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Chapter 1

In this thesis, I will discuss the development PCR-based assays as an alternative strategy
for identification of clinically important fungal species in developing countries followed
by a comprehensive evaluation of clinical outcome and microbiological properties of yeast
species isolated from Iranian patients. The introduction starts with a brief overview around the
environmental and clinical significance of Candida species, especially non-albicans Candida
species. Next, I will discuss the challenges related to the identification of fungal species
causing infection in developing countries and explain why PCR-based assays are of importance
in these countries. Subsequently, I will discuss the importance of typing techniques with a
focus on amplified fragment length polymorphism (AFLP) as a preferred typing tool used in
our studies. Finally, I will give a comparative general overview regarding the mechanisms of
azole and echinocandin resistance in species belonging to CTG- and Nakaseomyces clades of
Saccharomycotina.

Fungal complications from plants and animals to human health
Throughout history fungal species posed serious threats to food security, animal life, and
ecosystem biodiversity (1). Fungal plant pathogens pose a serious risk by infecting strategic
plants, such as wheat, rice, and corn leading to crop loss that directly and/or indirectly affect
human and livestock (2). Indeed, it has been documented that fungal species more than any
other pathogens, may have contributed to species extinction and biodiversity changes (1).
Despite all those pronounced and highlighted influences, the clinical complications posed to
humans by fungi have been neglected by international health-related agencies (3). Moreover,
while studies on viruses, bacteria, and parasites are greatly appreciated by clinicians and health
agencies, only 1.4%-2.5% of the infectious diseases budgets is spent on medical mycology
studies (3). Advances in technologies and an increasing number of studies dealing with fungal
infections exhibited the involvement of fungi in a wide range of human complications ranging
from Crohn’s disease (4), autoimmunity (5), and Alzheimer’s (6), to well-known superficial and
invasive infections, such as athlete’s foot and bloodstream infections. Apart from infections,
some molds, including Aspergillus and Penicillum species, produce mycotoxins causing severe
acute diseases, immunodeficiency, and cancer (https://www.who.int/news-room/fact-sheets/
detail/mycotoxins). As immunocompromised individuals are the favored host for the vast
majority of opportunistic fungi and given that the population of these patients is on the rise,
the increase in prevalence and frequency of various fungal infections is a rational assumption
(7). Estimates indicated that fungi cause 1.7 billion superficial infections worldwide and after
skin-related issues caused by dermatophytes, 87 million people are annually suffering from
vulvovaginitis, oral, and esophageal infections caused by fungi (3). It has been estimated that
approximately 65% of invasive fungal infections are associated with yeasts, mainly belonging
to Candida and Cryptococcus genera, with a mortality rate of 20-75% (3).
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Importance of appropriate phylogenetic placement of
opportunistic yeasts
Yeasts causing infections in humans are mainly caused by species belonging to Ascomycota, such
as species belonging to Candida, and Basidiomycota, including Cryptococcus, Trichosporon,
and Rhodotorula. Traditionally, Saccharomycotina yeast species causing infection in human are
grouped in the Candida genus that phylogenetically is highly polyphyletic containing species
belonging to various sexually defined genera (8,9). Candida glabrata is the most well-known
example in this respect. This species belongs to the Nakaseomyces clade and is genetically closer
to Saccharomyces cerevisiae (inside the whole genome duplication clade) than to C. albicans,
but is still regarded as a Candida species (Figure 1) (10). Considering that species within a
genus constitute similar antifungal susceptibility profiles (9), such as the multi-drug resistant
feature presented by species within the Metschnikowia clade, adopting a proper taxonomy
may not only have clinical significances, but also aid in establishing clinical breakpoints and
epidemiological cut-off values for a given species (9).

Figure 1. Phylogenetic tree of CTG and whole genome duplication (WGD) clades. As shown, Candida glabrata
is genetically closer to Saccharomyces cerevisiae. Figure adopted from Papon et al. (11).

Ecology and human intervention-induced opportunistic yeast
infections
From an ecological point of view, opportunistic yeast species have a diverse range of reservoirs
ranging from various anatomical sites in humans and soil (12,13) to plants (14) and many
other habitats. Moreover, yeast species are extensively used in biotechnological applications
(15) and they can be found in fermented foods and beverages (16). On the human side, some
Candida species are considered as commensals inhabiting various anatomical sites, such as
3
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skin, the gastrointestinal (GI) tract, and the genitourinary tract (17,18). For instance, Candida
albicans, C. tropicalis, C. parapsilosis, C. glabrata, and Pichia kudriavzevii (= C. krusei) have
been found in 70%, 46%, 35%, 32%, and 22.6% of the GI tract of healthy individuals studied
(18). In healthy and immunocompetent individuals, these fungal species that represent a large
percentage of the human mycobiota have a symbiotic relationship with their host and their
development into opportunistic pathogens is prevented by a vigorous and vigilant immune
response (17). However, when the immune system is weakened, e.g. by administration of
chemotherapeutic and immunosuppressant agents, or when infected by HIV, fungi will take
the opportunity and start colonization and growth followed by invasion into the bloodstream
and causing opportunistic invasive fungal infections (17). The increasing trend in the number
of patients suffering from cancer resulted in extensive use of chemotherapeutic agents (17).
Compelling studies revealed the link between usage of chemotherapeutic treatment and the
increased risk of opportunistic microbial infections by various mechanisms (17). Indeed, the
impairment of phagocytic activity of neutrophils, macrophages and monocytes, decreased
production of antimicrobial peptides, chemotherapy-induced apoptosis and weakening of the
epithelial cell integrity and the lowering the lymphocytic activities are the most prominent
impacts of chemotherapeutic agents that collectively facilitate the acquirement of opportunistic
microbial infections (17). The impact of chemotherapeutic agents is not limited to humans and
studies showed an association between administration of these drugs and increasing virulence
of C. albicans (19), transitions from yeast cells to hyphal forms (20,21) and even elevating the
tolerance of C. albicans towards antifungal drugs (19). Moreover, fungal and bacterial species
living in the human gut, collectively known as microbiota, have an intricate and dynamic
interaction with each other and extensive use of antibiotics may cause a dysbiosis and disruption
of this intricate balance (17). For instance, short chain fatty acids produced by specific bacterial
species do not allow the germination of Candida albicans and its transformation from yeast to
hyphal form (22), which is known as morphogenesis and considered the main virulence factor
of this species (23). However, the extensive use of prophylactic antibiotic therapy results in
removal of bacterial species producing short chain fatty acids, and therefore facilitates the
formation of pseudohyphae and true hyphae of Candida albicans (17). These studies show
how advancements in pharmacology and medical intervention bring about unwanted, but yet,
devastating consequences.

Candidemia economic burdens and complications of non-albicans
Candida species
Estimations from US hospitals indicated that bloodstream infections caused by Candida
species alone can pose a significant cost of $1.4 billion annually (24). Among the Candida
species, C. albicans is the major cause of Candida-derived bloodstream infections (i.e.
candidemia). Recent studies revealed that the epidemiological landscape of candidemia is
shifting toward an increasing prevalence of non-albicans Candida (NAC) species (25). For
instance, depending on the patient’s underlying conditions, geographical location, and age,
some studies have shown C. glabrata (26), C. parapsilosis (27), and C. tropicalis (28) as the
main cause of candidemia surpassing that of C. albicans. Moreover, some NAC species that
potentially cause harder-to-treat infections are increasing (11,29) and the list of opportunistic
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fungal species causing infections in humans continues to expand. Unfortunately, the majority of
the NAC and emerging Candida species are either less susceptible or rapidly become resistant
to the most widely used antifungal drug, namely fluconazole (30). Some species, such as C.
auris and C. glabrata, manifest a multi-drug resistant (MDR) phenotype (7,30). These facts
along with the inefficiency of topical antifungal drugs for treating oral candidiasis (31–33),
threaten the handful number of systemic antifungal drugs available on the market that should be
used to treat invasive fungal infections. Studies have documented that NAC species compared
to C. albicans are attributable to a higher mortality and hospitalization duration and increased
hospital-related expenses (34,35). As such, conducting nation-wide species-specific candidemia
studies are of high importance not only for monitoring changes in antifungal susceptibility
profiles, but also to establish proper empiric antifungal therapies and infection control strategies.

Identification of mycoses and comparison of widely used assays
The presence of huge differences in terms of antifungal susceptibility patterns, biofilm production,
and virulence attributes among yeasts reveal the importance of species-specific identification.
Traditionally, phenotypic assays, such as direct microscopy, culture and colony morphology,
and differential sugar assimilation growth test, also known as biochemical assays, are amongst
the most widely used assays in clinical laboratories, especially in developing countries (36).
Although popular, these assays are subjective, time-consuming, non-specific, and even
expensive (i.e. have a high price per reaction that varies depending on the country). Biochemical
assays are marketed by various companies with bioMerieux (https://www.biomerieux-usa.com/
clinical/api) as the market leader that produces the most comprehensive, sensitive, and specific
phenotypic assays for identification of yeast species (37). Apart from the fact that these assays
require additional testing, many studies proved that they are not specific for emerging and rare
yeast species resulting in misleading identifications (38,39). For instance, a large collection of C.
auris (39) and Cyberlindnera fabianii (38) isolates were mainly misidentified as C. haemulonii
and Wickerhamomyces anomalus/Cy. jadinii, respectively. In case of challenging species, like C.
auris, such an outcome will be devastating, as it will result in persistent patient infection, clonal
outbreaks, and persistent presence of this species in hospital settings as well as administration
of inappropriate antifungal agents. On the other hand, members of cryptic species complexes
share similar biochemical profiles and, consequently, they are usually misidentified as their
well-known representatives, i.e. C. albicans, C. glabrata, and C. parapsilosis (40). Thus, rapid,
sensitive, and specific technologies, such as matrix-assisted laser desorption time-of-flight mass
spectrometery (MALDI-TOF MS) and Sanger sequencing of barcoding genes, mainly ribosomal
DNA (rDNA) loci, were used to overcome the limitations of phenotypic assays (41,42).
Nowadays, these molecular assays became popular and are used routinely in infectious diseases
laboratories of developed countries (8,41,42). However, these technologies cannot detect and
identify causative agents directly from clinical samples. Therefore, the identification process
for slow-growing fungi, such as those belonging to Madurella genus, might be prolonged to
14 days and administration of an appropriate and targeted treatment would be delayed until
a conclusive identification is reached (43). Moreover, the costs associated with the purchase
of those devices and their maintenance, requirement of skilled personnel, periodical quality
control, and the need of regular updates of the databases are the most notable deterring factors
5
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for their acceptance in developing countries, with the exception of a few referral laboratories
(36). Misidentification/non-identification of some common/rare yeast species, including several
species of the Cryptococcus neoformans/gattii complex and C. africana is another shortage
of MALDI-TOF MS technology requiring periodical library updating and extension (44,45).
Polymerase chain reaction (PCR) has been recognized by WHO as an affordable and alternative
diagnostic tool in developing countries (46) that can be reliably used for rapid and species-specific
identification when DNA samples obtained from pure cultures are used (47). Additionally, it has
been shown that reliable and reproducible PCR devices could be constructed using the most
basic kitchen appliances performing comparable to the commercially available PCR machines
(48). However, as offered by the European Aspergillus PCR Initiative (EAPCRI), detection of
fungal agents using real-time PCR assays directly from clinical samples, especially from whole
blood, require systematic standardizations from DNA extraction to PCR optimization (49,50).

Typing techniques in clinical settings
Although, species-level identification is important for clinical practice to guide clinicians to
administer proper antifungal treatment, strains of the same species may show variability in
virulence (51), antifungal susceptibility profiles (52), persistence in hospital settings (53), and
attributable mortality (54). Additionally, detecting the route of infection in clinical settings
allows implementation of the appropriate protective strategies assisting clinicians either to use
prophylactic antifungal treatments, if the causative agent is endogenous, or practicing efficient
infection control strategies, if the fungi is obtained from environmental sources, to contain the
spread and/or eradicate the target fungus. For instance, some NAC species, such as C. auris and
C. parapsilosis, are horizontally transferred from the hands of healthcare workers and hospital
environments (53,55) and when the DNA of yeast colonies obtained from environmental
swabs and from patients are subjected to a resolutive typing technique, one may trace the
source of infection in a hospital setting (53,55). Consequently, strain-level identification using
suitable typing techniques is an important strategy for future infection control practices. There
are a number of popular DNA-based typing techniques, such as amplified fragment length
polymorphism (AFLP) analysis (56), multi-locus sequence typing (MLST) (57), pulse-field
gel electrophoresis (PFGE) (58), and microsatellite repeat number assessment (59) that are
frequently used to differentiate genotypes of isolates of yeast species that were recovered from
clinical settings. Universality of the reaction components and lack of the requirement of previous
knowledge about the genome of the target species make AFLP a widely used typing method for
a wide range of clinically important fungal species, such as C. auris (56), C. parapsilosis (60),
and Aspergillus terreus (61).

