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Abstract Several fungi have recently been described as
capable to recombine and drive large genetic diversity in
clinical samples and in the environment. Among the
genotyping methods, microsatellite analysis is frequently
reported as preferred for studying local epidemiology, but
single nucleotide polymorphisms represent the best
markers for evaluation of recombination, linkage and an-
euploidy. The future of typing analyses may reside in
strategies capable of cataloging the whole genome and
complete microbial diversity. The present review focuses
the current strategies employed for fungal genotyping and
evaluation of genetic diversity, and the challenges of next
generation sequencing with regard to this topic. Typing
methods establish the genetic identity of fungal isolates
and allow clarification of outbreaks and transmission of
strains between individuals, comparison of chronic colo-
nization versus patients carrying unrelated strains, detec-
tion of co-evolution of pathogenic and/or drug-resistant
strains. The next advances in molecular mycology may
revolutionize clinics and redesign concepts of microbial
evolution.
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Introduction

Fungi play a crucial role in nature, representing typical ubiq-
uitous microorganisms that survive and flourish with minimal
nutrients. They are grouped in a fascinating and heterogenic
kingdom, with expected numbers of more than 1.5 million
species. Fungi are extremely useful for our industries and
society; nevertheless, they can be harmful for humans and
animals. In these last cases, fungal species can be associated
with diseases, such as mucositis, allergies, hypersensitivity, or
highly problematic invasive and systemic infections. The
incidence of invasive fungal diseases is particularly high
among allogeneic and autologous stem cell transplants, hema-
tological patients and solid organ transplants, the degree and
duration of immunosuppression being a critical factor for
disease development [1, 2]. The patients tend to stay longer
periods at clinical units due to treatments; therefore, the risk
for hospital-acquired fungal infections can be much higher
[3–5]. Fungi responsible for frequent infections in patients are
mainly Candida and Aspergillus species, but emerging fungal
species of Fusarium, Scedosporium, Trichosporon,
Malassezia, and Mucorales may also represent serious threats
to high-risk patients.

Candida species are commonly recovered from environ-
mental samples, but also from human mucosal surfaces of the
gastrointestinal and genitourinary tracts. The prevalence of
Candida spp. is higher in pregnant, diabetic, elderly, or im-
munocompromised individuals, and patients receiving antibi-
otic or corticosteroid treatment [6]. Of clinical importance in
humans are Candida glabrata, Candida tropicalis and Can-
dida parapsilosis, but Candida albicans is principally the
most prevalent, successful and pathogenic species [6, 7].

Aspergillus species are airborne and saprophytic molds that
grow without any particular nutritional requirement. The spe-
cies belonging to section Fumigati—principally Aspergillus
fumigatus—are frequently associated with human disorders
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and may be responsible for severe infections in hematological
and transplant patients [2, 8]. Section Fumigati contains an
amorphous Aspergillus species and teleomorphicNeosartorya
species [9]; sequencing analyses of the genes actin, calmodu-
lin, ITS, rodlet A and/or β-tubulin are recommended for
correct molecular identification of these species [9–11]. Co-
nidia are usually widespread in the environment, and their
inhalation facilitates the acquisition of fungal organisms that
may progress to disease.

It is unquestionable that correct identification of fungal
species is critical for clinical and environmental microbiology
and still represents a huge challenge today. This topic, how-
ever, will not be detailed in this manuscript. The present
review focuses on the strategies for genotyping and evaluating
genetic diversity in distinct fungi, and the challenges that
come with the recent molecular advances of next generation
sequencing.

