)

Real-time PCR Mitochondrial
ribosomal large
subunit (rLSU) and
two
dihydropteroate
synthase (DHPS)
gene mutations

- Pneumocystis jirovecii DHPS mutations:
- codon 55
- codon 57
Point mutations:
- 165 (Thr55Ala)
- 171 (Pro57Ser)

BAL <3 h
(after sample
collection)

70%/82% [202,203]

AmpliSens Pneumocystis
jirovecii (carinii)-FRT

(AmpliSens)

Real-time PCR Mitochondrial large
subunit
ribosomal(rLSU)
RNA gene

- Pneumocystis jirovecii e BAL
BA
Biopsy

130 min
(excluding DNA
extraction)

100%/83% [204]

Pneumocysist jiorovecii
Bio-Evolution (Bio-

Evolution)

Real-time PCR Unknown - Pneumocystis jirovecii e BAL
BA

80 min
(excluding DNA
extraction)

72e95%/
82e100%

[204,205]

PneumID®
(OlmDiagnostics)

Multiplex real-time
PCR

Unknown - Pneumocystis jirovecii e BAL
BA

45 min
(excluding DNA
extraction)

-/90% [206]

MucorGenius®
(PathoNostics)

Real-time PCR Unknown - Rhizopus spp.
- Mucor spp.
- Lichtheimia spp.
- Cunninghamella spp.
- Rhizomucor spp.

e BAL
Biopsy
Serum

<3 h
(after sample
collection)

75e90%/
97.9%

[207e209]

Abbreviations: BA, bronchial aspirate; BAL, bronchoalveolar lavage; CSF, cerebrospinal fluid; WB, whole blood; NA, not available.
a Sensitivity and specificity vary according to the specimen, as well as the clinical context of the patients.
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8. Combined new methodologies

Recently, combinations of the most innovative and positive as-
pects of various methodologies have emerged, to ensure a quick
and efficient diagnosis [82,143]. Scientific advances, which have
been felt in recent decades, were the main driving force behind the
emergence of these combined methodologies, gathering several
advantages in a single methodology. Some examples are the Sepsis
Flow Chip platform (real-time PCR combined with reverse dot blot
hybridization), and ePlex® (PCR combined with electrochemical
examination), which were previously described in this review.
However, new methodologies for the diagnosis of fungal species
continue to appear, some emerging from the positive aspects of
previous methodologies, and others with a completely innovative
character.

8.1. Candida panel and Filamentous fungi panel

Candida panel and Filamentous fungi panel is a recent technique
proposed by Carvalho-Pereira et al. [152] based on a multiplex PCR
methodology coupled with capillary electrophoresis, for the sepa-
ration of PCR products, and product size determination by Gen-
eScan. Candida panel uses specific primers to identify the 5 most
common species related to infections by Candida (C. albicans, C.
glabrata, C. tropicalis, C. parapsilosis and C. krusei), and the Fila-
mentous Fungi Panel uses specific primers that identify the most
prevalent species in infections caused by Aspergillus spp.
(A. fumigatus, Aspergillus flavus, Aspergillus terreus and Aspergillus
niger) and R. arrhizus. The diagnosis is made through the visuali-
zation of the panel, based on the analysis of peaks with a combi-
nation of different molecular weights and fluorescence. The
innovative character of the work developed is the use of specific
primers that result in different and specific amplicon lengths for
each species combined with different fluorochromes. The designed
panels allow a practical and direct interpretation of the results by
the visualization/identification of the specific amplicons in the
panel. The analysis also allows identifying any peak that is not in
the right position/fluorescence in comparison with the panel, aid-
ing the interpretation of false-positives. Although not yet
commercially available, the methodology showed a sensitivity of
89% and specificity of 100%, when using whole blood or serum
[152].

8.2. Solid-phase cytometry

Solid-phase cytometry emerged from the combined use of two
existing methodologies, fluorescence microscopy, and flow
cytometry. This innovative methodology allows the detection and
quantification of various microorganisms, such as fungi and bac-
teria [153]. This methodology delivers fast results, in a fully auto-
mated way, directly through clinical samples. However, solid-phase
cytometry still faces some obstacles in clinical microbiology labo-
ratories, especially associated with the validation and verification
of the methodology [153].

Until the final result of the microorganism identification, the
sample goes through a series of steps [154]. The sample is first
filtered on a membrane and then retained cells are fluorescently
labelled. Fluorescent cells are analysed using a solid-phase cy-
tometer, where background signals are distinguished from specific
signals referring to target cells. Finally, the sample is analysed using
fluorescence microscopy, in order to validate and examine the
target cells [153,154].

