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Abstract: The United Nations’ One Health initiative advocates the collaboration of multiple sectors
within the global and local health authorities toward the goal of better public health management
outcomes. The emerging global health threat posed by Aspergillus species is an example of a
management challenge that would benefit from the One Health approach. In this paper, we explore
the potential role of molecular epidemiology in Aspergillus threat management and strengthening
of the One Health initiative. Effective management of Aspergillus at a public health level requires
the development of rapid and accurate diagnostic tools to not only identify the infecting pathogen
to species level, but also to the level of individual genotype, including drug susceptibility patterns.
While a variety of molecular methods have been developed for Aspergillus diagnosis, their use at
below-species level in clinical settings has been very limited, especially in resource-poor countries
and regions. Here we provide a framework for Aspergillus threat management and describe how
molecular epidemiology and experimental evolution methods could be used for predicting resistance
through drug exposure. Our analyses highlight the need for standardization of loci and methods
used for molecular diagnostics, and surveillance across Aspergillus species and geographic regions.
Such standardization will enable comparisons at national and global levels and through the One
Health approach, strengthen Aspergillus threat management efforts.

Keywords: molecular epidemiology; One Health; Aspergillus fumigatus; invasive fungal diseases;
threat management

1. The Genus Aspergillus

Fungal infections affect over a billion people and cause approximately 1.5 million deaths each year
worldwide [1]. Regrettably, due to increases in the number of at-risk populations, fungal infections
are projected to rise [1,2]. It is estimated that death can be averted in over 80% of fungal disease
patients through improved diagnostics, treatment surveillance, and effective antifungal therapies [1].
However, to achieve such success, an inter-disciplinary approach is needed. An emerging example of
the inter-disciplinary approach is the One Health initiative. The World Health Organization defines
One Health as ‘an approach to designing and implementing programs, polices, legislation, and research
in which multiple sectors communicate and work together to achieve better public health outcomes’.

Species in the ascomycete genus Aspergillus have emerged as key agents of the fungal infections
around the world [3–19]. For example, Aspergilli are the leading cause of chronic severe and allergic fungal
infections, and the second leading cause of acute invasive fungal infections [1]. The genus Aspergillus
was first described at the end of the 18th century by a Catholic priest and botanist named Pier Antonio
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Micheli. Viewing the microscopic spore-bearing structure of Aspergillus, Micheli was reminded of a holy
water sprinkler—an aspergillum [20–22]. Since then, the number of species in genus Aspergillus has grown
to encompass eight subgenera and over 250 species [23,24]. Of these species, approximately 15% are of
known clinical importance [25,26]. DNA sequence-based methods are revealing an increasing number
of cryptic species of Aspergillus associated with human diseases [27–30]. For example, surveys carried
out in the United States, Brazil, and Spain revealed the percentage of phylogenetically divergent lineages
representing cryptic Aspergilli species among clinical samples to be between 11–19%, a percentage which is
notably higher than those seen in other clinically important filamentous fungi, including those belonging
to the orders Mucorales, Microascales, and Hypocreales [31–33]. This is particularly important given
that, in addition to being pathogenic, up to 40% of these cryptic Aspergilli can be resistant to antifungal
drugs [30,32]. Of greater importance is the fact that some of these cryptic Aspergilli are resistant to multiple
antifungals which can exacerbate infections caused by these species. Indeed, fungal infections, including
those caused by Aspergilli, have become a menace to global public health.

Aspergilli cause a wide range of infections, commonly referred to as aspergillosis. Allergic
bronchopulmonary, chronic pulmonary, and invasive aspergillosis (IA) are the three most common
types of Aspergillus infections. Allergic bronchopulmonary and chronic pulmonary aspergillosis
results from immune hypersensitivity and scarring due to an Aspergillus respiratory tract infection.
On the other hand, IA can affect a wider range of body organs belonging to the urinary, digestive,
and nervous systems. A significant proportion of Aspergillus infections are asymptomatic. However,
in patients with symptomatic infections, most symptoms are non-specific, and include low-grade fevers,
generalized malaise, wheezing, headaches, and haemoptysis [34,35]. Approximately eight million
people world-wide are estimated to have aspergillosis [1]. Invasive aspergillosis is the most lethal
type of aspergillosis and is estimated to affect >300,000 people globally every year, with a mortality
rate as high as 90% in at-risk populations [1,36]. Allergic bronchopulmonary and chronic pulmonary
aspergillosis affect approximately 4.8 and 3 million people annually, respectively [1].