Molecular mechanisms of resistance and antifungal susceptibility
testing in yeasts
Besides challenges in the identification of fungal species/strains, an alarmingly high number
of studies showed that antifungal resistance is becoming more common for the most prevalent
NAC species, e.g. C. glabrata (30), C. parapsilosis (62), and C. tropicalis (63) to name a
6
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few. As a result, unraveling the molecular mechanisms of antifungal resistance, particularly
for fluconazole and echinocandins being the two most widely used antifungal drugs, will
allow to design new antifungal drugs and the development of new identification tools leading
to improvement of clinical outcomes. The molecular mechanisms involved in resistance to
echinocandins for almost all Candida species slightly differ from one another and these are
mainly linked to nonsynonymous mutations occurring in hotspots (HS) of FKS genes (64). In
contrast, azole resistance mechanisms for species belonging to the CTG-clade (C. albicans, C.
parapsilosis, and C. tropicalis) and the Nakaseomces-clade (C. glabrata) differ (65). Specific
amino acid substitutions in the azole drug target (ERG11) and major transcriptional factors
(MRR1, TAC1, and UPC2) along with the overexpression of efflux pumps (CDR1 and MDR1)
and ERG11 are the main determinants of azole resistance in CTG-clade Candida species (65).
On the contrary, mutations in ERG11 are rarely reported as the cause of azole resistance in
C. glabrata (66), which is mainly driven by specific non-synonymous mutations in PDR1,
a transcription factor regulating efflux pumps (65). Traditionally, determination of antifungal
susceptibility profiles is performed through phenotypic assays that follows the standardized
broth microdilution protocols offered by Clinical and Laboratory Standards Institute (CLSI)
(http://www.clsi.org) and European Committee of Antifungal Susceptibility Testing (EUCAST)
(http://www.eucast.org/). Serially diluted antifungal drugs are inoculated with fungal cells,
followed by incubation at 35ºC for 24 hours and data are interpreted either visually or
spectrophotometrically, respectively (67). Minimum inhibitory concentrations (MICs) are
defined, which are the lowest concentrations of antifungal resulting in inhibition of ≥50%
growth of the studied yeast compared to control strains of Candida krusei (ATCC 6258) and
Candida parapsilosis (ATCC 22019). Depending on the species studied and the antifungal used,
MIC values are reported based on either clinical breakpoints (CBP) or epidemiological cut-off
values (ECV) (68). As the name implies, CBP can predict the clinical outcome (responsive or
non-responsive to antifungal), while ECV solely categorize the isolates into either wild-type
(WT) or non-wild type (NWT) isolates (68).

Developing identification tools to studying candidemia in Iran
Iran is a developing country with a population size of approximately 82 million people. Except
for a number of sporadic epidemiological studies (69–73), there is limited knowledge on the
epidemiology of candidemia agents at a nationwide scale. Unfortunately, due to the absence
of reliable identification tools the majority of these studies used either time-consuming and
inaccurate phenotypic assays (70–73) or employed expensive and time-consuming molecular
assays, e.g. PCR-RFLP, that identifies only a limited number of clinically important Candida
species (69,70). This coincided with a recently observed shift of Candida species colonizing
pediatric patients with hematological malignancies in Iran (74). Therefore, we developed several
PCR-based assays identifying the clinically most important ascomyceteous and basidiomyceteous
yeast species using DNA samples derived from both pure cultures and directly from clinical
samples. In addition, diagnostics of eumycetoma-causing fungi are included. Eumycetomacausing fungi can lead to severe disfigurement and tissue destruction, which is considered as
one of the major health problems in several tropical countries that pose a significant social and
economic burden (75). Unlike the easy-to-treat mycetoma cases caused by bacterial species,
the fungal infections require a combination of slight to massive surgical operations and prompt
7
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administration of proper antifungal drugs (75). The clinical significance of eumycetoma in
tropical countries and lack of rapid, sensitive, and specific molecular assays able to detect the
most prevalent Madurella species, namely M. mycetomatis, M. pseudomycetomatis, M. fahalii,
and M. tropicana (75,76), directly from clinical samples encouraged us to develop the first
multiplex real-time PCR assay that is able to do so. On the other hand, the variability in clinical
and microbiological profiles among NAC species prompted us to embark on species-specific
epidemiological candidemia studies, where the antifungal susceptibility patterns, the molecular
mechanisms of resistance, genotypic diversity, and clinical profiles of the infections caused by
C. glabrata and C. parapsilosis species complexes and C. tropicalis were evaluated. Moreover,
lack of a comprehensive study detailing the clinical outcome and risk factors for effective
clearance of oral candidiasis (OC) in Iranian patients suffering from hematological disorders,
encouraged us to conduct such a study and we showed that prophylactic treatment with nystatin
and previous history of OC are significantly associated with recurrent OC presentation. Finally,
we reported the first case of fungemia due to an environmental yeast species, Wickerhamomyces
myanmarensis.

Thesis outline
In this PhD thesis, I will explain the identification hurdles for diagnosis/identification of
opportunistic fungal species in developing countries and how these regions can benefit from the
application of PCR-based assays. We developed several PCR-based assay to detect various yeast
species as well as causative agents of eumycetoma. Development of such PCR assays allowed
us to embark on various epidemiological studies, in which we comprehensively explored the
clinical outcome and microbiological properties of the main non-albicans Candida species.
Moreover, while identifying yeast species isolated from blood samples, we reported for the
first time the occurrence of the environmental yeast Wickerhamomyces myanmarensis causing
candidemia in an immunocompetent patient.
Lack of comprehensive, sensitive, low cost, and accurate identification tools forces the laboratory
technicians of developing countries to use non-specific, time-consuming, and expensive
phenotypic assays. In chapter 2 we discuss the identification of mycoses in developing countries
and why PCR-based and some isothermal-based assays can be considered as a suitable tool.
In chapter 3, I will demonstrate the development of a PCR-based assay, called Yeast Panel
Multiplex PCR (YPMP) as a comprehensive, accurate, rapid, and inexpensive identification
tool able to identify 95% of yeast species causing infections in humans. In the following chapter
(chapter 4), I will examine the utility of YPMP in Iran as an example of a developing country,
and compare its results with the widely used API 20 C AUX, MALDI-TOF MS, and Sanger
sequencing when subjected to a wide spectrum of yeast species isolates recovered from clinical
settings. Moreover, we show the superiority of YPMP over API 20 C AUX and the enhanced
identification performance when YPMP was used as the first and API 20 C AUX as second
line of identification, respectively. An increasing number of studies reported the isolation of
members of the cryptic species complexes of C. albicans, C. parapsilosis, and C. glabrata from
clinical samples. Identification of the isolates of all these nine cryptic Candida species that are
related to these three species requires three PCR reactions, therefore we developed a single
9-plex PCR assay (Chapter 5). Inaccurate identification of Candida auris and its three close
relatives, namely Candida haemulonii, Candida pseudohaemulonii, and C. duobushaemulonii,
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encouraged us to develop a multiplex PCR identifying all those agents in a single PCR from
pure cultures (Chapter 6). Subsequently, lack of a PCR assay detecting C. auris and its close
relatives from blood/serum samples coincided with an increasing number of studies detecting
these species isolates from blood samples. Therefore, we developed a multiplex real-time PCR
SYBR Green I-based assay that could successfully and specifically identify the four target species
when applied to DNA samples obtained from spiked serum samples (Chapter 7). Cyberlindnera
fabianii, an emerging yeast species associated with neonatal outbreaks, has been misidentified
as Cyberlindnera jadinii and/or Wickerhamomyces anomalus for over two decades using
various biochemical assays. Therefore, in the next step (Chapter 8) we retrospectively found
that when using appropriate identification tools (MALDI-TOF MS or sequencing of barcode
genes) Cy. fabianii has a higher prevalence than the other two species in Iran. Additionally, we
developed the first multiplex PCR assay distinguishing these species from one another. As the
last diagnostic tool, we developed a multiplex PCR assay detecting and identifying the most
prevalent eumycetoma agents from pure culture and histopathologically proven tissue samples
(Chapter 9). Using this assay the identification duration was dramatically shortened to a half
day, which is much less than culture-dependent assays, including sequencing and MALDI-TOF
MS that requires 14-16 days incubation time. Subsequently, these optimized assays allowed us
to perform various epidemiological studies in Iran. The first epidemiologic study dealt with the
incidence and spectrum of yeast species isolated from the oral cavity of Iranian patients suffering
from hematologic disorders (Chapter 10). We showed the inefficiency of treatment by nystatin
and that recurrent oral candidiasis is significantly associated with treatment with nystatin and a
previous history of oral candidiasis. Moreover, YPMP showed >98% agreement with MALDITOF MS when subjected to yeast isolates identified in this study. In the latter phases, we
focused on isolates of NAC species that were recovered from blood samples. We demonstrated
that Iranian C. glabrata isolates show a low degree of antifungal resistance and found a link
between genotype and the presence of the mutation T745A in PDR1 as a potential mortality
predictor (Chapter 11). Similar to C. glabrata, C. nivariensis isolates showed susceptibility
to all antifungals tested, and grouped into two genotypes when subjected to AFLP (Chapter
12). The mortality rate was high for patients infected with C. nivariensis (66%), while death
occurred in almost 35% of those infected with C. glabrata. Candida parapsilosis blood isolates
showed a low antifungal resistance similar to C. glabrata isolates, while a high level of genetic
similarity was observed for the Iranian C. parapsilosis isolates (Chapter 13). Moreover, we
found a mortality rate of almost 46% for Iranian C. parapsilosi-related bloodstream infections
and noticed a significant link between city of origin and mortality. Additional studies of the C.
parapsilosis cryptic species complex resulted in the identification of 32 and 1 C. orthopsilosis
and C. metapsilosis, respectively (Chapter 14). Ninety percent of C. orthopsilosis blood isolates
and 80% of the nail isolates clustered together in an AFLP-based clustering. Moreover, C.
orthopsilosis blood isolates obtained from the same hospital grouped into two clusters. These
two observations prompted us to speculate that C. orthopsilosis may be horizontally transfered
from the hands of healthcare workers. Candida tropicalis was the last NAC species studied and
we found a higher proportion of antifungal resistance when compared to C. glabrata and C.
parapsilosis blood isolates (Chapter 15). Besides, we identified fluconazole resistant-related
mutations in TAC1, UPC2, and MRR1 and consistent with MLST studies we noticed a high
degree of genetic similarity for Iranian C. tropicalis blood isolates. Not only azole-resistance
was developed in antifungal naïve patients, but it was also found that almost 60% of patients
infected with this species died. Finally, in the last chapter we discuss the identification of an
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environmental yeast species, Wickerhamomyces anomalus causing candidemia (Chapter 16).
The blood isolate showed elevated an MIC value toward fluconazole (MIC=16µg/ml), while
the CVC obtained isolate was susceptible to all antifungal drug tested. Moreover, the presence
of a high degree of genetic similarity with W. anomalus and lack of identification by MALDITOF MS prompted us to develop a specific PCR assay differentiating these species from one
another.
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Abstract
Extensive advances in technology offer a vast variety of diagnostic methods that save time
and costs, but identification of fungal species causing human infections remains challenging in
developing countries. Since the echinocandins, antifungals widely used to treat invasive mycoses,
are still unavailable in developing countries where a considerable number of problematic fungal
species are present, rapid and reliable identification is of paramount importance. Unaffordability,
large footprints, lack of skilled personnel, and high costs associated with maintenance and
infrastructure are the main factors precluding the establishment of high-precision technologies
that can replace inexpensive yet time-consuming and inaccurate phenotypic methods. In
addition, point-of-care lateral flow assay tests are available for the diagnosis of Aspergillus and
Cryptococcus and are highly relevant for developing countries. An Aspergillus galactomannan
lateral flow assay is also now available. Real-time PCR remains difficult to standardize and is
not widespread in countries with limited resources. Isothermal and conventional PCR-based
amplification assays may be alternative solutions. The combination of real-time PCR and
serological assays can significantly increase diagnostic efficiency. However, this approach is too
expensive for medical institutions in developing countries. Further advances in next-generation
sequencing and other innovative technologies such as clustered regulatory interspaced short
palindromic repeats (CRISPR)-based diagnostic tools may lead to efficient, alternate methods
that can be used in point-of-care assays, which may supplement or replace some of the current
technologies and improve the diagnostics of fungal infections in developing countries.
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Introduction
Although fungal infections are generally neglected by healthcare communities, there is mounting
evidence associating fungi with many pathological complications such as bowel-related diseases
(1), neurodegenerative diseases (2), and invasive bloodstream infections (3). Fungal infections
cause 1.5 million deaths annually (4) and the number of patients prone to development of these
infections is on the rise (5–7). The lack of clinically effective antifungal agents together with
the emergence of multi-drug-resistant organisms and new fungal species are major public health
threats (8,9). A broadening spectrum of fungal species causing infections in humans and speciesspecific susceptibility to antifungals underscore the importance of accurate identification to the
species level and, for some fungi, sub-species level. However, reliable diagnostic tools are
not always available in some countries. Thus, high-precision identification methods such as
matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF MS) and Sanger
sequencing are not usually accessible in developing countries, where non-specific and timeconsuming phenotypic assays are more commonly used (10,11). A survey conducted by the
Asian Fungal Working Group comprising seven South/Southeast Asian countries revealed that
MALDI-TOF MS and sequencing are used only in 12–17% of the centers (12), among which
almost 50% were referral hospitals from India and China. Although culture remains the gold
standard diagnostic method in medical mycology, it lacks sensitivity and is time-consuming.
Therefore, considering the importance of timely application of appropriate antifungal drugs
for therapeutic success, the development of rapid and reliable diagnostic tools may have a
significant influence on the reduction of the mortality rate (5). Unfortunately, Cryptococcus
infections in sub-Saharan countries (13), candidemia caused by Candida auris in India (8),
most infections caused by dimorphic fungi (14), and eumycetoma (15) are among the most
challenging to diagnose in developing and poor countries. Non-specific identification may
contribute to the persistence of hard-to-eradicate fungal species such as C. auris, which may
contribute to horizontal transfer subsequently resulting in clonal outbreaks (16).
In this review, we explore and discuss the application, advantages, and disadvantages of
identification tools predominantly used in laboratories of developing countries, including
phenotypic, molecular, and serological assays. Furthermore, because the number of antifungalresistant species is increasing, we review the molecular methods used to supplement common
antifungal susceptibility testing. Finally, we discuss new promising technologies that may
be employed in future point-of-care diagnostic testing to detect fungal species in developing
countries.

