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ABSTRACT Developing any diagnostic assay that receives United States Food and
Drug Administration (FDA) approval can be a slow and difficult process. FDA-
approved assays for fungal diagnosis are generally few in number and are focused
mainly on diagnosing candidiasis, which is caused by several species of Candida, in
addition to a limited number of systemic mycotic agents. While all microbial diag-
nostic assays face challenges before they are FDA approved and reach the market,
there are a number of challenges to fungal diagnostic assay development that have
been difficult hurdles to overcome. These hurdles include template preparation, fun-
gal morphology, how many fungi should be identified in a single assay (scope), tax-
onomy and nomenclature, discriminating colonizers from invasive infection, combin-
ing identification with antifungal susceptibility, and navigating the administrative
hurdles required to integrate an assay into a clinical laboratory. Some of these chal-
lenges are easier to overcome than others, but all seem to be particularly difficult
for fungal diagnostic assays.
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The challenges facing diagnostic microbiology, and medical mycology in particular,
continue to grow in spite of newer technologies being employed to develop

diagnostic assays. Multiple factors have contributed to increase the number and
difficulty of challenges to the clinical microbiologist charged with identifying fungal
pathogens from patients. Most of the current challenges to the microbiology laboratory
are due to new populations of patients that are more immunocompromised for a
longer period of time during the course of their illness. These patients are increasingly
predisposed to becoming infected by a wider variety of fungi, which remain major
causes of morbidity and mortality. In spite of new diagnostic technologies entering the
clinical microbiology laboratory, they have been slow to be approved for diagnosis of
fungi. This deficiency has contributed to delayed diagnosis, which is a known risk factor
for increased morbidity and mortality in many systemic mycoses (1).

Part of the delayed diagnosis problem in clinical mycology is the diverse and
growing spectrum of fungi capable of causing disease. Many of these emerging fungal
pathogens have not been seen at a high enough frequency to be considered early on
in the course of infection, and in many cases, if a fungus is determined to be the
etiologic agent, it often cannot be identified to the species level. Consequently, rarely
seen or unusual fungi often need to be sent out to reference laboratories for proper
identification. In fact, the Centers for Disease Control and Prevention has played a
crucial role for multiple identifications of rare fungal pathogens within just the last few
years (2–4). Other fungi, such as the recently emergent Candida auris, are close relatives
of more commonly seen fungi and may not be discriminated from these more common
relatives (5). In fact, emergent mycoses have proven to pose consistent diagnostic
challenges for many decades, due in part to changing patient susceptibilities.

In this review, we summarize some of the more problematic challenges to devel-
oping new molecular diagnostic assays. We have focused on molecular assays that
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target nucleic acids and proteins but recognize that assays directed toward metabo-
lites, antigens, or antibodies have their own challenges. Still, other assays that are more
traditional such as biochemical, serological, or morphological also have challenges and
have been reviewed elsewhere (6–9). Our perspective is from both a basic research
view, which in and of itself is often not encumbered by how difficult or expensive a new
and sensitive technique could be to implement in a clinical microbiology laboratory,
and a clinical perspective, which has to balance cost, ease of use, and consistency with
how sensitive and accurate an assay could be in the real world of a clinical microbiology
laboratory. There are numerous critical and even required characteristics of an assay
that do not need to be elaborated on here since they are goals of virtually any assay
and remain important challenges to any assay development. These goals include high
precision and accuracy, wide reportable range, high analytical sensitivity, rapid turn-
around, instrument and assay cost, instrument footprint, and high positive and nega-
tive predictive values. For fungi, there are additional challenges, which we feel are
extreme and need to be considered for any new fungal diagnostic.