Fungal Reproduction Systems and Generation of Genetic
Diversity

In nature, fungi may be sexual or asexual, or a mix of both.
One fifth of the fungi have been thought to be asexual or
clonal, but there is recent evidence supporting that even those
species may be capable to recombine [12]. Authors claim that
species that are genuinely asexual may be rare in nature, there
being only a few rotifers that are accepted as truly asexual
[13]. Some fungal species may have clearly defined sexual
and asexual cycles, such as Aspergillus nidulans, while others
face sex more rarely or it may be absent, e.g., Penicillium
marneffei [14]. Asexuality does not represent a success for
long-term reproduction, but it is frequent among fungi be-
cause it is requires less energy. The low number of individuals
produced by sexual reproduction, the constant need to look for
a mate (opportunities for sexual recombination may be limit-
ed) and the conflicts that may arise between individuals with
different genetic backgrounds are reasons enough to drive
microbial eukaryotes to asexual reproduction [15]. But sex
may also bring important advantages, by accelerating the
adaptation to adverse environments and purging deleterious
mutations [15–17]. Adverse mutations can bring problems to
the survival of a species, and diploid states easily cover the
effect of deleterious mutations for continued existence of
organisms. Fungi evolved heterothallism (mating requires
two compatible partners to occur) or homothallism (self-
fertile involving a single individual). Both yeast and molds
have evolved specific pheromones and receptors to distin-
guish and identify other mating types. Recombination and
chromosomal rearrangements may be common under stressful
conditions, being responsible for the evolution of opportunis-
tic pathogens, such as Candida albicans [12, 16]. The sexual
reproductive mode has recently been confirmed in several

Aspergillus and Penicillium species, opening new perceptions
on fungi described as asexual for decades [17, 18, 19•].
Questions remain on the role of sexual mode for the emer-
gence of strains with decreased susceptibility to the antifun-
gals and/or increased pathogenicity, but the diversity driven
from this strategy is huge and should be measured.

Methods for Evaluation of Genetic Diversity

Over the past decades, molecular biology techniques had
revolutionized clinical and environmental microbiology. Mo-
lecular tools may greatly improve our understanding of fungal
evolution, diversity and epidemiology. Presently, there is no
singlemethod advised for genotyping, or evaluation of genetic
diversity or fungal population studies. Nevertheless, it is
widely accepted that some methods are more capable to
discriminate strains, such as microsatellite analysis being use-
ful for local epidemiology and diversity testing on these
collections. Each genotyping method or strategy presents
obvious advantages and limitations that must be fully ac-
knowledge when applied to studies (Table 1).

Electrophoretic Methods

Electrophoretic methods have long been used for microbial
strain typing; these methods were previously considered the
“gold standard” for genotyping bacteria and fungi [20, 21].
They were frequently used in the past decades, due to repre-
sent inexpensive approaches that did not require complete
genome sequence of fungi. Random amplified polymorphic
DNA (RAPD), restriction fragment length polymorphism
(RFLP), and pulsed field gel electrophoresis (PFGE) were
widely used for genotyping of distinct species [21–24]. Al-
though these methods are useful and cheap to be used for local
epidemiology, they lack reproducibility and the final results
are hardly comparable and transferable between laboratories.
Whole-genome mapping was recently applied to a subtyping
analysis of bacteria, and is a promising tool in microbiology
[25]. This new restriction fragment method represents an
improved alternative to RFLP and PFGE, offering a restriction
map of the complete genome.

Single and Multiple Genes Sequencing Analyses

Gene sequencing analysis can be useful for distinction of
strains. Internal transcriber spacer regions 1 and 2 are fre-
quently used for identification of fungi, but these regions
accumulate several polymorphisms that can be used to sepa-
rate fungal strains [26–28]. Other genetic regions can occa-
sionally be used; nevertheless, the value of a single gene is
limited and the discriminatory power can be low. Therefore,
multilocus sequence analysis (MLSA) and multilocus
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sequence typing (MLST) have been suggested as excellent
alternatives for genotyping fungal species. MLSA and MLST
are powerful tools for analysis of population structure and
molecular epidemiology based on the genomic analysis of
multiple genes. The last method, MLST, represents a standard
technique that shows highly reproducible, unambiguous data
and the possibility to transfer information between laborato-
ries worldwide through a shared database (http://www.mlst.
net/) [29]. Variable genetic diversity values have been reported
by testing MLST in C. albicans and other Candida species, as
well as in A. fumigatus [30–33]. Genotyping profiles obtained
in studies conducted worldwide can be consulted at MLST
databases available online; e.g., to date, 2,217 profiles have
been described for C. albicans, 152 profiles for C. krusei, 389
for C. tropicalis, and 43 for A. fumigatus. MLSA and MLST
strategies can become expensive and time-consuming meth-
odologies when employed in the screening of large collections
of clinical and/or environmental isolates. Other schemes based
on single nucleotide polymorphisms (SNPs) have been pro-
posed as alternatives to simplify these methodologies that
target multiple genes with relevant information.