Phenotypic Assays
Blood Culture Bottles: Automated or Manual?
Culture as the gold standard technique is the cornerstone of patient management in clinical
settings, especially for invasive fungal infection cases. Once isolated, a fungal agent can be
subjected to downstream applications, such as identification, antifungal susceptibility testing,
and typing techniques to trace the source of infection followed by implementing an appropriate
infection control strategy and administration of proper antifungal therapy. As normal solid
agar plates do not support sufficient growth for the microorganism inside the blood samples,
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automated blood culture systems were invented to ameliorate the sensitivity of this technique
(17). Blood samples obtained from the suspected patients are inoculated into the blood culture
bottles containing enhanced broth media supporting sufficient growth of causative agents and
resin or charcoal are added to counteract the effect of the antibiotic, allowing higher recovery
of microorganisms inside the blood samples. Blood culture bottles are in incubated at 35
°C for five days and agitated to facilitate further growth of the microorganism (17). Carbon
dioxide generated by the growing microorganism is measured in either a fluorescent or
colorimetric way (17). Although adopting such technologies showed substantially increased
sensitivity (18–20), the high costs associated with the device and blood culture bottles, regular
instrument maintenance, and the infrastructural issues prevent their wide usage in low-income
and developing countries (17). As a result, manual culture systems are more popular in these
regions. In manual blood culture methods, blood samples obtained from suspected patients are
inoculated into either broth or biphasic blood bottles and incubated at 35°C for five days in a
static way (17). Any visual changes, such as production of gas and turbidity, are measured by
the naked eye (17). Apart from the lower sensitivity of manual blood cultures when compared
to automated ones, there are other complications when dealing with fungal agents inside the
blood samples (17). For instance, the vast majority of the blood bottles and the downstream
plates used for the culturing of positive blood samples for fungal agents are mainly specific
for bacterial species (5), while species of Malassezia in particular (21) and fungal species, in
general, require modified media to increase the sensitivity rate of cultures. This notion along
with the lower number of fungal cells in circulation when compared to bacterial ones, are the
two main factors resulting in underestimation of fungal agents in clinical settings (5). Future
advances in the machinery and the chemical compositions of the blood culture media may not
only make the automated device affordable for developing countries but may also enhance the
universal issue of the low sensitivity of this technique.

Other Phenotypic Assays
Phenotypic assays such as Gram staining, direct microscopy, culture, and morphological
assessment of isolates, combined with available biochemical assays are among the most popular
and affordable identification tools used in laboratories of developing countries. These techniques
can be applied either directly to clinical specimens (e.g., Gram staining) or to cultured isolates
(e.g., morphological and biochemical evaluation).
Calcofluor white, a fluorescent dye, is used to easily detect fungal structures in clinical samples,
but the required fluorescent microscopy may not be available to implement this analysis.
Therefore, bright-field microscopy is generally a more feasible method and Gram staining
is one of the simplest and least expensive differentiating techniques, which can be used to
reveal fungal structures and host immune cells (22) in various sample types including tissue,
cerebrospinal fluid, respiratory secretions, and vaginal discharge, etc. Potassium hydroxide is
used to visualize fungal elements in dermal samples, whereas specialized stains such as Gomori
methenamine silver (GMS), periodic acid-Schiff (PAS) stain, and hematoxylin and eosin (H&E)
are more suitable for tissue samples (23). Although these microscopic methods are not very
discriminatory, they can at least provide a basis for prescribing empirical antifungal therapy.
Chromogenic agars can be used for the presumptive identification of some yeasts most
commonly found in clinical samples (3), but only a few species, all belonging to the Candida
genus, can be identified with these media, therefore, this approach is expensive and limited
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in scope. Microscopic observation of cultured isolates has high specificity for differentiation
of Candida albicans/C. dubliniensis from other yeasts using the germ tube test, which is
inexpensive but requires expertise in microscopy. Unfortunately, incorrect results are not
uncommon (24). Other highly specific tests to screen for C. albicans/C. dubliniensis or C.
glabrata are based on detection of β-galactosaminidase or trehalase, respectively (24), but
these may be cost-prohibitive for laboratories in developing countries. Commercially available
manual biochemical methods such as API 20C AUX, rapid Yeast Plus, ID32C, etc., can provide
a higher level of resolution for identification of cultures of many yeast and yeast-like species
and may be used as an alternative. However, additional testing such as microscopic assessment
of morphology on cornmeal- or rice-Tween 80 agars may be required to differentiate among
biochemically similar species (Table 1). The review of Pincus et al. (24) can be consulted
for comparing characteristics and performances of various manual biochemical methods. Still,
none of the commercially available manual biochemical assays can be used to correctly identify
challenging yeast species such as C. auris (25,26). Furthermore, in some cases these methods
may misidentify the top five Candida species (27). Consequently, to ensure more accurate
identification of fungal species in laboratories of developing countries that rely strongly
on manual biochemical methods, either the current databases of commercially available
biochemical assays should be updated/extended or these assays should be used in conjunction
with other specific and sensitive molecular tools (27).
Table 1. Morphological differentiation of some yeast and yeast-like species similar in their biochemical reactivity
profiles.
Low Reactivity

PH *

TH

AR

CH

SP

Candida glabrata

-

-

-

-

-

Candida krusei

+

-

-

-

-

Candida lipolytica

+

+

-

-

-

Prototheca wickerhamii (algae)

-

-

-

-

+

Saprochaete capitata

-

+

+

-

-

Medium reactivity

PH

TH

AR

CH

SP

Candida albicans

+

+

-

+

-

Candida lusitaniae

+

-

-

-

-

Candida parapsilosis

+

-

-

-

-

Candida tropicalis

+

+

-

-

-

High reactivity

PH

TH

AR

CH

SP

Candida guilliermondii

V

-

-

-

-

Cryptococcus neoformans

-

-

-

-

-

Trichosporon asahii

+

+

+

-

-

* PH, pseudohyphae; TH, true hyphae; AR, arthroconidia; CH, chlamydospores; SP, sporangiospores; +,
present; -, absent; V, variable.
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Additional phenotypic features that can help discriminate biochemically similar yeasts include
temperature tolerance (growth at 37°C or 42°C), cell shape, pigment production, urease activity,
KNO3 assimilation, etc. (24). Table 2 shows the features of various phenotypic methods used
for the identification of yeasts and yeast-like microorganisms.
Contrary to yeast species, identification of molds at the species level is either difficult or
impossible without molecular methods such as MALDI-TOF MS or DNA sequencing and
requires specific training in fungal morphology. Typically, mold identification is limited to a
higher taxonomy level (group/complex or genus) and its precision depends on the skills of
the technician conducting the morphological examination. Such an identification level is often
sufficient for application of targeted therapy, with the exception of some cryptic species. Thus,
Aspergillus lentulus should be identified to the species level rather than just to Aspergillus
Section Fumigati (Aspergillus fumigatus complex), which would help avoid inappropriate
therapy because this species has potential resistance to antifungals, e.g., amphotericin B,
itraconazole, voriconazole, and caspofungin (28).
Highly specific methods such as MALDI-TOF MS require expensive equipment and are not
generally affordable for laboratories in developing countries. However, significant savings can
be achieved by improving the workflow and reducing reagent costs. In a large laboratory, cost
savings per sample can offset the initial investment into equipment after about three years (29),
although annual service contract fees can still be prohibitive. The higher level of specificity
afforded by MALDI-TOF MS can have a positive impact on patient care, as it can help to avoid
inappropriate therapies, such as over-treatment with fluconazole and ensure targeted therapy,
which would decrease morbidity and mortality and reduce healthcare expenses associated with
prolonged hospital stay.
Table 2. Diagnostic features of phenotypic methods useful for the identification of yeasts and yeast-like pathogens
in developing countries (24).
Method % Sensitivity

% Specificity

TAT

Reference

Rapid screening tests, e.g.,
β-galactosaminidase for identification of
Candida albicans/dubliniensis

97.8–100.0

85.7–100.0

5–60 min

[24]

Rapid screening tests, e.g., trehalase for
identification of Candida glabrata

89.3–100.0

74.1–100.0

30 s–24 h

[24]

Chromogenic agars, e.g., CHROMagar
Candida, chromID Candida for
identification of Candida albicans

88.3–100.0

86.0–100.0

48 h

[24]

Manual biochemical methods, e.g., api
20C AUX, ID32C, rapID Yeast Plus

N/A

86.0–100.0

4–72 h

[24]

Automated biochemical methods, e.g.,
MicroScan YID, VITEK 2 YST

N/A

85.3–98.5

4–48 h

[24]

TAT, turn-around time; N/A, not applicable. As the price for the phenotypic assays included are profoundly affected by the order scale and the tax amount, there is not a definitive price and it can vary from
one country and one site to another.
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Serological Assays
Serological tests were first used for the diagnosis of fungal pathogens in the early 1900s. By
the 1950s, complement fixation and precipitin tests were introduced for serodiagnostics of
coccidioidomycosis (30), followed by detection of the cryptococcal antigen as a serologically
reactive substance in body fluids (31). In 1958, Heiner adapted the Ouchterlony’s bacteriological
agar-precipitin method for serodiagnostics of histoplasmosis (32) and in 1963, the first clinical
application of serodiagnostics in medical mycology was reported when cryptococcal meningitis
was diagnosed by antigen detection using a latex agglutination test (33).
These early findings led to the subsequent widespread use of antigen- and antibody-based
detection of fungal pathogens. The diagnostic applications, which are described in detail below,
include detection of antigens from the fungal cell wall (chitin, β-glucans, and mannoproteins),
capsule constituents (glucuronoxylomannan), and metabolites (d-arabinitol and secreted
aspartyl proteinase), as well as antibodies generated by the host immune system (34–37).
Although fungal culture and PCR are recommended for routine diagnostics, these methods are
either time-consuming or require specific instrumentation, respectively. Therefore, serological
testing plays an important role in screening for invasive fungal disease as it offers the following
advantages: (i) rapid diagnosis, (ii) early initiation of antifungal therapy, and (iii) clinically
significant information related to positive cultures (once contamination is ruled out) (36,37).
The most widely used clinical samples are bronchoalveolar lavage (BAL), cerebrospinal fluid,
serum, whole blood, plasma, and urine. Detection of antigens is preferred over that of antibodies,
as the latter may not be generated up to detectable levels due to the early stage of the infection
or to immunosuppression (34–37).

Candidiasis
Invasive Candida infection is the most common form of invasive fungal disease. The 1,3-betad-glucan (BDG) test is known to produce false-positive results in certain risk groups and
either fails to detect or provides only minimal detection of some fungal species, such as the
zygomycetes, cryptococci, and Blastomyces dermatitidis (38), which limits its clinical value
for screening purposes (39). In contrast, combined testing of mannan, a polysaccharide that is
non-covalently bound to the yeast cell wall and acts as an antigen, and anti-mannan antibodies
(Mn/A-Mn) using ELISA is a useful and specific strategy to diagnose invasive candidiasis
(40,41), which is employed in several clinical centers in developing countries.

Aspergillosis
Aspergillus antigens are an important biomarker for the early diagnosis of invasive aspergillosis
(IA) (42). In their landmark study of 1979, Reiss and Lehmann (43) found that galactomannan
(GM) antigen, a polysaccharide present in the cell wall of most Aspergillus species, is released
from growing hyphae during infection. An Aspergillus-specific lateral flow device (LFD) assay
and the BDG test are also recognized as IA diagnostic tools (44,45). The LFD assay utilizes the
monoclonal antibody MAb JF5 for the detection of an extracellular glycoprotein secreted by
Aspergillus during active growth (44). Testing of BAL fluid has also improved the sensitivity
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and specificity of IA diagnosis (37). A recent review indicates that positive results obtained in
both GM and BDG tests or in the prototype LFD assay could confirm IA, whereas negative
GM and LFD results reliably ruled it out (45). These tests are currently available and applied in
developing countries (46).
Recently, a newly formatted Aspergillus-specific LFD that provides a point-of-care test for the
diagnosis of IA was CE marked and made commercially available by OLM Diagnostics (47–
49). The test has a good diagnostic performance for diagnosing IA in hematology patients (47–
49) and non-neutropenic patients (50), but its low predictive value limits its value for a reliable
diagnosis. The test is used in many developing countries but still requires clinical validation.
An Aspergillus galactomannan LFD assay has also been introduced as a new point-of-care
test for detection of galactomannan-like antigen, but this test requires some basic treatment in
the laboratory. Nevertheless, it would be suitable for many developing countries (48–50). The
combined use of an Aspergillus galactomannan LFD assay and an Aspergillus-specific LFD has
achieved 80% sensitivity and specificity for diagnosis of IA in non-neutropenic patients (50).
However, despite the important advances that have been made IA remains difficult to diagnose.
Elevated serum levels of Aspergillus-specific IgG and IgE are indicative of chronic pulmonary
aspergillosis and allergic aspergillosis, which may be complicated by pulmonary tuberculosis
resulting in death (51,52). Importantly, serum levels of A. fumigatus-specific IgG and GMspecific IgG decrease inconsistently during the treatment of chronic pulmonary aspergillosis
and may not be useful indicators for monitoring patient response (53). These tests are also
available in low-income (51) and middle-income (52) countries.

Cryptococcosis
Cryptococcal meningitis is diagnosed by detection of capsular polysaccharide
glucuronoxylomannan in body fluids, including serum and cerebrospinal fluid. A well-known
example of this diagnostic approach is the latex agglutination test widely used during the last
four decades (54,55). Recently, latex agglutination and enzyme-based immunoassay tests have
been replaced by the LFD assay, which has similar or higher sensitivity, similar specificity, and
lower cost (56–59). The LFD assay also enables the detection of all Cryptococcus serotypes
(A–D). This assay is inexpensive, user-friendly, provides a clear result within 15 min, and is
equipment-free (54,60), which makes it well-suited for developing countries (60). The World
Health Organization (WHO) has also guided clinicians in the diagnosis and treatment of
cryptococcosis and has recommended cryptococcal antigen testing in patients suffering from
advanced HIV infection (61).

Mucormycosis
A novel MALDI-TOF MS assay based on detection of a panfungal disaccharide component in
serum has been recently developed to diagnose invasive fungal disease (62). This test has the
advantage of detecting fungi of the Mucorales order that lack cell wall glucans. Unfortunately,
this test is unavailable in low-income countries, which complicates the efficient diagnosis of
mucormycosis in these regions.
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Mycetoma
Mycetoma is a neglected tropical disease, which can be caused by bacteria (actinomycetoma)
or fungi (eumycetoma) and for which no reliable diagnostic methods are currently available
(63). Among eumycetoma-causing pathogens, serological detection can be performed only for
Madurella mycetomatis and Pseudallescheria boydii using counter immunoelectrophoresis,
ELISA, or immunodiffusion. However, antigen preparation for these tests is cumbersome, not
standardized, and can result in cross-reactivity (63).