In a study conducted by Lies et al. [155], solid-phase cytometry
methodology was used to identify A. fumigatus in air samples, since
the control of spores in the air is an important epidemiological
15
factor. The results obtained through this methodology presented
several advantages when compared to traditional culture methods.
Solid-phase cytometry has a low detection limit (4 cells per m3),
and provides results within 24 h [155].

The effectiveness of solid-phase cytometry was analysed in 16
clinical samples, with the objective of identifying Candida cells
present in the whole blood of patients diagnosed or suspected of
candidemia [154]. Despite the low number of clinical samples used
in the study, several advantages of this methodology when
compared to blood cultures are that solid-phase cytometry was
able to provide faster results (4 h), and also an accurate quantifi-
cation of Candida cells, since all the patients previously diagnosed
with candidemia presented positive results. This methodology was
also able to identify mixed infections, present in 5 of the 16 clinical
samples used, which suggests that it is a more common phenom-
enon than the one that diagnosis through blood cultures suggests
[154].

8.3. Fourier transform infrared (FTIR)

The Fourier transform infrared (FTIR) methodology is based on
the principles of spectroscopy. The functionality of this methodol-
ogy is based on passing infrared radiation through the sample,
where some radiation ends up being absorbed. The equipment's
detector produces a spectrum that represents the molecular
fingerprint of the analysed sample. In clinical terms, different mi-
croorganisms will produce different fingerprints, and their
distinction is possible through the analysis of the spectra produced
[156].

Potocki and co-workers [157] used FTIR methodology with the
main objective of distinguishing Candida non-albicans from
C. albicans species, since non-albicans species are mostly associated
with resistance to antifungal agents used. FTIR was used in 25
clinical isolates of Candida spp. and the distinction of each isolate
was possible due to the diversity of spectra produced by each
species. The methodology also appears promising regarding the
search for antifungal resistance genes, since resistant species will
produce a different spectrum than a non-resistant species [157].
According to Erukhimovitch [158], the distinction between a bac-
terial and fungal infection remains a problem, especially due to the
symptomatic similarities. Therefore, FTIR methodology is consid-
ered a great screening tool in these situations since bacteria and
fungi produce completely different spectra. This study used fungal
and bacterial strains to evaluate the applicability of FTIR in dis-
tinguishing these pathogens, and results showed that distinction
was possible in just 1 h, which turns out to be a huge advantage
[158].

8.4. Surface-enhanced Raman scattering (SERS)

Surface-enhanced Raman scattering (SERS) is a combination of
Raman spectroscopy and the use of nanoparticles, which has been
previously used to detect several pathogenic organisms, including
fungi. This technique provides qualitative and quantitative analysis,
allows to trace clinically relevant biomolecules, and establishes
molecular profiles that can be important to determine the severity
of fungal infections [159]. Moreover, a recent study conducted by
Hu et al. [160] aimed to directly detect and identify Candida species
in serum, by combining nanoparticles, SERS spectrum, and OPLS-
DA multivariate statistical analysis. In this experiment, Fe3O4@-
PEI magnetic nanoparticles showed high capture efficiency of
Candida cells in serum, due to electrostatic attraction, producing
the Fe3O4@PEICandida complex. Then, positively charged silver
nanoparticles (AgNPsþ) were used as the substrate for SERS, to
enhance the intensity of the signal. This method is described as fast,
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affordable, and non-destructive, as does not require pure cultures,
cell wall lysis, or DNA extraction. This method presented an average
accuracy of 99.8%, and the capture efficiency of Fe3O4@PEI in the
serum samples was 95.9%, 98.0%, and 79.6% for C. albicans,
C. tropicalis, and C. krusei, respectively [160].

8.5. Nanotechnology

Nanotechnology has increasingly contributed to the develop-
ment and evolution of health-related fields. For instance, the
application of gold nanoparticles has been intensively studied,
being applied in vaccines as preventive agents, used as drug de-
livery systems in cancer or other health conditions therapies, and
also in diagnostic approaches [161]. Sojinrin and co-workers [162]
developed a protocol to detect the presence of spore-forming fungi
based on gold nanoparticles. Essentially, when the gold nano-
particles enter in contact, for example, with A. niger, they endure
structural and morphological changes, from spherical to star-
shaped, and change of colour from red to blue. This technique
showed sensitivity of 80% and specificity of 95% for athlete's foot
diagnosis. This is a fast, straightforward and low-pricedmethod, yet
does not allow specific identification of pathogens [162].