Although aspergillosis cases are predominantly sporadic, outbreaks are not uncommon. Specifically,
there have been at least 75 documented aspergillosis outbreaks between January 1966 and December
2015 [37–45]. Interestingly, a recent study showed a non-construction-related outbreak that was associated
with high airborne spore concentrations in hospital areas with low efficiency air filters [44]. These results
highlight the threat posed if environmental spore concentrations reach critical levels within community or
home settings. Multiple Aspergillus species including A. fumigatus, A. flavus, A. terreus, A. niger, A. glaucus,
A. oryzae, and A. ustus are known to have caused outbreaks. Among these, A. fumigatus, and A. flavus are
the most frequently identified species [38], and are responsible for approximately 87% of all aspergillosis
case reports [26].

Changes in the antifungal susceptibility patterns of these two species have further increased
the threat posed by Aspergilli. Since its emergence in 1997, resistance to triazole in A. fumigatus has
steadily increased and is a current global health menace [46,47]. Furthermore, in A. fumigatus, there are
emerging reports of increased resistance to polyenes such as amphotericin B (AMB), an antifungal
to which very little resistance has been reported thus far [48,49]. For example, a recent study carried
out in Brazil showed that 27% of a clinical sample of A. fumigatus isolates was resistant to AMB
(minimum inhibitory concentration (MIC) > 2 mg/L) [48]. Similarly, our group also very recently
found that 96% of a combined environmental and clinical sample from Hamilton, Canada was resistant
to amphotericin. The recent emergence of voriconazole (VRC) resistance in A. flavus will likely cause
significant problems in the management of aspergillosis caused by A. flavus. Triazoles, especially
VRC, are first-line drugs used in the treatment of aspergillosis [50–53]. Although not yet reported,
multi-drug resistant aspergillosis outbreaks similar to those caused by Candida auris and Acinetobacter
baumannii will likely emerge in the near future [54–58].

With the increasing number of clinically important Aspergillus species and the changing antifungal
susceptibility patterns of key Aspergilli such A. fumigatus, and A. flavus, there is a pressing need to
develop novel and effective Aspergillus threat management strategies. Below, we propose a framework
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that can be used in Aspergillus threat management. When put in context, this framework can also
be used in the management of Candida and other clinically relevant fungi. We encourage essential
stakeholders to engage in discussions aimed at Aspergillus threat management.

2. Molecular Epidemiology in Aspergillus Threat Management

A variety of host, pathogen, host-pathogen interaction, and environmental factors have been identified
as contributors to the increased threat caused by Aspergilli. Of interest among pathogen-related factors is
the recent global rise in resistance to antifungal drugs. Triazole resistance in A. fumigatus has now been
reported in every continent but Antarctica [47]. Generally speaking, pathogen threat management has
three interdependent components: preparedness, response, and prevention. In Figure 1, we suggest a
non-exclusive framework that could be used in the management of Aspergillus threats, including those
caused by resistant strains. This review however only focuses on the molecular epidemiology components
of preparedness and prevention; specifically, on molecular diagnostics and surveillance (Figure 1).
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Figure 1. Framework for the management of Aspergillus outbreaks and critically important sporadic cases. Activities pertaining to threat preparedness are 
highlighted in yellow, while those pertaining to prevention are in green. Training within the context of this review refers to training laboratory technicians to 
perform rapid and accurate diagnosis of Aspergilli, including resistant strains and cryptic species. It also entails cross-training other laboratory technicians to carry 
out the designated emergency technician’s routine duties. Communication here covers having a standardized plan to act as quickly as possible in relaying 
information on species and susceptibility diagnosis to the appropriate people, in order to ensure an adequate response and the safety of groups or persons at risk. 
Logistic support teams will be responsible for ensuring diagnostic supplies, admission documentation, travel arrangements, quality control, and all components 
essential for rapid and accurate diagnosis are in place in the event of an Aspergillus threat. SOP: standard operating procedure. 