Dimorphic Mycoses
Endemic systemic mycoses are life-threatening diseases which are challenging from both
diagnostic and therapeutic points of view. Serodiagnostic methods have been improved for
many dimorphic-diphasic fungi, including Histoplasma capsulatum (64), Coccidioides immitis
(65), Paracoccidioides brasiliensis (66), Blastomyces dermatitidis (67), Sporothrix schenckii
(68), and Talaromyces marneffei (69). However, most of these techniques are not currently
available in developing countries.

Molecular and PCR-Based Assays
Isothermal-Based Assays
The vast majority of isothermal amplification-based assays were developed around 1990, when
PCR was just invented, and initially considered an expensive assay as it required a thermocycler.
Consequently, various isothermal assays based on DNA template amplification at either room
temperature or in a heating block with a constant temperature, have been developed with the aim
to avoid the purchase of a costly instrument. Therefore, isothermal amplification assays could
be a desirable inexpensive methodology in resource-limited countries and laboratories without
access to PCR. In this section, we discuss the performance of isothermal assays widely used
for identification of clinically important fungal species, including loop-mediated isothermal
amplification (LAMP), rolling circling amplification (RCA), recombinant polymerase
amplification (RPA), and nucleic acid sequence-based amplification (NASBA). Comparative
diagnostic properties of these assays are summarized in Table 3.
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Table 3. Diagnostic properties of isothermal amplification-based techniques useful for cost-effective detection of fungal pathogens in developing countries.
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LAMP
This technique developed by a group of Japanese scientists in 2000 (70), is based on using
four specific primers, two internal and two external ones, and a highly active displacing DNA
polymerase enzyme yielding amplicons with a cauliflower-like structure (70). In next-generation
LAMP, which employs loop primers, the original LAMP amplification time was significantly
reduced (up to 30 min) (71). Rapidity (less than 1 h), high sensitivity (detects up to six target
copies), resistance to inhibitors, and easy visualization provided by simple amplicon detection
systems (72) make LAMP one of the most popular isothermal assays for identification of a wide
range of clinically important fungi from pure culture (73) as well as from environmental (74)
and clinical (75–79) samples. The technique has been successfully optimized and validated
for detection of C. auris from simulated environmental samples and clinical specimens and in
some cases, it demonstrated superiority over quantitative real-time PCR (qRT-PCR) for direct
identification of A. fumigatus in clinical samples (75,78). The main drawbacks of LAMP include
complexity of primer design and assay optimization, inability to perform multiplex analysis,
high sensitivity to carry-over contamination, and dependence on an additional heating block
(95°C) for increasing sensitivity.

RCA
Mimicking bacterial plasmid amplification, this technology utilizes several primers that anneal
to various sites in a circular DNA molecule, which allows rapid and efficient amplification (81).
RCA provides high efficiency and specificity, a high level of amplification, mutation detection,
quantification, and versatility (use in both solid and liquid phases). Furthermore, it requires
little to no optimization (72,82). RCA-amplified products can be detected by gel electrophoresis
and even colorimetric assays using DNA-intercalating dyes (83). In medical mycology,
RCA is mostly used with circularized (padlock) probes (RCA-padlock probes) to increase
specificity and sensitivity. When two complementary ends of a probe match the template, they
are juxtaposed and ligated by T4 ligase, then, RCA primers anneal and amplification occurs
(84). Applied to DNA isolated from pure cultures, RCA-padlock probes not only successfully
differentiated among a wide range of medically important fungal species but also distinguished
various genotypes of Cryptococcus and Trichophyton species (85–96). However, although
RCA is extensively applied to analyze DNA samples derived from pure cultures, only a few
studies employed this technique for direct detection of pathogens in clinical samples and their
results indicated poor sensitivity (85). The use of semi-nested PCR prior to RCA can overcome
this drawback (86). Furthermore, carry-over contamination in negative control samples along
with unusual banding patterns observed in some cases can be confusing (79). Due to the low
specificity of the method, it was suggested that RCA should not be used in clinical laboratories.
Moreover, it was found that the specificity of RCA-padlock probes for detecting mismatches
mostly relies on the nucleotide type (88).

RPA
This approach, introduced in 2006, is based on using recombinase A (RecA), which unwinds
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the DNA molecule. The resulting unwound target region is then stabilized by single-stranded
(ss)DNA-binding proteins and amplified by Sau polymerase (97,98). With an amplification
time of 15–30 min, RPA is the fastest among isothermal techniques. Availability of a wide range
of commercial kits along with the similarity of primer design principles to conventional PCR
are the other advantages of this technique (97). RPA applied to specimens obtained from M.
mycetomatis-infected patients showed 100% sensitivity and specificity (99). However, as RPA
is the newest among the isothermal approaches, it is still rarely applied in medical mycology.

NASBA
Invented in 1991, this technique uses RNA as a template, a combination of two primers (one
binding to RNA and the other to ssDNA), a T7 RNA polymerase, reverse transcriptase (Avian
Myeloblastosis Virus (AMV)), and RNase H (100). Among the isothermal techniques applied in
medical mycology, NASBA proved to be a promising method to detect Aspergillus and Candida
species in blood samples of patients suffering from IA and invasive candidiasis, respectively
(101,102). The method was also shown to be useful for predicting 12-week outcomes (101)
and to have higher sensitivity than qRT-PCR in patients with IA (103,104). A combination
of NASBA and the BDG test with neutrophil count substantially increased the sensitivity of
both techniques and specificity of NASBA (105,106). Compared to qRT-PCR, NASBA requires
smaller sample volume (only 100 µL of blood) (104) and less labor-intensive RNA extraction
(102,104). However, as RNA in blood samples is prone to degradation even at –70 °C, it should
be extracted from fresh blood specimens treated with protective buffers (102,104).

PCR-Based Assays
Since its discovery and subsequent commercialization, PCR has gained vast popularity and
has become an indispensable identification tool with a plethora of applications in medical
microbiology. Owing to its affordability and reproducibility, PCR is recommended by the WHO
as a reliable diagnostic tool to be used in developing countries (108). Recent technological
advances enabled the manufacturing of instruments that can use the most basic and off-the-shelf
home appliances yet still demonstrate good performance (109). PCR is a versatile technique
used in a wide range of applications. The assays employed in medical mycology are based on
conventional PCR-based assays (i.e., normal PCR, PCR-RFLP, and nested PCR) and qRT-PCR.
Various properties of PCR-based assays are summarized in Table 4.
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Table 4. Diagnostic properties of PCR-based techniques.
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Conventional PCR-Based Methods
Conventional PCR-based assays utilize two primers to amplify targets in singleplex or multiplex
reactions with subsequent visualization by gel electrophoresis. Variations in the length and
banding patterns of PCR products along with restriction digestion profiles enable differentiation
among various target fungal species. Conventional PCR-based assays are categorized as simple
PCR, restriction fragment length polymorphism (RFLP)-PCR, and nested-PCR.

PCR-RFLP Assays
This method is a combination of PCR and restriction digestion. PCR-amplified products
obtained with sets of universal primers are checked by gel electrophoresis and digested by
restriction endonucleases. The resulting specific fragmentation patterns visualized by gel
electrophoresis are used for identification of various fungal species. PCR-RFLP is applied to
analyze DNA obtained from both pure cultures and clinical samples and can detect a range of
pathogenic fungi, including Candida species (110), Histoplasma capsulatum (110), Mucorales
(111,112), and Aspergillus (113). However, since PCR-RFLP consists of several steps, including
electrophoretic separation and digestion with restriction enzymes, it carries the risk of carryover contamination, requires additional expenses, and is time-consuming (in some cases, the
identification process can take up to 48 h (110)). Moreover, if the obtained amplicons have
multiple bands and/or similar lengths, the exact identification of species directly in clinical
samples cannot be achieved during routine laboratory analysis.

Simple PCR
Simple PCR assays are relatively easier and more straightforward than PCR-RFLP assays
and differentiation of target species mainly relies on specific primers and the length of the
amplified fragments. Ease of primer design, straightforward processing, and low-cost account
for the wide use of this assay in the identification of a broad range of clinically relevant fungal
species, including the most common pathogenic yeasts (114), cryptic Candida species (115),
onychomycoses agents (116), and Aspergillus (117,118). Multiplicity significantly affects
sensitivity and specificity resulting in a higher detection limit and non-specificity in some
cases (119). Although simple PCR does not have sufficient sensitivity to detect low numbers
of target organisms and, therefore, may not provide desired results when applied directly to
clinical specimens, it showed good results when used on blood cultures (120,121) or combined
with reverse line blot hybridization, PCR-RLB (118). Moreover, some of these multiplex PCR
assays showed a higher degree of sensitivity when compared to phenotypic assays, such as
direct microscopy and culture (116,118). In addition to relatively low sensitivity, simple PCR
assays depend on fragment visualization by gel electrophoresis, which can increase the turnaround time and the risk of carry-over contamination.
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Nested PCR
The method is based on two consecutive PCR rounds. Fragments are amplified with outer primers
in the first round and used as a template for inner primers in the second round. This strategy
(two primer sets and 60–70 rounds of PCR runs) addresses the sensitivity and specificity issues
of PCR-RFLP and simple PCR and is suitable for direct detection of low numbers of fungal
cells in clinical samples, thus enabling timely administration of an appropriate antifungal (122).
Nested PCR can be used to identify Aspergillus and Mucor in paraffin wax-embedded tissues
(123) and Candida species in blood samples (124,125). Moreover, combined with RFLP, nested
PCR showed a high degree of specificity and sensitivity for Mucorales species (112). However,
it should be noted that two consecutive PCR rounds can increase the chance of obtaining falsepositive results (especially for fungi that occur ubiquitously in the environment) and augment
turn-around time and expenses. For instance, detection of Candida species (124,125) and
mucormycosis agents (112) by nested PCR from culture-negative specimens have been reported
before, which could be associated with a lower sensitivity of culture (5), presence of transient
candidemia episodes (124), and ability of PCR to capture non-viable cells (125). These factors
should be considered before applying nested PCR in clinical settings. Separation of PCR spaces
(pre- and post-PCR), use of fungi-free reagents (buffers, enzymes) and specialized laboratory
equipment (microfuge, pipettes, gloves, etc.), and strict adherence to appropriate protocols and
instructions are of high importance when nested PCR assays are performed.

Real-Time-PCR-Based Assays
Ease of application, low cost, and high specificity for the chosen targets demonstrated by
conventional PCR, together with the increasing number of sequenced fungal genomes, which
facilitates the design of specific primers, make this assay an important stand-alone diagnostic
method in some parts of the world. However, the requirements for quantitative analysis and
monitoring of amplification in real-time have led to the development of quantitative real-time
PCR. Utilization of short amplicons (100–200 bp) resulting in time reduction, easy multiplexing
due to availability of a wide range of reporters, recording and storage of quantitative data, and
the high-throughput platform are the other advantages of qRT-PCR over conventional PCR.
In qRT-PCR, amplicons are detected using DNA-binding dyes and probes. SYBR Green is the
most common DNA-binding dye, however, it can inhibit amplification at higher concentrations.
Therefore, other dyes such as Eva Green, which is less inhibitory and produces more distinct
melting curves, have been developed (131). However, as both dyes bind any ds-DNA and, to
a lesser degree, ss-DNA, there is a possibility of background signal. Therefore, fluorescent
probes specific for the target DNA region of the amplicon are used in combination with specific
primers, which significantly enhances specificity of qRT-PCR detection compared to reactions
performed with DNA-binding dyes. Importantly, choice of target can greatly affect the diagnostic
value using qRT-PCR, since targets within the ribosomal DNA locus are present in multiple
copies, sometimes in excess of 100 copies per cell (132), in contrast to structural genes such
as actin (ACT), elongation factor 1 alpha (TEF1α), RNA-polymerase II (RPB2) (133), which
are present in single copy. However, even within the ribosomal locus, target choice can affect
sensitivity and specificity. For example, White et al. (134), found the 28S subunit to be more
sensitive and specific with a higher positive and negative predictive value than the 18S subunit
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for Aspergillus fumigatus detection. Taqman probes (ThermoFisher Scientific, Inc., Waltham,
MA, USA) and Molecular Beacons (LGC, Bioresearch Technologies, Inc., Middlesex, UK)
are among the most popular probes used for diagnostic purposes (135), however, there are
extensive variations in probe chemistries and detection mechanisms, which can be selected
based on a specific diagnostic need.
It should be noted that despite extensive application of different PCR-based detection methods in
clinical practice in general, in diagnostic mycology their use is not yet so widespread since they
have been slow to enter the market and to be approved by the Food and Drug Administration
in the United States for a number of reasons (39). Most PCR-based approaches target Candida
spp. and their use for identification of the other fungi is still limited. One of the toughest
challenges is DNA template preparation and standardization, which is due to the low number
of target fungal cells present in circulation (5) as well as the need of a physical disruption step
for cell breakage and another step to clean the template (136). The choice of a clinical sample
(whole blood, serum, plasma, pellet, supernatant, etc.) is also a factor as different fractions
may have inhibitory compounds, which should be removed. Another problem is the difficulty
of standardizing components required for PCR (137). DNA target selection should also be
considered, thus multicopy repeats such as ribosomal RNA genes offer better sensitivity and
specificity for fungal identification in clinical samples (138).
Finally, because of the high sensitivity of PCR, particular care must be taken to perform reactions
under clean conditions to prevent contamination and to include adequate controls. Template
preparation and PCR setup require dedicated areas separated from that of electrophoresis to
avoid contamination due to a large number of target copies present in a single band in the gel.
PCR workstations, including a hood with light and UV decontamination, dedicated pipettors,
barrier tips, and tubes are common in laboratories performing high throughput diagnostic assays.
PCR assays need multiple controls for reagent contamination, internal amplification control for
inhibitory substances, as well as negative and positive controls. Although these requirements
can be challenging, various groups have been working to improve PCR for application in
fungal diagnostics, including the International Society for Human and Animal Mycoses and the
European Aspergillus PCR initiative. Through these efforts, more assays should enter clinical
practice as approved methods for sensitive detection of fungal species in clinical samples.