Single Nucleotide Polymorphisms (SNPs)

The SNaPshot mini-sequencing–based assay represents a
fast, sensitive and robust technique executed per exten-
sion primer in the presence of the fluorescently labeled
dideoxynucleotides [34]. Advantages of this assay include
the possibility of targeting small PCR products (partially
degraded DNA may be targeted), the absence of stutter prod-
ucts and the flexibility for multiplexing, as well as capability
to accept the addition or replacement of markers. The limited

number of markers and alleles resulting from these assays may
restrict some genomic analyses. Few SNP assays have been
proposed for genotyping of fungi. The diversity of Pandora
neoaphidis could be evaluated by 13 SNPs located in six
genomic regions; the method discriminated 15 profiles among
23 isolates representing a good genotyping strategy [35]. An
assay with 100 SNPs was described for Cryptococcus gattii,
for description of molecular subtypes VGIIa, VGIIb, and
VGIIc and genetic diversity analysis [36•]. The SNaPAfu
assay represents a panel of 20 SNPs previously identified on
MLST genes that was developed for Aspergillus fumigatus
detection, identification and genotyping in clinical samples
[37••]. A total of 27 SNP markers were also proposed for
identification and genotyping of Podosphaera plantaginis,
revealing mixed infections as a main force for pathogen
evolution [38]. Recently, PCR melting analyses have been
tested in yeast, showing good discrimination results [39, 40],
but these methods represent indirect evaluation of the
sequencing data as being more susceptible to errors. SNPs
represent excellent markers for evaluation of recombination,
linkage and aneuploidy and their value was recently shown in
Saccharomyces cerevisiae [41].

Microsatellite or Short Tandem Repeat (STR) Analyses

Microsatellite typing is frequently reported as the preferred
methodology for studying local epidemiology, due to its high
discriminatory power (reaching 0.995 in several panels), ease
of data analyses, accessible cost and inter-laboratorial repro-
ducibility [42]. Tri-nucleotide, tetra- nucleotide and/or penta-
nucleotide motifs are ideal in order to minimize typing ambi-
guities caused by dinucleotide repeat motifs, which are more

Table 1 Comparison of multiple typing strategies

Methodology Reproducibility Discrimination power Facility of use Cost

Electrophoretic methods

RAPD, RFLP, PFGE Low/Moderate Low/Moderate Easy/Moderate Low

Whole-genome mapping High High Moderate High*

Genes sequencing analyses

Single gene High Low Easy/Moderate Low

MLSA, MLST High Moderate/High Moderate Moderate

Single nucleotide polymorphisms High Moderate/High Easy Low

Microsatellite analyses High High Easy Low

Whole genome sequencing High High Experienced High*

SNP/CGH arrays High High Experienced High*

MALDI-TOF mass spectrometry Moderate/High Moderate/High Moderate/Experienced Moderate*

*The cost may decrease when considering multiple objectives and/or applying to large collections of isolates