TEMPLATE PREPARATION

In spite of a diverse approach to fungal diagnostic assay development, one of the
most frequently overlooked components of any assay is template or target preparation.
Fungi are unusual compared to other microbes because of their rigid cell walls, which
necessitate preliminary preparation steps that require removal during the sample
preparation process. These steps can be chemical, physical, or enzymatic, and each of
these strategies has numerous methods. Pure cultures are much easier to process
because 100% of the assay target will be fungal derived, and there generally is no
limitation on the starting material amount. However, the best assays work directly on
human specimens with no need for fungal outgrowth in pure culture. This requirement
brings multiple problems. First, in general, fungal elements will typically be few in
number in tissue or body fluids and can be vastly overwhelmed by host material, which
can include whole tissue, blood, sputum, and other body fluids, each of which may
bring specific problems to the preparation. For example, hyphae from members of the
Mucorales are more delicate than other filamentous fungi and can be destroyed by
tissue preparations that utilize grinding or other physical methods, which can result in
erroneously low or even absent CFU values. Molds in general, in contrast to yeasts, can
be challenging to precisely enumerate because a single hyphal fragment, which may
contain many nuclei, can grow as a single CFU after plating but yield multiple CFU by
PCR. Second, fungal cell wall material often needs to be removed at some point during
the extraction process since it can inhibit downstream reactions. Melanin, a polyphe-
nolic compound found in many fungi, for example, is a known inhibitor of PCR (10).
Polysaccharides, which many fungi produce in abundance, can also inhibit PCR (11).
Because polysaccharides can be purified along with DNA if not removed in a separate
step, a common chemical used in fungal nucleic acid extraction is CTAB (cetyltrimeth-
ylammonium bromide), which is a cationic detergent that is used to remove polysac-
charides during DNA purification. However, incorporating this reagent into a protocol
adds another step and additional tube manipulations. Third, if the assay employs a PCR
step, the specific extraction protocol or device must be free of contamination, including
associated reagents, which requires great care to accomplish reliably. Fungal nucleic
acids have been found to contaminate primers, probes, and master mix solutions (12,
13). Furthermore, because of the sensitivity of PCR and the possibility of amplifying
contaminating DNA from any source, the various aspects of these assays, including
template preparation, PCR, and other downstream steps, may need to be performed in
separate areas and within containment hoods that protect samples from becoming
contaminated with aerosolized amplicons. While preventing contamination for any
microbe-specific PCR assay is crucial, fungi can be especially challenging because many
contaminating ubiquitous molds common in the environment can also be human
pathogens that could potentially be present in a clinical specimen.

Because clinical laboratories rely on standardized methods and are operated under

Minireview Journal of Clinical Microbiology

April 2020 Volume 58 Issue 4 e01345-19 jcm.asm.org 2

https://jcm.asm.org


certification from a variety of entities, some automated extraction instruments have
been developed that work quite well. Most of these are magnetic bead-based instru-
ments (14) and may need a preprocessing step that removes the fungal cell wall prior
to the sample being loaded into the instrument. However, in the case of DNA, the
template can be purified to a very high level and with high efficiency. Unfortunately,
because extraction is such a challenging problem for fungal diagnosis, many proce-
dures or systems are independent of the actual assay and need to be purchased or
developed separately from the specific assay. One assay that incorporates sample
preparation into the assay is the T2Dx instrument (T2 Biosystems, Lexington, MA),
which is FDA approved for diagnosing Candida sp. infections from blood specimens.
This system is an example of a “load and walk away” diagnostic system, where the
specimen is loaded into the instrument with little preprocessing and data are collected
at the end of the run leading to an identification. These are ideal assays for a clinical
microbiology laboratory because they require only minimal technical skills and little
sample manipulation or interpretation. However, instruments that incorporate their
own extraction modules may be easier to develop for yeast pathogens since this
morphology is much easier to extract assay targets from than molds. While not
universally applicable, target extraction from yeast cells can sometimes be done
without physical breakage in contrast to hyphae, which almost always need a physical
breakage step. These differences can be difficult to address with a one-size-fits-all
instrument.

ACCOUNTING FOR FUNGAL MORPHOLOGIC VARIATION

While not unique in microbiology, fungi probably display more morphological
variation and to a larger degree than most microbes. In tissue, they can grow as yeast,
which can be similar to a typical bacterial cell in consistency, or mold, which is
filamentous and hyphal in nature. A smaller subset, the dimorphic fungi, which includes
many of the major systemic mycoses, can grow in both morphologies, although few
exhibit both in vivo (Fig. 1). In vitro morphologies can be even more varied, especially
for the molds as sporulation is more common than that in vivo. For assays that rely on
cell lysates to release a target, morphology is less of a problem, although it often can
require different strategies for cell lysis and different degrees of cleanup after lysis to
remove cellular material that is not targeted by the assay. For all morphologies, lysing
cells becomes harder as the cultures age and typically yields better results on fresh or
logarithmic phase cultures, which can add additional delay if a subculture must be
made from the primary specimen.