Rapid Identification of Antifungal Resistance Using Molecular Techniques
Studies on susceptibility to antifungal agents revealed that resistance to azole compounds is
predominantly caused by the acquisition of various universal and species-specific mutations
in the genes encoding lanosterol-alpha demethylase (ERG11) in yeast species (139–141) and
cytochrome P-51A (cyp51A) in A. fumigatus (142). Overexpression of efflux pumps and azole
target genes is also a contributing factor. In addition, yeast species resistant to echinocandins have
been reported to acquire resistance mutations in hotspot regions of 1,3-beta-glucan synthase gene
components FKS1 and/or FKS2 (143). In vitro phenotypic susceptibility testing requires pure
cultures and can take 24–48 h to obtain results, whereas molecular assays can detect antifungal
resistance directly in clinical samples, which can significantly shorten the turn-around time,
thus enabling timely prescription of appropriate antifungal drugs. Moreover, rapid diagnostic
assays can be employed to screen environmental samples for infection control purposes. LAMP
(144) and nested and qRT-PCR (145,146) have been widely used for detection of azole-resistant
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A. fumigatus strains in pure cultures and clinical samples. Conventional and qRT-PCR assays
have been developed to identify azole- and echinocandin-resistant Candida isolates (147–149).
However, species-specific mutations and regulatory networks conferring resistance to azoles
(150) preclude the establishment of a comprehensive diagnostic assay that can detect 100% of
azole-resistant fungal isolates. Identification of nonsynonymous mutations supplemented by
X-ray crystallography and detailed transcriptomic studies comparing antifungal-resistant and
-susceptible isolates may reveal key components to be used as biomarkers for the development
of more comprehensive molecular assays.

Promising Future Technologies
CRISPR-Based Diagnostic Tools
To circumvent such limitations as low copy numbers of fungal DNA/RNA in human body fluids,
lack of staff expertise, and the need of sensitive, specific, rapid, and inexpensive identification
tools operating at room temperature, investigators searched for an approach that can be easily
integrated into instrument-free environments in resource-limited countries. The versatility of
the CRISPR-Cas9 (clustered regulatory interspersed short palindromic sequences-CRISPR
associated protein 9) technology allowed the development of an identification tool called
Specific Highly Sensitive Enzymatic Reporter UnLOCKING (SHERLOCK), which could
successfully identify target nucleic acids in attomolar concentrations, differentiate closelyrelated viruses, and genotype single base-pair differences (151). New-generation SHERLOCK
version 2 represents a quantitative multiplex assay in which final results are visualized using an
LFD system (152). Combined with a fast DNA extraction protocol and the HUDSON (heating
unextracted diagnostic samples to obliterate nucleases) method, SHERLOCK v2 demonstrated
high sensitivity and specificity and could be successfully used as a point-of-care detection system
for identification of Zika and dengue viruses (153). Thus, SHERLOCK v2 supplemented with
an efficient DNA extraction tool holds promise as a portable platform to identify pathogenic
fungal species.

Nanopore Sequencing
The DNA sequencing of both genomes and specific targets has become an increasingly important
diagnostic tool for clinical microbiologists. However, sequencing systems such as Sanger
sequencing are out of reach for most small clinical laboratories in developing countries, with
the rare exception of regional reference laboratories (154), because DNA sequencing equipment
requires substantial laboratory spaces and significant capital investments. The recently introduced
4th generation sequencing technology has yielded multiple systems potentially suitable for
developing countries, among them, nanopore sequencing is the latest tool entering the market.
Nanopore sequencing became possible after the first description of DNA translocation across
a lipid bilayer membrane through a pore created by Staphylococcus aureus alpha-hemolysin
upon application of an electric field (155). This strategy was commercialized almost 20 years
later by multiple companies, which have developed different platforms (5). Two companies,
Pacific Biosystems, Inc. (Menlo Park, CA, USA) <https://www.pacb.com/> and Oxford
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Nanopore Technologies (Oxford, UK) <https://nanoporetech.com/>, successfully released their
products into the market. Oxford Nanopore Technologies has developed multiple devices with
very small space requirements, including one the size of a computer memory stick called the
MinION (156). The small size allows the device to be run by a laptop computer and the data
can be uploaded to the Cloud and analyzed with vendor software or directly by users with
their own pipelines or programs. Compared to other sequencing instruments, MinION is much
cheaper, costing about US$ 1000 for a starter pack which includes a sequencing module, flow
cell, and sequencing reagents. Although the cost per run is presently more than that for Sanger
sequencing (which can be a few dollars for a single sequence), MinION sequencing can be
multiplexed either directly with one of the many sequencing kits or barcoded by the user with
specific primers. There are add-on components such as a template extraction device (Voltrax),
which can be docked with the sequencer, and a separate computer module (MinIT), which can
replace the laptop.
Although the technology is very recent, it has already been applied to fungal detection in a
number of studies. Ashikawa et al. (157) used nanopore sequencing to identify five species of
Candida in positive blood culture bottles and compared its performance with Sanger sequencing.
Wurzbacher et al. (158) used nanopore sequencing to screen fungal herbarium specimens for a
rarely studied fungal ribosomal repeat (intergenic spacer, IGS), which is longer than the internal
transcribed spacer (ITS), but it is not a good choice for Sanger sequencing due to the numerous
reactions that are required to cover the length, time it takes to complete the multiple reactions,
and costs. The MinION sequencer easily processes these regions, as this platform can sequence
templates hundreds of kilobases long, and showed similar accuracy to Sanger sequencing (159).
For fungal identification, a database of IGS sequences similar to the ITS databases would be
required for the strategy to be truly effective. However, if used for whole-genome sequencing,
nanopore sequencing could potentially provide both identification and susceptibility data in a
single run.
One of the most advantageous features of nanopore sequencing is rapid optimization of
instrumentation and reagents. This system can be used to create true point-of-care devices,
which could be easily deployed in the clinic or field and facilitate rapid and reliable diagnosis.
In combination with companion platforms for automatic DNA template preparation, nanopore
sequencing potentially enables sample-to-answer sequencing and can provide advanced
molecular diagnostics in the most remote areas of the world without significant capital
investments. The comprehensive review by Gabaldon et al. can be consulted to obtain more
comprehensive information regarding diagnostic application of various molecular assays
ranging from PCR to next-generation (NGS) platforms (160).

Conclusions
As the number of fungal species causing human infections increases, the lack of accurate
and rapid diagnostic tools poses a challenge for epidemiological studies in resource-poor and
developing countries, whose financial resources are limited to obtain expensive diagnostic
instrumentation. To circumvent this problem, alternative affordable diagnostic/identification
tools should be provided or grants and free services offered to encourage the installation of
MALDI-TOF MS platforms in laboratories of these countries. On the other hand, although
some medical mycological groups launched important initiatives to find solutions and presented
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meaningful and accurate data about invasive fungal infections, collaborations among developing
countries should be extended in order to define diagnostic limitations and devise comprehensive
strategies to improve diagnostics and treatment of fungal infections. Availability of inexpensive
and portable sequencing machines applicable in the field along with the abundance of online
sequencing data of mutations conferring resistance to azoles and echinocandins from online
databases, such as www.theyeasts.org, may allow timely institution of appropriate antifungal
drugs and avoiding expensive and time-consuming phenotypic antifungal susceptibility testing.
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Abstract
Identiﬁcation of opportunistic yeasts in developing countries is mainly performed by phenotypic
assays, which are time-consuming and prone to error. Wrong species identiﬁcation may result
in suboptimal treatment and inaccurate epidemiological data. To improve rapidity and accuracy
of species identiﬁcation, a diagnostic strategy using a stepwise “YEAST PANEL multiplex
PCR assays” targeting 21 clinically important yeast species of Candida, Trichosporon,
Rhodotorula, Cryptococcus, and Geotrichum was designed. Four hundred and twenty two
CBS reference strains were used for optimization and speciﬁcity testing. Eight hundred and
four clinical isolates were prepared in blinded sets for multiplex polymerase chain reaction
(PCR) and matrix-assisted laser desorption time of ﬂight mass spectrophotometry (MALDITOF MS) investigation. Results obtained from YEAST PANEL multiplex PCR assay were
100% consistent with those of MALDI-TOF MS. Utilization of pure colony testing showed
distinct amplicons for each species, thus eliminating the need for DNA extraction. The targeted
yeast species of this assay are responsible for 95% of the yeast infections. In conclusion, due
to the high accuracy and coverage of a broad range of yeasts, this assay could be useful for
identiﬁcation in routine laboratories and epidemiological studies.
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Introduction
The number of patients with invasive fungal infections (IFIs) continues to rise (1), and the majority
of the infections are attributable to members of yeast genera, e.g., Candida, Trichosporon,
Rhodotorula, Cryptococcus, and Geotrichum (1, 2). Candida species account for the majority
of candidiasis in patients with a broad range of underlying conditions (3). Trichosporon species
are the second leading cause of fungemia among patients with hematological disorders (3).
Rhodotorula species are linked to catheter-related infections (3), while Cryptococcus species
are more likely to be found in HIV/AIDS-infected patients (4). Geotrichum species are
associated with infections in severely immunocompromised patients (3). Depending on the
species, mortality of invasive yeast infections ranges from 15 to 80% (1, 5). Additionally, the
growing number of non-albicans Candida species that are less susceptible to ﬂuconazole is
worrisome (6, 7).
Historically, phenotypic and biochemical assays are frequently used in developing countries
for species identiﬁcation (8). However, these assays are time-consuming and prone to error (9).
Despite the rising popularity of matrix-assisted laser desorption ionization time of ﬂight mass
spectrophotometry (MALDI-TOF MS), this technique is suffering from the limited availability
of reference spectra for rare Candida species and opportunistic yeast species in general, and the
database should be updated regularly (8, 10, 11). Sanger sequencing of so-called DNA barcodes
is the gold standard approach in medical mycology; however, the application in developing
countries is limited (10-12). Limited usage of MALDI-TOF MS and Sanger sequencing in
developing countries is due to high costs (13, 12, 14). Nowadays, polymerase chain reaction
(PCR) is regarded as a standard platform in many clinical laboratories even in developing
countries due to its affordability and reproducibility (15, 16). Herein, we developed a panel
of PCR assays, the YEAST PANEL multiplex PCR assay, which identiﬁes the most clinically
important yeast species, including the most important species of Candida, Cryptococcus spp.,
Trichosporon asahii, Rhodotorula mucilaginosa, and Geotrichum spp.

Materials and Methods
Isolates and growth conditions
For the primary validation, our multiplex PCR assay was evaluated using 405 CBS reference
strains. In order to optimize and test the speciﬁcity of the YEAST PANEL multiplex PCR, 121
CBS reference strains (Supplementary Table A1), including 100 strains of clinically important
nontarget fungal species and 21 yeast target species (pooled from the validation test set), were
used. Upon optimization and proving speciﬁcity, 305 CBS reference strains containing 21 target
species were employed for the validation test set. Finally, in order to assess the reproducibility
of the multiplex PCR assay, 804 clinical isolates from Austria, Iran, and China were used
(Figure 1). Isolates were grown on Glucose-Yeast Extract-Peptone-Agar (GYPA) media for
48 h at 25°C. In order to detect mixed colonies and presumptively identify target species, the
same copy of strains alternatively was grown on CHROMagar (Chromogenic Technology,
Paris, France). Afterward, single pure colonies were subjected to the second round of culture on
GYPA media for 48 h at 25°C.
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Figure 1. Workﬂow chart utilized in this study. After initial optimization, speciﬁcity, and validation using CBS
reference strains, YEAST PANEL multiplex PCR assay was subjected to reproducibility testing using two blinded
test sets containing clinical isolates (204 isolates from Austria and 600 isolates from Iran and China).

Primer design
Target loci for primer design were retrieved from NCBI database (https://www.ncbi.nlm.nih.
gov/nucleotide/). Selection criteria for primers were as follows: 1) primers should not crossreact with the other species, 2) compatibility of amplicon sizes of one target species with the rest
of target species in the same multiplex PCR, 3) melting temperature compatibility of primers
within the same multiplex PCR, 4) location of primers in the most stable segment of target loci,
and 5) in order to prevent cross-reactivity with nontarget species, the gaps and mismatches were
positioned in the 3′ end of primers. Online free software of Integrated DNA Technology was
used to calculate Tm and Delta G of primers (https://eu.idtdna.com/calc/analyzer). Primers
were constructed and shipped by IDT Company (Leuven, Belgium). All employed primers in
this study are listed in Supplementary Tables A2-A4.

DNA extraction
DNA samples were extracted by QIAGEN DNeasy Blood and Tissue Kit (QIAGEN, Hilden,
Germany) with slight modiﬁcations. One full loop of pure colonies (with the volume of 10μL)
was mixed with 200μL of ATL buffer and 20μL of proteinase K (QIAGEN, Hilden, Germany)
and incubated at 56°C for 30 min. Cell suspensions were bead-beaten for 3 min with the
frequency of 30,000 oscillations/min. Subsequently, samples were mixed with 200μL of AL
buffer and incubated at 56°C for 30 min. The rest of DNA extraction was performed as instructed
by manufacturer. Quantity and quality of DNA samples were measured by QuBit dsDNA BR
Assay Kit (Thermo Fisher Scientiﬁc corporation, Waltham, MA, USA) and NanoDrop™ 2000
(Thermo Fisher Scientiﬁc, Waltham, MA, USA), respectively. DNA samples were adjusted at
1ng/μL, and 1μL of DNA samples was used as PCR template.
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PCR conditions
The PCR was optimized in a ﬁnal volume of 50μL as follows: 5μL 10× buffer (10× NH4, No
MgCl2), 1.5 mM MgCl2, 0.2 mM of mixed dNTP (dNTP mix, 100 Mm, Biolab), 2.5 U of Taq
enzyme (Bio Taq DNA Polymerase, Biolab), and 1μL of DNA, and MilliQ water was used to
adjust the volume to 50μL. The quantity of each primer used for each reaction is mentioned in
Supplementary Tables A2–A4.
PCR was carried out on Applied Biosystem 2720 Thermal Cycler (Thermo Fisher Scientiﬁc,
Walham, MA, USA). PCR conditions and programs are mentioned in Supplementary Tables
A2–A4. Upon PCR, amplicons were run on a 2% agarose gel for 75 min (8 V/cm), stained with
GelRed (BioTium, USA), and visualized using gel documentation (Gel Doc XR+, BioRad,
USA). Species identiﬁcation was achieved by discrimination of amplicon sizes (Figure 3).