RAPD random amplified polymorphic DNA, RFLP restriction fragment length polymorphism, PFGE pulsed field gel electrophoresis,MLSAmultilocus
sequence analysis, MLST multilocus sequence typing, SNP/CGH single nucleotide polymorphism/comparative genome hybridization, MALDI-TOF
matrix assisted laser desorption/ionization time-of-flight
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prone to lead to DNA polymerase slippage during amplifica-
tion [43, 44•]. Microsatellite analyses can be practical and
cheaper due to the ease of combining markers in multiplex
systems [32, 43]. The reported lack of consistency between
microsatellite results coming from different laboratories due to
configuration of sequencing devices [45] can be easily com-
pensated and corrected by the availability of allelic ladders
[43, 46]. Nevertheless, no shared database exists for relevant
fungi. Another limitation of microsatellites comes from their
reduced power to detect recombination in populations. Multi-
ple microsatellite panels are presently described for the most
relevant clinical fungi, such as C. albicans, C. parapsilosis,
C. glabrata, A. fumigatus, A. flavus, A. niger, A. terreus, and
other environmental molds [32, 43, 47–53]. Occasionally,
microsatellites can be useful for identification of closely relat-
ed species [53–55].

Next Generation Sequencing and Other Strategies

Whole genome sequencing (WGS) is frequently described as
the definitive strategy for cataloging microbial diversity, due
to its capability to characterize the complete genome and
numerous genetic polymorphisms (SNPs). WGS may link
epidemiology to pathogen biology, genome evolution and
structure, gene characterization in terms of resistance and
virulence, and information from noncoding and coding re-
gions across the entire genome [56]. In addition, it may
provide relevant information regarding linkage, and recombi-
nation and chromosomal aberrations useful for pathogen pop-
ulation genetics [41]. Low frequency events such as horizontal
gene transfer may be detected in fungi, as these phenomenon
are responsible for functional innovations, niche specification,
niche shift, virulence or drug resistance [57]. WGS may also
allow the identification and genotyping of fungi difficult to
culture under laboratorial conditions [56], revealing an enor-
mous potential and vast applicability. Nevertheless, next gen-
eration sequencing requires heavy computer resources and
specialized bioinformaticians, and the costs are still too high
to be used in clinical routine [58•]. In the near future, with
lower costs and practical analyses, WGS can probably replace
current genotyping methods currently in use, being helpful for
real-time surveillance.

There are other strategies that should be mentioned, as
their potential for fungal genotyping is high and they
might exemplify good strategies for strain characterization.
A SNP microarray of 79 markers located on noncoding and
coding regions was described as an alternative to MLST
genotyping of C. albicans [59]. Nevertheless, the potential
of high-resolution microarrays is much higher, as it detects
numerous genomic alterations and can be used for full strain
characterization. A panel was reported for the detection of
39,000 SNP alleles and 20,000 copy number variation loci
across the C. albicans genome [60••]. The SNP/CGH array

allows rapid and accurate detection of large-effect genome
changes, but this strategy is not affordable or easily accessible
to all researchers. Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOFMS) employs
high resolution power to evaluate the molecular weight
of the various molecular products, but its applicability in
laboratories is still limited by the device price and the
constant need for samples with high purity [61]. MALDI-TOF
MS is an automated approach that gives the results quite
rapidly, and will benefit in the future from the growth of
databases [62].

Advantages of Typing Systems for Clinical Studies

Typing methods may establish the genetic identity of clinical
isolates, allowing the genetic characterization and distinction
of strains, these data being particularly useful in clinical
outbreaks with transmission of strains from one individual to
others [63, 64]. Genotyping strategies allow the detection of
the same fungal strain at different body locations, or clarifica-
tion if patients carry unrelated strains [32, 65]. Patients with
recurrent infections caused by C. albicans may present the
same strain over several episodes, or the disease may be
caused by distinct strains [32, 66]. Yeast genetic data may
allow the detection of the source of infection, as well as be
used to confirm the capability and effectiveness of antifungal
treatments in such patients [23]. Occasionally, it can be found
reports of patients co-infected by multiple strains of the same
fungal species [32, 67••, 68]. The impacts of such presence
and co-evolution are still not well known, but may facilitate
the emergence of more pathogenic or drug-resistant strains. In
addition, the co-presence of numerous strains may “hide”
problematic strains among less-disturbing others [68]. Typing
systems have been used for studying fungal evolution in cystic
fibrosis (CF) and non-CF patients chronically colonized by
molds [68, 69].