Whole-cell assays can be very problematic. Yeast cells, because of their unicellular
nature, are easier to manage because they are smaller, easier to quantify by direct
counting or optical density (OD), more uniform in size, and usually not as rigid as
hyphae. Yeast cells also typically have a single nucleus per cell. A filamentous mor-
phology, conversely, can result in hyphal or pseudohyphal filaments that vary in length;
spores that also can vary in size, shape, and hydrophobicity; and other structures that
may grow off hyphae. Hyphae can also be multinucleate, making quantification more
difficult compared to that for a yeast cell. A single nucleus per cell allows a more precise
determination of CFU when trying to quantitate, such as by real-time PCR, which is very
difficult to do when working with a hyphal culture. The filamentous morphology
inhibits a precise cell count in liquid cultures, which may be needed prior to running
an assay because broth cultures of filamentous cells can result in growth as fungal balls,
a single clot of hyphae, or numerous clusters, which makes normalizing for cell number
extremely difficult or impossible. Agar cultures of hyphae need to be scraped, which
still presents problems, as hyphae will be removed as fragments in addition to potential
contaminating pieces of agar. If the culture is a sterile mold, which produces few if any
differentiating structures, it cannot be identified using classical morphologic methods.
Finally, while most yeasts can be grown satisfactorily in or on a nutrient medium such
as Sabouraud’s medium, molds can be more selective in their medium requirements.
For example, a definitive diagnosis of Histoplasma capsulatum may require induction of
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the yeast or hyphal phase, which requires two different media and growth conditions,
and can takes weeks to grow.

Yeast cells are typically identified biochemically in classical microbiology laborato-
ries, often through commercial systems with a standardized substrate panel that is used
for all yeast identifications. These systems may be automated (e.g., Vitek, bioMérieux,
Inc., Durham, NC) or manual (e.g., API 20 C AUX, bioMérieux, Inc.). Cultures that grow
as molds are typically identified based on morphological characteristics, and compre-
hensive mold identification skills usually require specific training in mycology. Pres-
ently, there are few programs that provide this type of education (15), which has
resulted in only rudimentary identification skills typically learned on the job or through
limited laboratory or workshop training. In fact, the lack of trained mycologists in
clinical laboratories is an ongoing problem that continues to get worse (15) and,
ironically, has further increased the urgency for the development of new fungal
diagnostic assays that rely less on formal mycological training. An alternative solution
to the lack of technicians with a background in mycology is the development of new
assays that are panfungal, such that any potential pathogenic fungus’ profile is within
the diagnostic capability (e.g., database) of the assay. Examples would be matrix-
assisted laser desorption ionization–time of flight (MALDI-TOF) or ribosomal sequenc-
ing, such as the internal transcribed spacer (ITS) region and/or a region of the large
ribosomal subunit (D1/D2).

ASSAY SCOPE

One of the most challenging decisions in new assay development is which fungi
should the assay be able to identify. Assays that only identified Candida spp. would
capture the vast majority of human systemic fungal infections and reflect strategic
preferences based on financial projections. Inclusion of common systemic fungal