Speciﬁcity testing and optimization
A test set encompassing closely and distantly related yeast species (CBS reference strains),
ﬁlamentous fungi (CBS reference strains), and human genomic DNA (Promega Corporation,
Madison, WI, USA) was prepared by a ﬁrst technician in a blinded fashion. Isolates were
sequentially ordered from 1 to 121 (Supplementary Table A1). The second technician carried
out the PCR as indicated in the workﬂow (Figure. 2). The results obtained from YEAST
PANEL multiplex PCR assay were compared to the species identity as designated by
Westerdijk Institute, Utrecht, Netherlands (http://www.westerdijkinstitute.nl/Collections/). For
ease of identiﬁcation and prevention of misidentiﬁcations, the following tips are essential: 1)
running respective controls along with unidentiﬁed isolates to monitor presence of inhibitors or
appropriate condition of master mix (inactivity or lack of PCR components) and 2) instead of
regular commercial ladders, 15 μL of mixture of PCR products of target species was utilized,
which contained 10 μL of PCR product from each target species (70 μL), 10 μL of deionized
water, and 16 μL of 10× loading dye.

Validation of YEAST PANEL Multiplex PCR Assay using pure
colonies of CBS reference strains
In order to optimize each PCR reactions of YEAST PANEL multiplex PCR assay, 322 CBS
reference strains were utilized. In this stage, in order to shorten hands-on time, instead of DNA
samples, the pure colonies of each target species were utilized. Brieﬂy, one full loop of colonies
(1 μL volume, around 1–3 small colonies) was used as the PCR template, and by turning the
loop, colonies were completely mixed inside the PCR master mixes (Table 1 and Figure. 1).
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Identiﬁcation strategy
The identiﬁcation strategy of YEAST PANEL multiplex PCR assay is summarized in Figure 2.
Initially, pure yeast colonies are obtained, and they were subjected to the ﬁrst multiplex PCR
assay targeting the most clinically encountered Candida species. In case of negative results,
the pure colonies were employed in the second multiplex PCR targeting less common Candida
species. If strain identiﬁcation was not successful, the pure colonies were mixed in the third
tube, targeting common basidiomycetous yeast species and Geotrichum spp. If identiﬁcation
through the ﬁnal multiplex was not possible, the yeast species is not present in the panel, and it
might be regarded as a rare yeast species.

Figure 2. The workﬂow of YEAST PANEL. A) The identiﬁcation strategy used. If the ﬁrst multiplex PCR is
negative, the yeast colony is subjected to the second multiplex PCR. If the result from the second multiplex
PCR is negative, a third multiplex PCR is carried out. If the third multiplex PCR is negative, it could be another
yeast species not covered by our multiplex PCR. B) Two to 3 small colonies are mixed with the PCR master mix
followed by running PCR program. Results are visualized on the gel, and the banding patterns are compared with
the respective controls.

Evaluation of YEAST PANEL Multiplex PCR assay through MALDI-TOF
MS-identiﬁed clinical strains (blind test set I)
In order to validate the reproducibility of YEAST PANEL multiplex PCR assay, one blind
test set from Hygiene and Medical Microbiology Division, Innsbruck, Austria (n=204) was
prepared. These isolates were identiﬁed by MALDI-TOF MS, and they were serially coded
from 1 to 204. Blind test set was prepared as mentioned before. Results obtained from the PCR
were compared with those of MALDI-TOF MS. In this experiment, pure colonies were used as
template.
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MALDI-TOF MS
Identiﬁcation by MALDI-TOF MS (Bruker Biotyper, MicroFlex, LT, Bruker Daltonics, Bremen,
Germany) was performed by the full extraction method (17).

Evaluation of YEAST PANEL Multiplex PCR assay through Sanger
sequencing-identiﬁed clinical strains (blind test set II)
In order to validate the reproducibility of the YEAST PANEL multiplex PCR assay, a second
blind test set from Invasive Fungal Research Center, Sari, Iran, and Shanghai Key Laboratory
Molecular Medical Microbiology, Shanghai, China (n=600), was prepared. These isolates
were identiﬁed by dideoxy-chain termination sequencing using large subunit ribosomal DNA
primers and internal transcribed spacer (18). The blind test set was prepared as mentioned
before. Results obtained from the PCR were compared with those of Sanger sequencing. In this
experiment, except for Rhodotorula mucilaginosa (appeared as red colonies), for the rest of
isolates, pure colonies were used as PCR template.

Results
Speciﬁcity testing
Speciﬁcity testing using a wide range of yeast species, 4 ﬁlamentous fungi (Aspergillus spp.),
and human DNA showed no cross-reactivity for the ﬁrst and third multiplex PCR assay. In the
second multiplex PCR, Meyerozyma caribbica was identiﬁed as Meyerozyma guilliermondii.
Additionally, in the same reaction, Candida zeylanoides was misidentiﬁed as M. guiliermondii.

YEAST PANEL Multiplex PCR assay resolution for species identiﬁcation
Subjecting 322 CBS reference strains to the YEAST PANEL multiplex PCR assay resulted
in unequivocal identiﬁcation of each target species as designated by the Westerdijk Institute
(Supplementary Table A1, Figure. 3). Additionally, members of the cryptic species complex of
C. albicans and C. africana were identiﬁed as C. albicans species complex. C. parapsilosis,
C. orthopsilosis, and C. metapsilosis were identiﬁed as C. parapsilosis. However, the speciﬁc
primers of C. glabrata did not amplify C. nivariensis and C. bracarensis. Subjecting mixtures
of cells of C. albicans and C. glabrata, C. albicans and C. parapsilosis, C. albicans and C.
tropicalis, C. glabrata and C. tropicalis, and C. glabrata and C. parapsilosis resulted in 2
separate bands in 1 lane corresponding to target species (Supplementary Figure. 1).
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Figure 3. Banding patterns and the strategy of discrimination of opportunistic yeast species in each multiplex
PCR are depicted. Species identiﬁcation was assigned based on distinct PCR product sizes.

Comparison of MALDI-TOF MS with YEAST PANEL Multiplex PCR assay
Two hundred isolates from Austria were prepared in a blinded way and identiﬁed by MALDITOF MS (Table 2). YEAST PANEL multiplex PCR showed 100% consistency with results
obtained from MALDI-TOF MS. Nontarget yeast species were not ampliﬁed, leading to further
proof of speciﬁcity.

51

52
0/5
0/5
0/1
0/5
0/2
0/1

377 bps
NA
689 bps
NA
392 bps
483 bps

Clavispora lusitaniae

NA

Diutina rugosa

NA

Cryptococcus neoformans

Clavispora lusitaniae
(n=5)

Diutina pararugosa (n=5)

Diutina rugosa (n=1)

Pichia inconspicua (n=5)

Cryptococcus neoformans
(n=2)

NA

NA

n= 192 (94%)

Saccharomyces cerevisiae
(n=1)

Total Number (n=204) *

n=178 (100%)

0/1

*NA. Not amplified
*Among total 204 isolates 12 are non-target yeast species, while the rest of 192 isolates are amongst target species.

NA

NA*

Stephanoascus ciferrii
(n=1)

0/1

0/2

203 bps

Kluyveromyces marxianus Kluyveromyces marxianus
(n=2)

Trichosporon asahii (n=1) Trichosporon spp.

0/3

302 bps

Meyerozyma guilliermondii

Meyerozyma
guilliermondii (n=3)

15/15

126 bps

C. tropicalis (n=15)

C. tropicalis (n=15)

17/17

1159 bps

Pichia kudriavzevii

26/26

Pichia kudriavzevii
(n=17)

33/33

490 bps

C. parapsilosis complex

212 bps

C. glabrata

C. parapsilosis (n=26)

3/3

C. glabrata (n=33)

84/84

C. dubliniensis

C. dubliniensis (n=3)

First Tube

718 bps

C. albicans

C. albicans (n=84)

Amplicon Size
606 bps

PCR ID

Species

n=11 (100%)

0/1

0/1

0/1

0/2

0/5

1/1

0/5

5/5

2/2

3/3

NA

NA

NA

NA

NA

NA

Second Tube

PCR Results

n=3 (100%)

0/1

0/1

1/1

2/2

0/5

NA

0/5

NA

NA

NA

NA

NA

NA

NA

NA

NA

Third Tube

n=192 (94%)

0/1

0/1

1/1

2/2

0/5

1/1

0/5

5/5

2/2

3/3

15/15

17/17

26/26

33/33

3/3

84/84

Concordance with
MALDI-TOF MS

Table 2. Clinical strains from Austria, utilized for validation of YEAST Panel Multiplex PCR assay and its comparison with MALDI-TOF MS. Species identification
was assigned based on distinct PCR products sizes.
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Comparison of sequencing with YEAST PANEL Multiplex PCR assay
Testing 600 clinical isolates from Iran and China with the YEAST PANEL multiplex PCR assay
and its comparison with results obtained from the sequencing of D1/D2 large subunit of rDNA
and internal transcribed spacer were fully concordant (Table 3).

Pure colony testing
The YEAST PANEL multiplex PCR assay, except for Rhodotorula mucilaginosa, showed full
compatibility with pure colony testing. Of 12 clinical isolates of Rhodotorula mucilaginosa,
none were ampliﬁed using pure colony testing; hence, DNA samples were extracted for these
isolates. Subsequently, 12 DNA samples corresponding to 12 clinical isolates of Rhodotorula
mucilaginosa were all successfully ampliﬁed. Failure in ampliﬁcation of direct colonies of
Rhodotorula mucilaginosa is linked to its pigments that hamper PCR ampliﬁcation.

Discussion
Due to the worldwide growing incidence of non-albicans Candida species and their association
with difﬁculty in treatment (5), identiﬁcation to the species level is of great importance. However,
hospitals and clinics in developing countries due to limited ﬁnancial supports are deprived of
precise but expensive means of identiﬁcations, i.e. DNA sequencing and MALDI-TOF MS (13,
14), leading to poor infection and mortality control in these regions (19). However, because
of the affordability of the PCR device even for developing countries (15, 16), this technique
can be successfully employed as a useful identiﬁcation tool. Hence, we present a YEAST
PANEL multiplex PCR assay that can identify and distinguish the most clinically important
opportunistic yeast species.
Our assay presents a novel stepwise strategy for identiﬁcation of the clinically most important
yeasts belonging to Ascomycota and Basidiomycota. The ARTEMIS-DISK study has shown
that Candida and basidiomyceteous yeast species account for 95.8% and 4.2% of episodes
of yeast infections, respectively (20). Although Geotrichum spp. was not reported in the
ARTEMIS study, other studies conducted in the United States, France, and Denmark showed
that this opportunistic pathogen accounts for 4.5% to 10.1% of episodes of non-Candida yeast
infections (21). The YEAST PANEL multiplex PCR assay can identify 99.6% of the causative
agents of candidiasis, and 95% of infections caused by all yeast pathogens (20). Additionally,
as C. auris caused fatal outbreak in five continents (22) and constitutes 5.2% of candidemia
infections in India (23), this globally emerging multidrug-resistant yeast was included in our
multiplex PCR assay.
The consistency between YEAST PANEL multiplex PCR assay and MALDI-TOF MS was
100%. Although MALDI-TOF MS bears a high degree of speciﬁcity, misidentiﬁcation
of important Candida and other yeast species due to an insufﬁcient number of spectra is
considered as a deﬁciency of this platform (24-26). Additionally, despite lower experimental
costs of MALDI- TOF MS than conventional phenotypic assays, the purchase and maintenance
of a MALDI-TOF MS device are cost-prohibitive, driving developing countries to rely on
nonspeciﬁc conventional and phenotypic methods (26, 27).
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C. albicans

C. dubliniensis

C. glabrata

Pichia kudriavzevii

C. parapsilosis complex

C. tropicalis

Debaromyces hansenii

Meyerozyma guilliermondii

Kluyveromyces marxianus

Yarrowia lipolytica

Clavispora lusitaniae

Pichia norvegensis

Diutina rugosa

Cryptococcus neoformans

Geotrichum spp.

Trichosporon spp.

Rhodotorula mucilaginosa

C. albicans (n=156)

C. dubliniensis (n=8)

C. glabrata (n=140)

Pichia kudriavzevii (n=25)

C. parapsilosis complex* (n=80)

C. tropicalis (n=65)

Debaromyces hansenii (n=19)

Meyerozyma guilliermondii (n=40)

Kluyveromyces marxianus (n=17)

Yarrowia lipolytica (n=3)

Clavispora lusitaniae (n=1)

Pichia norvegensis (n=3)

Diutina rugosa (n=5)

Cryptococcus neoformans (n=10)

Geotrichum silvicola (n=9)

Trichosporon asahii (n=7)

Rhodotorula mucilaginosa (n=12)

8/8
140/140
25/25
80/80
65/65
0/19
0/40
0/17
0/3
0/1
0/3
0/5
0/10
0/9
0/7
0/12

718 bps
212 bps
1159 bps
490 bps
126 bps
818 bps
302 bps
203 bps
149 bps
377 bps
536 bps
689 bps
392 bps
299 bps
483 bps
111 bps

n=474 (100%)

156/156

First Tube

606 bps

Amplicon Size

n=88 (100%)

0/12

0/7

0/9

0/10

5/5

3/3

1/1

3/3

17/17

40/40

19/19

NA

NA

NA

NA

NA

NA

Second Tube

PCR Results

n=38 (100%)

12/12

7/7

9/9**

10/10

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Third Tube

n=600 (100%)

12/12

7/7

9/9

10/10

5/5

5/5

1/1

5/5

17/17

40/40

19/19

65/65

80/80

25/25

140/140

8/8

156/156

Concordance with Sanger
sequencing

* Candida parapsilosis complex contained two strains of Candida orthopsilosis and two strains of Candida metapsilosis and were identified as Candida parapsilosis (490bps). ** Geotrichum silvicola is
the synonym of Galactomyces candidum.