Genetic Diversity of A. fumigatus in Cystic Fibrosis Patients

Over several years, the presence of A. fumigatus strains has
frequently been reported in CF patients with and without
allergic bronchopulmorary aspergillosis (ABPA) [68, 69].
Since the early 1990s, itraconazole has been given to CF
patients as oral adjunctive therapy against ABPA, and since
then, it has been reported as a safe and effective alternative to
glucocorticoid therapy without additional toxicity [70, 71]. In
these patients are commonly described microevolution events
resulting from small genetic changes and alteration of a few
genetic markers; microvariation events are frequent among the
isolates exposed to azole antifungals (personal unpublished
data). Although sometimes useful, the administration of azole
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antifungals to CF patients with ABPA has been controversial.
The emergence of multiple azole resistance and the fact that
some patients remain colonized by the same strains even after
the administration of itraconazole may bring into question the
real price and efficacy of such treatments [68, 69]. Studies
focusing on the evolution, mutation rate and diversity of
A. fumigatus may help to clearly define the best timing for
azole antifungal treatments.

Routes of Transmission and Prevention of Outbreaks

It is a fact that some strains may be endemic in some
hospitals and can evolve in the hospital setting [33, 72].
Nevertheless, it is critical to distinguish epidemic from
occasional strains and to determine the origins of infection.
The knowledge of hospital molecular epidemiology and the
transmission routes of these microbial agents in clinical
environments are extremely important for infection prevention
and protection of patients admitted in such units. An efficient
hospital infection control program is largely dependent
upon the availability of preventive procedures and routine
application of tools/protocols for genotyping and molecular
characterization of microorganisms [73]. Many outbreaks of
infection occur through lack of prevention measures and lack
of information on the source and transmission routes of
pathogens. Continuous monitoring of the conditions of health
care institutions is critical, particularly regarding the detection
and genotyping of microorganisms in useful time and imple-
mentation of contingency or preventive plans. Indoor air and
water quality should be monitored for accurate evaluation of
the clinical environment and for fast intervention if necessary.
The employment of highly discriminating typing methods
enables tracking a fungal agent to its origin. A. fumigatus is
well known by its persistence and presence in air and water
samples collected from clinical wards, even highly restricted
environments such as operating theatres and neutropenic
patient units. Outbreaks due to particular Aspergillus strains
have been largely reported [5, 50, 64, 74], and clinical
directors are advised to act in order to restrict such incidents.
Nonetheless solutions can be difficult to find. The genetic
diversity of A. fumigatus was studied in hospital units
with and without infection control policies and protections.
Lower values of indoor fungi are found in protected
wards, but, curiously, similar high genetic diversity indices
were found in all wards [72]. Aspergillus conidia present
an extraordinary ability to spread into and outside clinical
units; they survive under environmentally adverse conditions
and resist physical and chemical treatments [75]. International
regulations that normalize indoor air quality are still
lacking, as do standardized protocols for bio-contaminant
sampling. A safer environment is expected in community
hospitals with the consequent improvements in healthcare
quality and costs.

Advantage ofGenetic Diversity for Environmental Studies

The topic of evolutionary mycology and phylogenetics is
facing fascinating alterations and improvements as a
result of the modern developments of molecular biology.
These technologies can be used to detect the presence and
predominance of specific strains in particular geographical
areas. Such reports are useful for tracing fungal microbes
and their sources/origins. Details of microbial epidemiology
and strain distribution in multiple environments can represent
valuable information with great scientific and technological
potential. These data directly influence other sciences, such
as forensic sciences, that are focused on the description of
regional, endemic and/or foreign strains [76]. The intentional
and accidental carriage of fungal strains between countries
and world regions is an increasing subject, disturbing some
authorities and travelers. This fact has additional importance
when we realize that some fungal strains can have important
and destructive impacts on agriculture crops and on the
storage of agriculture products. In addition, the presence of
fungal strains can be associatedwith the damage or preservation
of buildings and construction materials.