Figure 1. Framework for the management of Aspergillus outbreaks and critically important sporadic cases. Activities pertaining to threat preparedness are highlighted
in yellow, while those pertaining to prevention are in green. Training within the context of this review refers to training laboratory technicians to perform rapid and
accurate diagnosis of Aspergilli, including resistant strains and cryptic species. It also entails cross-training other laboratory technicians to carry out the designated
emergency technician’s routine duties. Communication here covers having a standardized plan to act as quickly as possible in relaying information on species and
susceptibility diagnosis to the appropriate people, in order to ensure an adequate response and the safety of groups or persons at risk. Logistic support teams will be
responsible for ensuring diagnostic supplies, admission documentation, travel arrangements, quality control, and all components essential for rapid and accurate
diagnosis are in place in the event of an Aspergillus threat. SOP: standard operating procedure.
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2.1. The Usefulness of Molecular Epidemiology in Aspergillus Surveillance

In epidemiology, surveillance is defined as the collection and analysis of data necessary to
develop, implement, and evaluate preventative health measures. Over the last two decades, molecular
epidemiology has emerged as a very important tool in the surveillance of diverse human pathogens [59,60].
This burgeoning branch of epidemiology merges traditional epidemiology and molecular biology in order
to better characterize virulence, pathogen transmission patterns, and outbreak incidence. In molecular
epidemiology, marker genes are used to elucidate the genotypes and the relationship between strains
and populations. In addition, some of these marker genes are becoming indispensable for understanding
virulence determinants and the distribution of aspergillosis.

Over the years, a wide range of molecular markers has been used to study the molecular epidemiology
of Aspergilli. These markers include multilocus sequences, microsatellites, PCR-restriction fragment
length polymorphisms, Southern hybridization of restriction enzyme-digested DNA, randomly amplified
polymorphic DNA, and mating type genes [61,62]. For instance, using microsatellite markers, Guinea and
colleagues investigated an aspergillosis outbreak in a major heart surgery unit of a hospital in Spain and
showed that such markers were a valuable tool in IA outbreak source investigation [41]. It is however,
important to note that aspergillosis outbreaks most often do not have a single source and can consist of a
series of unrelated events. As such, pinpointing the source of aspergillosis outbreaks can be difficult [63].
In contrast, molecular markers have been used with more success in determining the sources of infections
in non-outbreak cases. For example, a recent study highlighted that the home environment can be an
important source of infection for isolated cases of triazole-resistant A. fumigatus [64].

In addition to its value in infection source investigation, molecular epidemiology can be used to
track Aspergilli transmission patterns. For example, using microsatellite markers, a recent global study
showed that resistant populations of A. fumigatus are significantly differentiated geographically [65].
This result suggests that it may be possible to track triazole resistant A. fumigatus strains across national
and regional borders. However, significant caution should be applied here. Compared to the large
global population of Aspergilli, relatively few isolates and genotypes have been analyzed to date,
and our current understanding of the molecular variation between and within these populations
may not be representative of the true global diversity. In regard to tracking Aspergilli, geographic
sub-structuring can vary by country and region, hence tracking transmission patterns of clinically
relevant Aspergilli within or between certain countries might prove to be easier than in others [39,66].
For example, little to no geographic population structuring has been reported in A. fumigatus samples
from India and Netherlands, whereas Cameroonian A. fumigatus samples show significant evidence
for geographic sub-structuring [66]. As a result, tracking clinically relevant A. fumigatus strains would
be a more feasible task in Cameroon than it would be in India or Netherlands.

Aside from transmission pattern tracking and outbreak incidence investigation, molecular
markers can also be used in virulence and antifungal drug-resistance characterization. Mating type
loci genotyping has been successfully used to characterize the degree of disease severity caused by
A. fumigatus strains [67–69], making it possible for these markers to be used in mapping the distribution
of hyper-virulent strains. Similarly, certain mutations in the cyp51A gene are known to cause triazole
drug resistance. Being able to map the distribution of hyper-virulent and drug resistant Aspergilli is
essential for emergency preparedness and infection control efforts.