Total Number (n=600)

PCR ID

Species

Table 3. Clinical strains from Iran and China utilized for validation of YEAST PANEL Multiplex PCR assay and its comparison with Sanger sequencing. Species
identification was assigned based on distinct PCR products sizes. Identification for all of strains were performed on pure colonies, while for R. mucilaginosa DNA
samples extracted were used as PCR template.
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Subjecting a wide range of yeast species to the YEAST PANEL multi-plex PCR assay and
its comparison with sequencing resulted in 100% agreement with all clinical target strains
(n=600). Traditionally, Sanger sequencing is considered as the gold standard approach in
medical mycology (28). However, the inevitable requirement for highly trained technicians to
run the device, apart from being more time-consuming and expensive, is a deterrent factor for
its popularity in routine laboratories (12). However, YEAST PANEL multiplex PCR assay is
less expensive and requires less hands-on time when compared to sequencing.
Despite the widespread usage of phenotypic and biochemical assays in routine laboratories,
especially in developing countries (9), a multitude of studies have revealed that commercially
routine biochemical assays misidentify uncommon yeast species (29) and a broad variety of
Candida species (30), especially M. guilliermondii and C. auris (9, 31). Additionally, delayed
and inappropriate identiﬁcations are associated with a higher mortality rate and hospitalization
costs (32). The turn-around time for identiﬁcation, another inherent obstacle of conventional
biochemical assays (up to 48 h), was improved with the YEAST PANEL multiplex PCR assay
since identiﬁcation was achieved in 3–6 h.
Misidentiﬁcation of C. zeylanoides as M. guilliermondii in the second multiplex PCR reaction
was the major limitation of our study. However, literatures data revealed that the incidence of C.
zeylanoides is extremely low (0.01–0.04%) globally. In the same tube, Meyerozyma caribbica
was misidentiﬁed as Meyerozyma guilliermondii, which can be explained by their close genetic
similarity. Although Saccharomyces cerevisiae, C. nivariensis, and C. bracarensis have been
implicated in human infections, they were not included in our multiplex PCR assay (33, 34).
Direct colony and gel electrophoresis dependence and lack of identiﬁcation of clinically important
molds were among the other limitations to our study. As Rhodotorula mucilaginosa contains
red colored pigments, DNA extraction and puriﬁcation are imperative to obtain successful PCR
ampliﬁcation and subsequently establish the identity of this species.

Conclusion
Due to the shortages of systematic epidemiological data in developing countries and the lack of
ﬁnancial supports for high-cost and precise means of identiﬁcation, such as Sanger sequencing
and MALDI-TOF MS, these countries might face difﬁculties in the establishment of empiric
therapies, which cause a higher rate of mortality. However, because of the affordability of PCR
devices, the YEAST PANEL multiplex PCR assay has the potential to be integrated in large-scale
epidemiological studies. On the other hand, routine laboratories in developing countries can
take the advantage of supplementation of biochemical assays with YEAST PANEL multiplex
PCR assay.
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Abstract
Occurrence of non-Candida albicans Candida (NCAC) species that are associated with elevated
MIC values and therapeutic failures are increasing. As a result, timely and accurate means of
identification to the species level is becoming an essential part of diagnostic practices in clinical
settings. In this study, 301 clinically isolated yeast strains recovered from various anatomical
sites [Blood (n = 145), other sites (n = 156)] were used to assess the accuracy and practicality
of API 20C AUX and 21-plex PCR compared to MALDI-TOF MS and large subunit rDNA
(LSU rDNA). MALDI-TOF MS correctly identified 98.33% of yeast isolates, 100% of top
five Candida species, 95.7% of rare yeast species, while 1.3% of isolates were misidentified.
API 20C AUX correctly identified 83.7% of yeast isolates, 97.2% of top five Candida species,
61.8% of rare yeast species, while 16.2% of yeast isolates were misidentified. The 21-plex PCR,
accurately identified 87.3% of yeast isolates, 100% of top five Candida species, 72% of rare
yeast species, but it misidentified 1.3% of rare yeast species while 9.9% of whole yeast isolates
were not identified. The combination of rapidity of 21-plex PCR and comprehensiveness of API
20C AUX, led to correct identification of 92% of included yeast isolates. Due to expensiveness
of MALDI-TOF MS and sequencing, this combination strategy could be the most accurate
and inexpensive alternative identification strategy for developing countries. Moreover, by the
advent and development of cost-effective, reliable, and rapid PCR machines that cost 130 US
dollars, 21-plex could be integrated in routine laboratories of developing and resource-limited
countries to specifically identify 95% causative agents of yeast-related infections in human.
Databases of MALDI-TOF MS, API 20C AUX, and the number of target species identified by
21-plex require further improvement to keep up with the diverse spectrum of yeast species.
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Introduction
The increasing population of immunocompromised patients and administration of broadspectrum antibiotics etc. (1), led to a higher occurrence of fungal infections in clinical settings
(2). Among the opportunistic yeast species, Candida albicans is continuously reported to be
the most commonly encountered yeast species (3). However, applying changes to clinical
practices and interventions resulted in a shifting epidemiological landscape and emergence
of non-Candida albicans Candida (NCAC) species (4). For instance, since the introduction
of echinocandins as a prophylactic antifungal, selective pressure has aided in emergence
of NCAC species that are less susceptible to this class of antifungals (4). Moreover, more
frequent isolation of yeast species exhibited inherent less susceptibility/acquired resistance
to fluconazole and those with multi-drug resistant traits (MDR) highlight the importance
of correct identification (4, 5-7). Due to the availability of limited classes of antifungals,
monitoring frequency, and epidemiology of yeast species should become an imperative
practice in clinical routine laboratories.
Traditionally, phenotypic assays such as direct microscopy, biochemical characterization,
and culture are among the most widely used technique to identify yeast species (8). API
20C AUX, Vitek2 YST ID Card, and Auxa-Color are among the most widely exploited
biochemical means of identification (8,9). However, these techniques are time-consuming,
labor-intensive, and expensive (10). Many studies showed that API kits cannot reliably
identify rare yeast species, which are less susceptible to routinely used antifungals (11,12).
On the contrary, Sanger sequencing of common barcoding regions and MALDI-TOF MS
proved to be the most accurate identification tools (13). Although, these techniques are used
in routine laboratories in developed countries, they are regarded as unaffordable devices in
developing countries (10, 13, 14).
Advances in the machinery of polymerase chain reaction (PCR) has made this device as
an affordable identification tool for developing and low-resourced countries. Moreover,
due to showing a reasonable reproducibility, WHO recommended PCR as a reliable
identification tool in developing countries (15). Although, commercial PCR machines
still are considered to be expensive (2000–4000 US dollars), it has been shown that
using the most basic off-the-shelf tools, it is possible to develop reliable, rapid, and cheap
(130 US dollars) PCR machines that without continuous power supply and as efficient as
commercial PCR machines can amplify PCR products larger than 1,509bps (16). These
kinds of PCR machines can be easily made and expanded as an on-site diagnostic tool in
resource-limited countries (16). Unfortunately, there are few PCR-based techniques that
can target a comprehensive list of opportunistic yeast species. Automated rep-PCR proved
to be a reliable, but expensive assay (9). Recently, Arastehfar et al., have developed a 21plex PCR assay that targets the most clinically important yeast species, which uses the
basic chemistry and devices that are used in routine laboratories (17). As 21-plex intended
to be used in developing countries, we evaluated its practicality and accuracy compared to
a time-consuming and widely used biochemical technique in developing countries, namely
API 20C AUX, MALDI-TOF MS, and sequencing of large subunit D1/D2 domains of
rDNA (LSU rDNA) as a gold standard.
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Materials and Methods
Ethical Approval
Due to the diagnostic nature of this study, and the fact that we did not include any clinical
samples (blood, serum, CSF, urine, etc.) or biopsies derived from patients, we did not have any
consent forms from patients. Isolates investigated in this study were part of previous studies that
had been approved by the local ethical committees of Mashhad University of Medical Sciences and
Tehran University of Medical Sciences under the following ethical code numbers IR MUMS
fm REC.1397.268, and IR. TUMS. .SPH.REC.1396.4195. As such, inclusion of clinical
strains in our study did not require institutional ethical approval according to institutional
and national guidelines.

Isolates and Growth Conditions
Two hundred and ninety-eight clinical yeast strains encompassing a wide range of yeast
species that were recovered from clinical sources [blood (n = 145), vagina (n = 71), sputum
(n = 35), oral swabs (n = 21), cerebrospinal fluid (CSF) (n = 8), urine (n = 7), nail (n =
6), tube aspirate (n = 2), penis (n = 1), and throat (n = 1)] were retrospectively collected
from Iran and China (Table 1). Due to the importance of Candida auris as an emerging
yeast species, and lack of this species in our clinical collection, three CBS reference strains
were included. These 301 strains were serially numbered from 1 to 301, prepared as a
blinded test set, and three centers were involved for their identification. In the Netherlands
two technicians separately performed MALDI-TOF MS and API 20C AUX, in China
sequencing of D1/D2 domains of rDNA was carried out, and in Iran, as an example of a
developing country a multiplex PCR known as 21-plex was utilized. Strains comprised
a diverse range of yeast species, including most and less prevalent Candida species and
basidiomyceteous yeasts, including Trichosporon, Cryptococcus, and Rhodotorula spp.
Strains were grown on GYPA and SDA media for 48 h at 2ºC, single colonies were struck
on SDA and GYPA media, incubated another 48 h at 25◦C, and from those pure cultures,
identifications were performed.

DNA Extraction
One full loop of pure colonies (with the volume of 10µl) was suspended in 100 µl of
TaKaRa Lysis buffer (TaKaRa, Japan), vortexed thoroughly, and incubated at 95ºC for
30. After 15 min incubation at 95ºC, lysates were vortexed vigorously and incubation for
another 15 min at 95ºC was continued. In the last step, lysates were vortexed again and
centrifuged at 14,000 rpm for 5 min. Two microliters of obtained supernatants were used
as the PCR template.
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Table 1. Summary of species utilized in this along with their source of isolation and the country of origin. Except
for Candida auris that was ordered from the collection of Westerdijk Institute, the rest of species were collected
from patient materials.
Species (number)

Source of isolation

Candida albicans (n=59)

Blood (n=52), Vagina (n=6), Oropharyngeal (n=1) Iran

Candida glabrata (n=43)

Vagina (n=20), Blood (n=18), Urine (n=2), sputum
Iran
(n=1), Skin (n=1), Penis (n=1)

Candida parapsilosis (n=40)
Candida tropicalis (n=14)
Pichia kudriavzevii (Candida krusei)
(n=27)
Candida dubliniensis (n=3)

Blood (n=36), Vagina (n=3), Nail (n=1)
Blood (n=13), Nail (n=1)
Vagina (n=20), Blood (n=5), Throat (n=1), Urine
(n=1),
Blood (n=3)

Kluyveromyces marxianus (Candida
kefyr) (n=27)

Oropharyngeal (n=13), Sputum (n=6), Vagina
(n=5), Urine (n=2), Blood (n=1)

Clavispora lusitaniae (Candida
lusitaniae) (n=21)

Sputum (n=7), Oropharyngeal (n=6), Blood (n=5),
Iran, China
Tracheal Tube (n=2), Nail (n=1),

Meyerozyma guilliermondii (Candida Blood (n=5), Sputum (n=5), Nail (n=1),
guilliermondii) (n=14)
Oropharyngeal (n=1), Urine (n=1), Vagina (n=1)

Country of origin

4

Iran
Iran
Iran
Iran
Iran

Iran, China

Kodamaea ohmerii (n=10)
Sputum (n=10)
Candida metapsilosis (n=2)
Sputum (n=2)
Candida orthopsilosis (n=4)
Blood (n=2), Sputum (n=1), Nail (n=1)
Candida bracarensis (n=1)
Sputum (n=1)
Cyberlindnera fabianii (Candida
Vagina (n=4), Blood (n=1)
fabianii) (n=5)
Cyberlindnera jadinii (Candida utilis)
Vagina (n=1)
(n=1)
Candida auris (n=3)
Reference strains (n=3)

China
China
Iran
China

Candida inconspicua (n=1)
Pichia cactophila (n=4)
Candida vulnera (n=1)
Kluyveromyces lactis (n=1)
Diutina pararugosa (Candida
pararugosa) (n=1)
Saccharomyces cerevisiae (n=1)
Rhodotorula mucilaginosa (n=2)
Cryptococcus neoformans (n=6)
Cryptococcus gattii (n=3)
Cryptococcus saitoi (n=1)
Trichosporon asahii (n=1)
Trichosporon asteroides (n=2)
Trichosporon mucoides (n=1)
Trichosporon faecale (n=1)
Cutaneotrichosporon curvatus (n=1)
Total (n=301)

Vagina (n=1)
Vagina (n=4)
Vagina (n=1)
Vagina (n=1)

Iran
Iran
Iran
Iran

Vagina (n=1)

Iran

Nail (n=1)
Vagina (n=2)
CSF (n=5), Blood (n=1)
CSF (n=3)
Blood (n=1)
Urine (n=1)
Blood (n=2)
Sputum (n=1)
Sputum (n=1)
Vagina (n=1)

Iran
Iran, China
Iran,
China
Iran
Iran
Iran, China
China
China
Iran

Iran
Iran
Westerdijk Institute

Except for Candida auris that was ordered from the collection of Westerdijk Institute, the rest of species were collected from
patient materials.
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Sequencing
One technician was responsible for performing sequencing of D1/D2 domains of rDNA
(LSU rDNA), as described previously (18). Bidirectional chain Terminated Sanger
sequencing using referenced primers were performed. Obtained sequences were searched
in BLAST database (https://blast.ncbi. nlm.nih.gov) and the identity of each strain was
assigned accordingly. This experiment was carried out in China.

Stepwise 21-Multiplex PCR
Identification of 301 using 21-plex PCR was performed in Iran. This technique contains three
multiplex PCR reactions, with the first one identifying the most prevalent Candida species
(Table 2), the second one targeting rare Candida species, and the third multiplex reaction
identifying the most clinically important basidiomyceteous yeast species, i.e., Trichosporon,
Cryptococcus, Geotrichum, and Rhodotorula (17). Authors claimed that except for Candida
zeylanoides, the rest of target species were correctly identified. PCR reaction and program
used were the same as described previously (17). PCR products were run on 2% agarose
gel (voltage of 135, 60 min), stained with Gel Red (BioTium Corporation, USA), and
visualized by Gel Doc (Gel Doc XR+, BioRad, California, USA).