FIG 1 Dimorphism in Candida albicans. C. albicans is an example of a dimorphic fungus. These fungi can
grow as budding yeast or true septate hyphae. C. albicans also can produce pseudohyphae and,
depending on culture conditions and duration, chlamydospores. Depending on the type of assay,
morphology can affect the outcome or it can determine whether the culture can even be run on a
specific assay or instrument. (A) C. albicans yeast cells grown in broth culture for 20 h. Bar � 10 �m. (B)
C. albicans grown in broth culture showing predominantly hyphal growth. Bar � 10 �m. (C) C. albicans
growing on agar medium as a typical yeast colony with a creamy texture and smooth surface.
Bar � 1.0 cm. (D) C. albicans growing on agar medium showing a rough colony morphology that has
hyphae growing under the colony. Bar � 1.0 cm. (Images courtesy of David Kadosh, reproduced with
permission.)
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pathogens in an assay (Candida, Histoplasma, Cryptococcus, Pneumocystis, Fusarium,
Coccidioides, Aspergillus) would seem to be of great value to a clinical laboratory.
Depending on patient type or geographic region, some of these fungi might never, or
rarely, be encountered, so inclusion of the other fungi could be wasteful or time-
consuming, depending on the type of assay. Moreover, fungi that are rarely encoun-
tered can require the quickest identification due to their invasiveness or potentially
high morbidity and mortality rates. For example, rhinocerebral mucormycosis, an acute
mycotic infection of the sinuses, brain, and mouth, is caused by a number of mucor-
alean species and can be found in patients with poorly managed diabetes and other
immunosuppressed patients. For these infections, surgery is often required, and a delay
in diagnosis of even a few hours can be life-threatening. Because these infections are
generally rare, developing specific assays for their identification can be financially risky
for companies. For rhinocerebral mucormycosis, diagnosis would generally rely on
patient history, known risk factors, symptoms, and pathology. Even then, a species level
identification would be nearly impossible without a live culture. However, for other
types of immunosuppressed patients, a differential diagnosis may be even more
challenging, leading clinicians to rely on histopathology or live culture, which can be
inconclusive, greatly delayed, or not possible.

Beyond a handful of major human fungal pathogens, few if any FDA-approved
specific diagnostic tests exist beyond classical microbiological testing, and it is unlikely
that a specific diagnostic assay would be cost-effective for fungi that are important but
rarely seen. This lack of tests for a specific fungal infection argues for future develop-
ment to investigate panfungal assays. These assays would almost certainly be sequence
based in order to take advantage of the massive amount of sequence data already
available. However, the ability to obtain pure culture allows non-nucleic acid-based
assays, such as the macromolecule-based method, matrix-assisted laser desorption
ionization–time of flight mass spectrometry (MALDI-TOF MS), to be used. Because this
assay interrogates a reference library with assay-generated spectral data, the library can
be continuously expanded with new reference cultures as has been recently done for
Candida auris (16). The advantage of a panfungal assay is that a prior index of suspicion
about the causative agent arising from culture characteristics or patient history is not
needed to select a specific assay due to the one-size-fits-all nature of these assays.
However, an underlying major problem to getting a panfungal assay through the
approval process would be validating the assay against all potential fungi that the assay
might be tasked with identifying. Generally, culture collections are the only entities that
might hold a substantial number of human pathogenic reference cultures. However,
the cost of a single culture, depending on collection, is in the hundreds of dollars,
making the validation step extremely expensive for just a single culture, let alone
multiple isolates. In some cases, a fungus could be so rare that obtaining multiple
cultures may not be possible.

FUNGAL TAXONOMY AND NOMENCLATURE

The recent change in the International Code for Botanical Nomenclature, now
known as the International Code of Nomenclature for algae, fungi, and plants, leading
to “one fungus one name,” removed the issue of having two names (anamorph and
teleomorph) for some fungi (17). The previous naming system was extremely problem-
atic for medically important fungi and the clinicians that have to keep up with
identifying and treating infections caused by them. The explosion of molecular data
and subsequent taxonomic analysis and reanalysis of phylogenetically informative
sequences has led to even more debate regarding how to name and describe fungal
pathogens. On the one hand, exquisite taxonomic detail derived from DNA sequencing
has resulted in classifications below the species level (i.e., subspecies, varieties, etc.) or
the designation of new species. This detail can be useful in research and sometimes, as
in the case of differences in antifungal susceptibility or virulence, is imperative. For
example, while treating an invasive aspergillosis infection, Balajee et al. discovered a
morphologically indistinguishable sibling species of Aspergillus fumigatus, which was
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named Aspergillus lentulus, based on reduced susceptibilities to multiple antifungal
drugs (18). On the other hand, recognizing pathogenic fungi that display small se-
quence variation and little or no morphologic or biochemical variation, which together
would not alter the treatment strategy, creates a cumbersome problem for clinicians
and clinical microbiologists. Assay developers can be caught in the middle because, in
an effort to show how sensitive a new assay is, reliably discriminating fungi at the
species level can be an asset. However, keeping current with ever-changing fungal
taxonomy and applying these changes accurately in accordance with accepted rules
can be a liability if done incorrectly or not in a timely manner.