With reference to the wide range of markers used in genotyping Aspergilli, whilst molecular
epidemiology holds promise for Aspergilli surveillance, there are still two pertinent issues that need
to be addressed in order for the surveillance data to be fully implemented at the global scale. Firstly,
we need a consensus on which markers should be used for the surveillance of Aspergilli of public
health importance. Secondly, we need to establish and curate a reliable genotype database on the
consensus gene markers to which similar information on new isolates can be added and compared.
At present, there is a multilocus sequence type database for A. fumigatus based on seven loci (https:
//pubmlst.org/afumigatus/) [70]. However, such a database is not available for other Aspergillus
species. In addition, while the current multilocus sequence typing (MLST) method for A. fumigatus

https://pubmlst.org/afumigatus/
https://pubmlst.org/afumigatus/
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is highly reproducible and can distinguish strains at the genus and species levels, it has a relatively
low discriminatory power among strains within the same species [70]. Instead, due to their high
polymorphism and greater discrimination power, a group of nine microsatellite markers is more
commonly used for genotyping A. fumigatus, making the MLST database of A. fumigatus of limited
use in epidemiological and population genetic investigations [71]. However, a shared database for
strain genotypes based on the microsatellite markers is not available. In the short/medium term,
we recommend that future work should use the seven consensus MLST loci for genotyping all Aspergilli
strains, and for A. fumigatus, the additional nine microsatellite loci should be used for genotyping.
Furthermore, a publicly available database should be set up to include both types of genetic data.
Ultimately, with increasing availability and affordability of next-generation sequencing, whole-genome
sequencing (WGS) should be considered for epidemiological monitoring for the long term. Data
from WGS will not only be highly discriminatory and commonly archived, but also can help identify
genetic polymorphisms associated with virulence and antifungal drug susceptibility. Such data will
significantly strengthen national and global Aspergillus threat management efforts.

Despite the rather successful use of molecular epidemiology in characterizing hyper-virulence,
pathogen transmission patterns, and outbreak incidences of Aspergilli, very little has been done in
leveraging molecular epidemiological methods in predicting drug resistance in endemic wild-type
genotypes. For example, wild-type genotypes that are strongly associated with the emergence of
resistance have been shown in the human immunodeficiency virus type 1 (HIV-1) [72]. This is
particularly important, as infections with wild-type genotypes with higher propensities to become
drug resistant could result in inappropriate antifungal therapy, and ultimately lead to treatment failure.
In Figure 2, we suggest an in-vitro experimental evolutionary model that can be used in predicting
drug resistance likelihood through drug exposure. The above experiment is aimed at measuring two
primary outcomes: the likelihood of becoming resistant and the time it takes to attain resistance
breakpoint or epidemiological cutoff (resistance time). Data from such experiments can be used to
develop statistical learning models that can predict the likelihood of resistance and resistance time in a
matter of minutes on a laptop. For example, supposing that acquiring resistance is through a stochastic
process related to spontaneous mutation(s), then the likelihood of a genotype becoming resistant can
be obtained using the following function L(G/O) = P(O/G), where O is the observed outcome, G is
the parameter set (genotype) that define the stochastic process, L is likelihood, and P is probability.
Information on a wild-type genotype’s propensity to become resistant and resistance time can be very
useful in determining a treatment course and formulating disease control strategies. Similarly, given
the role of sexual reproduction in the emergence of genotypes of clinical importance [63], developing
tools capable of predicting highly fit and super mating genotypes is critical, as such genotypes can
easily spread resistance genes through sexual reproduction and rapidly expanding their distribution
across geographic areas. Indeed, a highly fit multi-triazole resistant A. fumigatus genotype which very
likely acquired resistance through sexual reproduction has expanded across thousands of kilometers
in India [73,74].

In conclusion, from a practical perspective, researchers involved in Aspergillus surveillance should
monitor the following: (i) genetic structure of the local, regional, national, and global populations of
human pathogenic Aspergillus; (ii) the distribution and overall prevalence of hyper-virulent strains;
(iii) the distribution and overall prevalence of antifungal drug resistant strains including those with a
higher propensity to become resistant; and (iv) the transmission patterns of the latter two categories of
genotypes. Furthermore, given current increases in non-fumigatus aspergillosis, significant attention
should be paid to monitoring non-fumigatus Aspergilli, especially cryptic species.
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evolutionary experiment in panel C should have similar starting MICs, preferably very low. The evolutionary experiment consists of continuously exposing 10–20 
replicates (R) of the selected genotypes to an antifungal drug as described in the Clinical & Laboratory Standards Institute (CLSI) protocol while including a no-
drug control group [75]. At the end of 48 h, MICs are recorded, and new petri dishes are inoculated with microtiter plate content from the previous round of 
selection. The steps are repeated until genotypes reach resistance break point or epidemiological cutoff values. 