8.6. Nuclear Magnetic Resonance (NMR)

Since 2001, NMR has been useful in the microbiology field for
species identification and detection, through the use of nano-
particles, with subsequent analysis by magnetic resonance [82]. In
this case, the detection of the target organism is done by beads that
have a complementary sequence to the organism's DNA, allowing
the binding. This binding allows the aggregation of beads, which
can be observed through magnetic resonance. NMR methodologies
can be used alone, or following a conventional PCR, for product
analysis [34,35]. T2Candida® was the first methodology to be
verified and validated by the FDA (Food and Drug Administration)
for invasive candidiasis diagnosis. It is an automated platform
based on NMR, which allows to identify 5 Candida spp. (C. albicans,
C. glabrata, C. tropicalis, C. parapsilosis and C. krusei) directly from
clinical samples of whole blood or serum, within 3e5 h [82,143].
Firstly, the clinical sample is inserted into the platform, yielding an
automated DNA extraction, which is then analysed by magnetic
resonance, detecting pathogenic Candida spp [163e165]. In the
clinical trial study, T2Candida® demonstrated a sensitivity of 91.1%
and specificity of 99.4% which was a major achievement regarding
molecular diagnosis [165].

8.7. Biosensors

Other research area under constant development consists in the
use of biosensors. Those are designed as portable devices that
convert biological and biochemical information into an output
analytical signal [166]. Fungal biosensors produced for clinic diag-
nosis have to fulfil several requirements, such as the careful se-
lection of a specific biomarker of the target pathogen, which has to
be suitable for the biological recognition system and to hold
measurable features associated with normal conditions or with
infection [166]. Pla et al. [167] described an innovative nanosensor
to detect C. auris based on biocompatible nanoporous anodic
alumina (NAA) supports, with the pores loaded with fluorophores
and oligonucleotides attached. The oligonucleotides are specially
selected in order tomake the sensor completely specific for C. auris.
When this pathogen is present in a sample, the oligonucleotide
hybridizes to its genomic DNA exclusively, thus opening the pore
and releasing the trapped fluorophore. This system presented high
sensitivity (85%) and selectivity (100%) for C. auris detection from
16
blood culture samples, also the results can be obtained within an
hour, and previous steps such as DNA extraction are not required
[167].

8.8. Volatile organic compounds (VOC) assay

Volatile organic compounds assay is a new type of methodology
for the diagnosis of invasive aspergillosis, with sensitivity rates
above 90%. In this assay, several metabolites characteristic of
A. fumigatus are detected from the patient's exhaled air [35,168].
The innovative character of this assay is that it uses an artificial
olfactory system that distinguishes several VOCs produced by the
pathogen, called “breathprints” [168e170]. The majority of VOCs
produced by A. fumigatus that are identified by this assay are 3-
octanone, 2-pentylfuran, isoamyl alcohol, ethanol and others
[171,172]. However, the detection of these metabolites is often
associated with pulmonary aspergillosis [170].

9. Conclusion and final remarks

The scientific community has played a very important role in
improving diagnostic methodologies in order to achieve accurate
detection and identification of clinically relevant fungal pathogens.
This development was mainly due to technological advancements
in the last two decades, but also to the greater knowledge of mo-
lecular genetics. Another fundamental factor is the increasing
interaction between humans and wildlife, which enhances the
appearance of new pathogenic species.

Real-time PCR methodologies are becoming increasingly more
valued for the diagnosis of fungal infections. This preference is
mainly due to the easy handling of the methodology, and also
because the reaction occurs in a closed system, which makes
external contamination more difficult. For those reasons, the real-
time PCR methodology remains the most widely used in the hos-
pital environment for diagnosing numerous infectious diseases.

Regarding the identification of fungal pathogens, it is of utmost
importance to achieve specific identifications, in order to establish
an adequate therapeutic plan, increasing the patient's chance of
survival. In the treatment of systemic fungal infections, identifica-
tion at the species level is essential, because different fungal species
have distinct antifungal susceptibilities. Therefore, a specific anti-
fungal, with a specific concentration should be used. For example,
C. auris is resistant to the majority of antifungals, C. glabrata easily
acquire resistance to fluconazole, and C. krusei has intrinsic resis-
tance to azoles.

The development of more sophisticated and automated mo-
lecular methodologies that deliver faster results represents a huge
improvement in the clinical management of fungal infections.
However, there is a long way to go to accomplish the global stan-
dardization of such methodologies.
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