An example of how complicated this issue can be is the identification of Fusarium.
These fungi are extremely important pathogens of plants and are one of the most
common mycotoxin producers. In fact, out of the top 100 economically most important
plants, 81 can be infected by Fusarium spp. (19). As a human pathogen, fusaria are
broadly resistant to available drugs, and they can disseminate in the immunosup-
pressed to cause invasive and life-threatening infections (20). However, more than 60%
cannot be identified using morphological methods (20). Sequence-based identification
methods that do not use targets in the ribosomal locus are typically more complicated
than routine ITS-based sequence identification because a second or even third se-
quence target other than the ITS region may need to be included for proper identifi-
cation. For the fusaria, ITS sequence data alone cannot be used to identify most species.
The additional targets are less conserved than ribosomal targets and may require
genus-specific primers. Unfortunately, selection of which additional targets and primers
to use may be dependent on the ITS sequence. Sequencing multiple loci in a clinical
laboratory is often not feasible, particularly if the choice of the next sequence is
dependent on the identity of the first, which can add substantial delay to an identifi-
cation. Multilocus phylogenetic analyses provided a robust framework for identifying
Fusarium by grouping species that are virtually indistinguishable morphologically into
species complexes (21). Of the twenty or so Fusarium species complexes, the vast
majority containing human pathogens are nested within four complexes, which include
the Fusarium solani species complex (FSSC), Fusarium oxysporum species complex
(FOSC), Fusarium fujikuroi species complex (FFSC), and the Fusarium incarnatum-equiseti
species complex (FIESC) (21, 22). Similar classification strategies have been proposed for
the pathogenic Cryptococcus spp. (23) as well as the aspergilli (24), which groups
species into sections. Expecting new assays to keep up with, and incorporate, complex
taxonomic changes is a formidable challenge now and in the foreseeable future.

COLONIZER VERSUS INVADER DISCRIMINATION

A problem for diagnosing many human mycoses is that the causative agents are
often part of the normal human flora. For these fungi, e.g., Candida spp., background
levels characteristic of normal host stasis need to be distinguished from invasive
infection. An assay’s ability to make this distinction likely requires, for clinical specimens
that are tested directly, a quantitative component or a readout that is deemed positive
in an amount that is known to significantly exceed normal levels or which is associated
with an infection. For example, the Fungitell assay (Associates of Cape Cod, Inc., East
Falmouth, MA) measures fungal beta-D-glucan (BDG) levels in serum. Glucans are part
of the cell walls of many fungi but are not found in humans. A positive result from this
assay is �80 pg/ml, whereas 60 to 79 pg/ml is indeterminate, and �60 pg/ml is
negative. However, results of this assay may need to be interpreted with caution
depending on patient type, underlying disease conditions, and fungus that is being
detected. Mokaddas et al. used this assay in a study of pediatric cancer patients and
found BDG levels higher than the positive threshold in some colonized patients
(detected by swab) that did not develop candidemia and who were negative with other
assays (25). PCR-based assays may have more challenges in distinguishing colonization
from invasion because of the amplification nature of the assay and may be most
valuable when employed for negative predictive value or in combination with other
assays.
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Fungi that are common in the environment also pose quantitative problems, with
Aspergillus spp. being one of the most difficult to determine whether it is colonizing or
invading, the so called “bystanders or pathogens” problem (26). For pulmonary asper-
gillosis, this distinction can be challenging as Aspergillus spp. spores are inhaled
regularly, and the fungus can be cultured routinely from sputum, which itself can be
contaminated with fungi in healthy patients. Because Aspergillus sp. do not circulate
frequently in the blood, invasive diagnostic methods, such as biopsy, or less sensitive
methods such as imaging, often must be used; however, some underlying diseases may
preclude biopsy due to potential complications. In addition to the aspergilli, numerous
other environmental fungi can be encountered normally in some clinical specimens.
These may include members of Fusarium, Cryptococcus, Aureobasidium, Cladosporium,
and Penicillium to name a few (27). However, in cases of trauma, where environmental
fungi can be inoculated into tissue (28) but may not be invading, it is difficult to
determine which fungus treatment should be directed against, as multiple species
might be detected but only one may be invading tissue. Additionally, one of the most
important advantages to having an assay with a quantitative component is the ability
to determine whether antifungal treatment is working. This aspect is especially impor-
tant when an infection is treated empirically since it allows an ineffective antifungal to
be switched to an alternative.