Figure 2. Experimental design to predict resistance through drug exposure in susceptible genotypes. The procedures depicted in panels A and B entail identifying
prevalent endemic susceptible genotypes and determining their minimum inhibitory concentrations (MICs) to specific antifungal drugs. All genotypes used for
the evolutionary experiment in panel C should have similar starting MICs, preferably very low. The evolutionary experiment consists of continuously exposing
10–20 replicates (R) of the selected genotypes to an antifungal drug as described in the Clinical & Laboratory Standards Institute (CLSI) protocol while including a
no-drug control group [75]. At the end of 48 h, MICs are recorded, and new petri dishes are inoculated with microtiter plate content from the previous round of
selection. The steps are repeated until genotypes reach resistance break point or epidemiological cutoff values.
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2.2. The Usefulness of Molecular Epidemiology in Threat Preparedness

Recent increases in globalization have led to more frequent movement of goods and people than
ever before in human history. The constant movement of people and goods across geographic scales
has significant implications for the spread of clinically important pathogens like Aspergilli. Indeed,
both anthropogenic and non-anthropogenic activities have impacted the spread of clinically important
Aspergilli across geographic boarders [65,76]. Such impacts highlight the need for preparedness even
in countries with low aspergillosis incidences. There is an age-old adage that says “Luck favors the
prepared mind”. Threat preparedness in the context of this review implies being able to effectively
anticipate and take the right steps to manage threats caused by Aspergilli. Among other things,
this entails being able to accurately and rapidly diagnose Aspergilli, especially drug-resistant Aspergilli.
Thus far, multiple diagnostic methods—including electrospray ionization and matrix-assisted laser
desorption ionization mass spectrometry, nucleic acid sequence-based amplification, polymerase chain
reactions (real-time, multiplex and nested), microsphere-based Luminex, loop-mediated isothermal
amplification, and enzyme linked immunosorbent assays—have been used to identify Aspergilli in a
wide range of specimens including whole blood, serum, plasma, bronchoalveolar lavages, and exhale
breath condensate [77–81]. These methods, including their respective advantages and disadvantages,
have been extensively reviewed and are not discussed in detail here. Instead, our focus is on providing
suggestions necessary for leveraging molecular diagnostics in preparedness against the threat caused
by Aspergilli.

Specifically, we would like to highlight two critical issues that need to be addressed by many countries
in their efforts to manage the threat caused by Aspergilli. Firstly, we note that more research needs to be
done in developing rapid diagnostic molecular markers for clinically important non-fumigatus Aspergilli,
including the divergent lineages/cryptic species. This is particularly important because although some
of these species represent only a small proportion of clinically diagnosed Aspergilli, they form significant
proportions of drug-resistant Aspergilli. For example, although A. lentulus accounted for only ~3% (3/86)
of a set of 86 Aspergillus isolates obtained from Italy and Netherlands, they represented approximately
21% (3/14) of all (≥ 2 mg/L) voriconazole-resistant strains [82]. Another important example to note
is A. calidoustus, an emerging pathogen in lung transplants which can also colonize water distribution
systems, including those in health care settings [83,84]. Thus, the need for accurate and rapid diagnosis of
non-fumigatus Aspergilli and cryptic species is becoming increasingly important.