It is challenging to understand the origin of microbial
diversity, the occurrence of recombination events, and
in the last instance, to uncover the complete biogeography of
fungal strains. Climate changes may reveal an even more
dynamic map for fungi, particularly the endemic fungi.
Certain diseases, such as histoplasmosis, coccidioidomycosis,
blastomycosis, and penicilliosis (caused by Penicillium
marneffei), have been restricted to some countries or
world regions, but may be disseminated to other regions
by human travelers or modifications of the local climate

Table 2 Challenges of molecular mycology

Challenges of fungal typing for next years

Definitive strategy for cataloging microbial diversity

Link between epidemiology, pathogen biology, genome evolution,
structure and gene characterization

Real-time surveillance that allows evaluation of:

effectiveness of antifungal treatments and evaluation of the best timing
for azole antifungal treatment

emergence of pathogenic or drug-resistant strains

tracking the fungal agents to its origin

description of regional, endemic and/or foreign strains

Biogeography of fungal strains and models for adaptation patterns

Next generation sequencing at accessible costs to be used in clinical
routine

User-friendly online databases or deposits for next generation sequencing
data

Bioinformatics tools for communication of genomic information between
distinct databases
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[77, 78]. Different evolution and adaptation patterns
may be expected for these fungi, and molecular ecologists
can certainly help with the development of accurate and
suitable evolution models.

Current Challenges for Fungal Genetic Diversity

A new era is starting, with the application of second and
third generation massive sequencing analyses to molecular
mycology (Table 2). The amount of data coming from these
new devices is huge, and there is no doubt that proper and
innovative bioinformatics tools are needed. Therefore, exten-
sive and central databases that are practical to use, store and
download data and that allow interaction between researches
remain urgent. It will be difficult for single researchers or
groups dealing with massive genomic data; its association
and population genetics studies thus needing shared databases
in order to deposit and amplify within the scientific commu-
nity the potential coming from such untreated data. MLST
success in microbiology is partly justified by the ease to
deposit and share data between laboratories. But previous
available data and tools should not be neglected. Communi-
cation and transference of genomic information between dis-
tinct databases should be reinforced. MLST@SNaP is a recent
software that allows the conversion of MLST sequences to
SNP data and vice-versa [79•]. This and similar tools are
critical to increase the application of technologies, close gaps
worldwide, and facilitate the interaction of researchers and
distinct genomic platforms.

It is also urgent to understand the interaction between
microorganisms (belonging or not to the same species), com-
munities and transmission of microorganisms with increased
pathogenicity or antifungal resistance [80]. Studies in
protected clinical environments are also needed, in order to
develop strategies that contribute to improving the health and
well-being of patients, especially those subjected to immuno-
suppressive treatments and longer stays at hospitals. Clinical
controls, recommendations and guidelines should also be
constantly developed and made available for public consult-
ing, particularly regarding the topics of prevention and pro-
tection within the community and detailed information for
health units.

Conclusions

The most successful genotyping methods share certain
features, such as being unambiguous, portable, highly dis-
criminatory and facilitating the analyses and exchange of
results internationally (through online freely accessible data-
bases). The advances of next generation sequencing may
progressively turn complete fungal genomes into being even

more feasible and inexpensive. Democratization of broad
spectrum sequencing platforms may revolutionize molecular
diagnosis and redesign concepts of microbial evolution.
These technologies will certain enable the simultaneous
detection, identification and molecular characterization of
complete communities existing in biological samples.
This fact allows better knowledge of our bodies and of
the environment where we live, and may reveal strong
evolutionary forces of microbial interaction. Exciting
times lay ahead in molecular mycology.
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