COMBINING IDENTIFICATION AND ANTIFUNGAL SUSCEPTIBILITY TESTING IN A
SINGLE ASSAY

Given the importance of time to diagnosis in infection, diagnostic microbiology is
focusing increasingly on concurrent microbial identification and susceptibility testing.
Separating these two assays adds an inordinate amount of time to infection manage-
ment decision-making since identification would have to occur first, followed by
determining the best antibiotic strategy. Resistance has been shown to occur in almost
every major fungal pathogen, and it is a serious and still growing problem with Candida
spp. In fact, both Candida albicans and Candida glabrata are on the World Health
Organization antibiotic threat list (29). Some species, such as C. glabrata and C. auris can
show innate resistance to some antifungals or can become resistant at fairly high
frequencies. In the case of C. auris, resistance is problematic due to its high mortality
rate, which is attributed in part to its tendency to appear in immunosuppressed
patients who are already debilitated in their response to infection (30). Antifungal
resistance in invasive aspergillosis is also becoming a major cause of concern, and it has
been hypothesized to be due, in part, to the indiscriminate use of azoles in agriculture
(31). In some regions, greater than 10% of aspergillosis is drug resistant (32). Some
species of Aspergillus, such as Aspergillus terreus, have innate reduced susceptibility to
some antifungals, making rapid identification paramount for good outcomes. Innate
resistance is not uncommon in other fungi, such as Scedosporium or Fusarium; however,
assays that combine both identification and susceptibility in a single test are limited
and still early in development in fungi.

Presently, two general methods exist for susceptibility testing. These include phe-
notypic testing, which utilizes live culture to gauge growth in the presence of antibi-
otics, and genotypic testing, which looks for molecular markers associated with resis-
tance. Diagnostic assays that combine the two are obviously complicated, although
progress is being made for bacterial diagnosis. For examples, Accelerate Diagnostics,
Inc. (Tucson, AZ) has a commercially available assay that utilizes a fluorescent in situ
hybridization (FISH) component for identification and time lapse microscopy to mea-
sure susceptibility, all of which can be completed in �5 h (33). The assay works on a
variety of bacteria (identification and susceptibility) as well as two species of Candida
(identification only).

In contrast to phenotypic assays, genotypic assays do not require a growth com-
ponent and likely could perform identification and susceptibility simultaneously.
Whole-genome sequencing is a likely candidate for this role; however, it is probably
years away, as template preparation, in the form of libraries to be sequenced, and
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bioinformatic analysis that could output identification and markers of antifungal resis-
tance with little or no data manipulation would be challenging. Additionally, the
presence of a specific biomarker, such as a single nucleotide polymorphism (SNP)
associated with resistance, does not necessarily mean resistance would be expressed
given that numerous biomarkers can be associated with drug resistance, individually or
collectively. MALDI-TOF MS, conversely, may be more feasible, as it currently has been
used to explore resistance and identification in C. albicans and C. glabrata (34).
However, studies have focused mainly on comparing spectra produced when yeast
cultures are grown in different levels of antifungal (35), which could be costly or
time-consuming.

ADMINISTRATIVE CHALLENGES

Diagnosis of fungal infections relies heavily on the appropriate use of laboratory
testing for effective treatment to be initiated in a timely manner but can be hindered
by a number of factors, including lack of personnel with specific mycology training, lack
of suitable diagnostic alternatives to live culture, and difficulties in standardizing these
alternative diagnostic options. The need for timely diagnosis also aligns with the goals
of an institution’s antimicrobial stewardship program (ASP), which is designed to
optimize patient outcomes while minimizing antimicrobial harm, such as toxicity,
unfavorable drug-drug interactions, and selection for resistant organisms (36). Antimi-
crobial stewardship programs and prescribing physicians depend on information and
guidance from the clinical microbiology laboratory in order to accomplish these goals.
While stewardship is critical for all infectious agents, fungi offer some unique problems.
Treatment options are much more limited for fungi than for bacteria due to the limited
antifungal repertoire, and the few remaining choices in cases of resistance, such as
amphotericin B, can have severe side effects.