Secondly, we highlight the need for standardization of molecular diagnostic procedures and
markers at country and regional levels. Generally speaking, of all molecular diagnostic platforms,
PCR platforms seem to show the best potential as they are able to identify Aspergilli to the species level
while also being able to help identify antifungal susceptibility patterns. Thus far, plasma samples have
resulted in the highest sensitivity (91%), while whole blood produced the highest specificity (96%) [85].
The highest diagnostic sensitivity and specificity in bronchoalveolar lavages samples thus far were 91%
and 92%, respectively [86]. In cerebrospinal fluid, an Aspergillus-specific nested PCR assay showed
sensitivity and specificity values of 100% and 93%, respectively [87]. Despite the great potential of PCR
platforms, the specificity and sensitivity of PCR can be notably affected by two key factors: (i) method
of DNA extraction; and (ii) specimen type. It was recently shown that factors including bead beating,
white cell lysis, elution, and specimen volume can notably affect the quality and quantity of extracted
DNA, and consequently PCR sensitivity [88]. In spite of the significant progress made by the European
Aspergillus PCR initiative in quelling variation associated with DNA extraction from whole blood [89],
the blood fraction best suited for PCR assays is still disputed. Furthermore, PCR performance is still
to be evaluated in a wide range of patients, with other types of immunosuppressive conditions as
most specimens used for PCR assays this far were performed on samples from hematology-oncology
patients. Similarly, the differences in bronchoalveolar lavage procedures between patients and medical
centers can affect PCR interpretation [90]. Indeed, there is room for improvements in all molecular
diagnostic platforms.
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Regardless of these shortfalls, molecular diagnostic platforms such as PCR can still be leveraged
in the management of Aspergilli threats in two key ways. Firstly, molecular diagnostic platforms
can be used in combinations to obtain optimal results. For example, a recent study showed that
combining a lateral flow device with PCR yielded 100% diagnostic sensitivity and specificity [91].
Similarly, an earlier diagnosis and a lower incidence of IA were associated with a combination of
galactomannan (GM) and PCR-based Aspergillus detection [92]. Secondly, PCR and similar molecular
diagnostic platforms can be preemptively used in the surveillance of high risk patients in order to
provide rapid usable results if needed. For instance, an improved 30-day survival rate was observed in
a group that received PCR-guided prophylactic treatment compared to that for those treated on the
basis of symptoms alone [93]. Similarly, combined surveillance of serum GM and PCR was shown
to help decrease the incidence of IA in at-risk populations [92]. Surveillance of at-risk populations,
health care facilities and adjacent environmental areas using molecular diagnostic platforms depicts
how interdependent components of pathogen threat management can be. However, combining
different platforms for diagnosis, prevention, and treatment requires standardization of procedures
across different immunosuppressed populations and the mastery of diverse mycological procedures.
Similarly, routine molecular diagnostic surveillance in high risk populations will require a significant
amount of human resources. In the context of Aspergillus threat management, more specifically
preparedness, standard operating procedures for the rapid and accurate diagnosis of both common
and uncommon clinically important Aspergilli still need to be developed and adopted in many countries.
Furthermore, the necessary human resources, cost effectiveness, and research capacity required to
achieve the latter should be considered in most clinical microbiology laboratories.

Within individual Aspergillus species, having a good understanding of the molecular epidemiology
is vital in formulating integrative molecular diagnostic plans. For instance, given that almost all
multi-triazole resistant A. fumigatus strains in India belonged to a single microsatellite genotype
(14/20/9/31/9/10/8/10/28) [74], screening for this genotype in addition to the common A. fumigatus
species-level gene markers discussed here could diagnose an A. fumigatus isolate to a below-species
level, including whether it is multi-triazole resistant. Such a plan could also be used in other geographic
areas if one or a few genotypes dominate the drug-resistant population.

3. Conclusions

In this paper, we highlight the importance of surveillance and molecular diagnostics in Aspergillus
threat preparedness and prevention. Given how interconnected that the world has become, standardization
of loci and methods used for molecular diagnostics and surveillance is critically important for managing
the current global Aspergillus threat. Although not discussed in detail here, combination therapy
recommendations and vaccine research are two other key Aspergillus threat preparedness and prevention
components worth mentioning.

Effectively managing the current threat caused by Aspergilli will require the significant incorporation of
the molecular epidemiology component into Aspergillus threat preparedness and prevention. From a public
health policy perspective, incorporation of genetic information into Aspergillus threat management is
still a relatively new concept. For example, the European Organization for Research and Treatment of
Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious
Diseases Mycoses Study Group (EORTC/MSG) only recently suggested the inclusion of molecular
diagnostics for the case definition of IA [94]. However, the recommended diagnosis can only identify the
infecting pathogen to species level. A recent study identified that different genetic populations within
A. fumigatus have different rates of triazole resistance [65]. Thus, identifying infecting pathogens to the
genotype level will have significant treatment value. Furthermore, molecular markers targeting drug
resistance mutations are being developed. The adoption by clinical microbiology labs around the globe of
these fine-scale molecular methods will lead to better-targeted treatments and improved patient outcome
at the population level.
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