There are many challenges that clinical laboratories face when asked to bring in new
laboratory testing for fungal identification. The clinical laboratory has witnessed a shift
away from classic morphologic identification of microorganisms to more molecular and
proteomic-based methods. However, PCR assays have not reached the same level of
acceptance for the detection of human fungal pathogens as for other microorganisms,
mainly because the low amount of fungal DNA in clinical specimens often challenges
the detection limits of PCR. One of the most common questions facing laboratories
when considering new fungal diagnostic tests is deciding which specific assay best suits
the needs of the lab, its patients, and its providers. The increasing diversity of fungal
pathogens poses a significant challenge in choosing the right test (37), which can be
exacerbated by trying to keep current with the seemingly constant reorganization of
fungal taxonomy. Because PCR assays are directed at a single or a few species, the
clinician needs to have an index of suspicion with regard to a given species prior to
selecting a specific PCR assay, which can make the assay confirmatory in nature.

Implementation of diagnostic platforms in the clinical microbiology laboratory
requires careful consideration of personnel requirements, ease of use and cost of an
instrument if one is required, facility requirements, workflow design, and institutional
buy-in. The number and types of fungi that come into the laboratory for identification
can affect this decision-making process. Importantly, fungi that come into the labora-
tory can be greatly affected by geography, as many are geographically restricted.
Coccidioides spp., for example, might be frequently seen in the desert southwest of the
United States but rarely if ever seen in the northeast, which would argue for keeping
a specific diagnostic assay for this fungus on hand in an Arizona clinical laboratory but
not in Maine. In fact, diagnosing endemic fungal infections in the United States, such
as coccidioidomycosis and histoplasmosis, is a serious enough issue that the National
Institutes of Health has recently released funding opportunities for diagnostic assays
that specifically target this class of fungi. Alternatively, patient type can affect the
spectrum of fungi seen in clinical specimens. Aspergillus and Fusarium might be
expected in clinical laboratories that support cancer or transplant patients. Trauma
centers, particularly if they support combat patients, might see elevated levels of
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Mucorales. In fact, these centers might consider sequence-based identification ap-
proaches, as well as the associated equipment and technician costs, as identification
platforms due to the rarity of these fungi and the difficulty in identifying them to the
species level. However, the commercial assays currently available for fungal identifica-
tion are generally not comprehensive and typically only detect one or a few fungal
pathogens at a time (38). MALDI-TOF MS is an exception, however. It requires an
existing internal database that is interrogated by the mass spectra produced from
unknown specimens. The sensitivities of these assays are also low, meaning that the
fungal burden needs to be relatively high for the assay to be able to identify the fungus
if an assay can even be used directly on clinical specimens. The limitations of the
methodologies currently used for diagnosing invasive fungal infections often force
clinicians to take an empirical approach to antifungal therapy, which has led to both an
increase in antifungal resistance as well as time to diagnosis and illustrates the need for
better assays to detect and identify fungal pathogens in a timely manner (39).

Finally, no assay can be implemented without considering cost savings. Cost savings
at the bedside and in the laboratory are a win-win for all parties involved. Intuitively,
if a diagnosis is provided earlier and is more accurate and reliable, patients who require
antifungal therapy will receive it sooner, potentially shortening the length of their
hospital stay, decreasing chances of acquiring nosocomial infections, and decreasing
mortality rates (40). This outcome will lead to a cost savings for the patient and will
have a positive financial impact on the institution. Most importantly, patient outcomes
will be substantially improved with a faster and more accurate laboratory test for fungal
identification.

CONCLUSIONS

Diagnosing fungal infections has always been challenging for numerous reasons,
some of which overlap with bacterial diagnosis. However, the unique nature of fungi
and the general rarity of infection compared to that with bacteria have resulted in
major impediments to rapid, comprehensive assays for fungal identification. Some of
the extreme challenges will continue to hold back the field of fungal diagnosis. Solving
these challenges will require new advances in technology and a more creative appli-
cation of current technologies to clinical problems. Conversely, better education and
training as well as novel ways to introduce and utilize new tests in the microbiology
laboratory may be one of the easier ways to improve fungal diagnosis.
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