MALDI-TOF MS
Full-extraction method as it was utilized as suggested, previously (19), and identification
was carried out by using Micro-flex LT, MALDI-TOF MS device (Bruker Daltonics,
Bremen Germany). Scores lower than 1.7, ≥1.7<2, and above 2 were considered as not
reliable identification, identification at the genus level, and identification at the species
level, respectively. MALDI-TOF MS was performed in Netherlands.

API 20C AUX
API 20C AUX (BioMerieux, France), based on assimilation of 19 sugars and presence or
absence of hyphal/pseudohyphal formation identifies clinically important yeast species.
API strips were prepared as suggested by the manufacturer and incubated at 30ºC for 48–
72 h. Besides of results obtained from sugar assimilation profile, the possibility of hyphal/
pseudohyphal formation was investigated as described previously (20). As 72 h incubation
of API strips improved the accuracy of results (21), final sugar assimilation patterns were
read after 72 h incubation at 25ºC. Accurate identification was based on identity and T
indices greater than 90% and 0.75, respectively. For hints lower than those values, the
first proposed identity was assigned as the species name. API 20C AUX experiments were
carried out in the Netherlands.
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Statistical Analysis
The strength of agreements between API 20C AUX and sequencing, 21-plex PCR and
sequencing, MALDI-TOF MS and sequencing was assessed by Kappa coefficient value.
Kappa coefficient value was calculated by SPSS v.23 software (Chicago, USA).

RESULTS
Comparative Analysis of LSU rDNA Sequencing and MALDI-TOF MS
Two hundred and ninety-six of isolates (98.33%) were correctly identified, four isolates
(1.3%) misidentified, and only one isolate was not identified using MALDI-TOF MS
(Table 2). All of those yeast isolates were identified with the score of over two, indicating
reliable identification at the species level. Surprisingly, two isolates of Meyerozyma
guilliermondii and two isolates of Clavispora lusitaniae were misidentified as C.
dendronema and Wickerhamiela pagnoccae (Table 3), respectively. Despite of repeated
efforts and experiments using full-extraction method, the same results were obtained. All of
top five Candida species [C. albicans, C. glabrata, C. parapsilosis, C. tropicalis, and Pichia
kudriavzevii (Candida krusei)] and 95.7% of rare yeast species were correctly identified,. In
total, MALDI-TOF MS identified 98.33% of yeast isolates. The Kappa coefficient value
for MALDI-TOF MS and sequencing was 0.991.
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Table 2. Summary of species identification of a wide range of clinically obtained yeast species using three approaches,
MALDI-TOF MS, 21-plex, API 20C AUX, and their comparison with large subunit of rDNA domain sequencing.
Correctly identified
Species (number)

MALDI-

21-plex

TOF MS

Misidentified

API 20C

MALDI-

AUX

TOF MS

21-plex

Not-identified

API 20C

MALDI-

AUX

TOF MS

21-plex

API
20C
AUX

Candida albicans (n=59)

59

59

59

-

-

-

-

-

-

Candida glabrata (n=43)

43

43

43

-

-

-

-

-

-

Candida parapsilosis (n=40)

40

40

40

-

-

-

-

-

-

Candida tropicalis (n=14)

14

14

14

-

-

-

-

-

-

P. kudriavzevii (n=27)

27

27

22

-

-

5

-

-

-

Candida dubliniensis (n=3)

3

3

2

-

-

1

-

-

-

Kluyveromyces marxianus

27

27

24

-

-

3

-

-

-

Clavispora lusitaniae (n=21)

19

21

17

2

-

4

-

-

-

Meyerozyma guilliermondii

12

14

11

2

-

3

-

-

-

(n=27)

(n=14)
Kodamaea ohmerii (n=10)

10

-

9

-

-

1

-

10

-

Candida metapsilosis (n=2)

2

-

-

-

-

2

-

2

-

Candida orthopsilosis (n=4)

4

-

-

-

4

4

-

-

-

Candida bracarensis (n=1)

1

-

-

-

-

1

-

1

-

Cyberlindnera fabianii (n=5)

5

-

-

-

-

5

-

5

-

Cyberlindnera jadinii (n=1)

1

-

1

-

-

-

-

1

-

Candida auris (n=3)

3

3

-

-

-

3

-

-

-

Candida inconspicua (n=1)

1

-

-

-

-

1

-

1

-

Pichia cactophila (n=4)

4

-

-

-

-

4

-

4

-

Candida vulnera (n=1)

1

-

-

-

-

1

-

1

-

Kluyveromyces lactis (n=1)

1

-

-

-

-

1

-

1

-

Diutina pararugosa (n=1)

1

-

-

-

-

1

-

1

-

Saccharomyces cerevisiae

1

-

1

-

-

-

-

1

-

2

2

2

-

-

-

-

-

-

6

6

6

-

-

-

-

-

-

Cryptococcus gattii (n=3)

3

3

-

-

-

3

-

-

-

(n=1)
Rhodotorula mucilaginosa
(n=2)
Cryptococcus neoformans
(n=6)
Cryptococcus saitoi (n=1)

1

-

-

-

-

1

-

1

-

Trichosporon asahii (n=1)

1

1

1

-

-

-

-

-

-

Trichosporon asteroides

2

2

-

-

-

2

-

-

-

1

-

-

-

-

1

-

1

-

Trichosporon faecale (n=1)

1

1

-

-

-

1

-

-

-

Cutaneotrichosporon

-

1

-

-

-

1

1

-

-

4 (1.32%)

4 (1.3%)

49

0.33%

30

0

(n=2)
Trichosporon mucoides
(n=1)

curvatus (n=1)
Total (n=300)

66

296

267

251

(98.33%)

(88.7%)

(83.7%)

(16.27%)

(9.96%)
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Comparative Analysis of LSU rDNA Sequencing and 21-Plex PCR
Two hundred and sixty-seven isolates (88.7%) were correctly identified, 4 isolates (1.3%)
were misidentified, and 29 isolates species (n =45) were not identified by the 21-plex PCR
technique (Table 2). Both misidentified and none-identified isolates were rare yeast species
(Tables 2, 3), while all of top 5 Candida species (C. albicans, C. glabrata, C. parapsilosis, C.
tropicalis, and P. kudriavzevii) were identified, correctly. The Kappa coefficient value for 21plex PCR and sequencing was 0.943.
Table 3. Misidentified isolates using MALDI-TOF MS, 21-plex, and API 20C AUX compared to LSU rDNA
sequencing as the gold standard method.
Species

Misidentified as
MALDI-TOF MS

21-plex

API 20C AUX

Pichia kudriavzevii (n=27)

-

-

Candida norvegensis (n=4), Cryptococcus
humicola (n=1)

Candida dubliniensis (n=3)

-

-

Candida albicans (n=1)

Kluyveromyces marxianus
(n=27)

-

-

Rhodotorula mucilaginosa (n=2) and
Candida albicans (n=1)

Clavispora lusitaniae (n=21)

Wickerhamiela
pagnoccae (n=2)

-

Candida tropicalis(n=2), Candida
parapsilosis (n=1) and Candida albicans
(n=1)

Meyerozyma guilliermondii
(n=14)

Candida dendronema
(n=2)

-

Candida lusitaniae (n=3)

Kodamaea ohmerii (n=10)

-

-

Candida guilliermondii (n=1)

Candida metapsilosis (n=2)

-

-

Candida parapsilosis (n=2)

Candida orthopsilosis (n=4)

-

C. parapsilosis
(n=4)

Candida parapsilosis (n=4)

Candida bracarensis (n=1)

-

-

Candida glabrata (n=1)

Cyberlindnera fabianii (n=5)

-

-

Candida utilis (n=3), Candida pelliculosa
(n=1), Candida thermophila (n=1)

Candida auris (n=3)

-

-

Rhodtorula glutinis (n=3)

-

Trichosporon asahii (n=1)

Candida inconspicua (n=1)
Pichia cactophila (n=4)

-

-

Candida norvegensis (n=2), Candida ciferrii
(n=1), Candida spherica (n=1)

Candida vulnera (n=1)

-

-

Kodamaea ohmeri (n=1)

Kluyveromyces lactis (n=1)

-

-

Candida kefyr (n=1)

Candida pararugosa (n=1)

-

-

Candida rugosa (n=1)

Cryptococcus gattii (n=3)

-

-

Cryptococcus neoformans (n=3)

Cryptococcus saitoi (n=1)

-

-

Cryptococcus albidus (n=1)

Trichosporon asteroides (n=2)

-

Trichosporon
asahii (n=2)

Trichosporon asahii (n=2)

Trichosporon mucoides (n=1)

-

-

Trichosporon asahii (n=1)

Trichosporon faecale (n=1)

-

Trichosporon
asahii (n=1)

Trichosporon asahii (n=1)

Cutaneotrichosporon curvatus
(n=1)

-

Trichosporon
asahii (n=1)

Trichosporon asahii (n=1)

Total number of misidentified
isolates

n= 4

n= 8

n= 49
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Comparative Analysis of LSU rDNA Sequencing and API 20C AUX
Two hundred and fifty-one isolates (83.7%) were correctly identified, 49 (16.2%) isolates were
misidentified, and there was no species without identification using API 20C AUX (Table 2).
The majority of misidentified yeast isolates were among rare species (n =45), and only 4 strains
of P. kudriavzevii were among top 5 Candida species (Table 3). API 20C AUX showed the
lowest Kappa Coefficient value (0.918) when compared to sequencing.

Combined Strategy (API 20C AUX and 21-Plex PCR) for Identification
of Yeast Collection
Although, the 21-plex PCR showed higher accuracy, API 20C AUX more comprehensively
identified yeast species. For instance, species such as Saccharomyces cerevisiae (1/1) and
Kodamaea ohmerii (9/10) were correctly identified by API 20C AUX, while they were
not identified by 21-plex PCR. By integrating the rapidity of PCR and comprehensiveness
of API 20C AUX we could correctly identify 92% of yeast isolates included in our study.
As the 21-plex PCR represented a fast and reliable technique for the majority of the more
prevalent yeast species and API 20C AUX requires 48–72 h for identification, we used 21plex as the first line and rapid identification tool and in case of encountering with negative
results, API 20C AUX could be used as the alternative technique.

Discussion
Because the number of yeast species causing infection in human is increasing, fast and
accurate identification of clinically obtained isolates is highly important to initiate an
appropriate antifungal regimen (22). Sequencing of commonly used phylogenetic markers,
MALDI-TOF MS, PCR-based techniques, and biochemical and phenotypic assays are
considered as the most popular identification systems. Herein, we have compared the
accuracy of the API 20C AUX and 21-plex PCR methods in the light of MALDI-TOF MS
and sequencing of D1/D2 domains of rDNA.
In our study, MALDI-TOF MS showed a good accuracy for the identification of a diverse
range of opportunistic yeast species (98.3%). All five top Candida species (i.e. C. albicans,
C. glabrata, C. parapsilosis, C. tropicalis, and P. kudriavzveii) and 95.7% of rare yeast
species were identified successfully (Kappa value of 0.991). Despite the close genetic
background of cryptic species complexes, MALDI-TOF MS identified them to the species
level (note that we did not include C. africana). This is in agreement with other studies,
where cryptic species complexes of C. albicans, C. glabrata, and C. parapsilosis were
correctly identified (23). Moreover, FDA-approved spectra of a wide-spreading multidrugresistant yeast species, i.e., Candida auris, has been added to the clinical database
of MALDI-TOF MS, leading to rapid and reliable identification of this organism (24).
Although, cases of misidentification for Cryptococcus and Trichosporon species had been
reported previously (9, 25-27), except for Cutaneotrichosporon curvatus, all of our clinical
isolates of the aforementioned species were correctly identified (the reference spectra of
this species is not included in the commercial MALDI-TOF MS database). Consistent
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with the other studies and due to hardship of obtaining proper spectra for Meyerozyma
guilliermondii (9, 27), M. guilliemondii (n = 2/14) and Cl. lusitaniae (n = 2/21) were
misidentified using MALDI-TOF MS in our study. MALDI-TOF MS, despite of being
fast, robust, and providing accurate strain identity is still considered as an economical
burden, especially for developing countries, not only to purchase the device but also as it
requires trained technicians and periodical maintenances (10, 13, 14). Due to occurrence
of misidentification of some rare yeast species in our study and the other studies reported
before (9, 26), improvement of the MALDI-TOF MS library can enhance the accuracy of
this technique.
Although Vitek 2 YST ID Card is reported amongst the most popular biochemical assays
used in routine laboratories (8), API 20C AUX showed a higher agreement with sequencing
of ITS and D1/D2 domains of rDNA (9). As a result, herein API 20C AUX was used as the
representative of biochemical assays. In our study, API 20C AUX correctly identified 83.7%
of all included yeast isolates, the vast majority (97.26%) of the most prevalent Candida
species (C. albicans, C. glabrata, C. parapsilosis, C. tropicalis, and P. kudriavzveii) and
61.8% of rare yeast species, which is consistent with previous studies (9, 20) (Kappa value
of 0.918). Despite the fact that, API 20C AUX misidentified the majority (4/5) of Pichia
kudriavzevii strains as Pichia norvegensis, studies have revealed that both species are
inherently resistant to fluconazole and they are genetically close to each other (28, 29).
Although, identification to the species level is an integral part of epidemiological studies,
grouping of few species with the same antifungal susceptibility pattern in routine settings
may hasten the timely administration of antifungals and as a consequence it may contribute
to lower the mortality rate. For instance, C. albicans, C. parapsilosis, C. tropicalis, and C.
dubliniensis are all susceptible to fluconazole, and hence, using one probe they were identified
as the fluconazole susceptible group (30). On the other hand, in vitro studies have shown that
C. dubliniensis compared to C. albicans more rapidly can acquire resistance to antifungals
(31), underscoring the importance of species level identification in such circumstances. In
our study, 66.6% (2/3) of C. dubliniensis strains were correctly identified, whereas other
cryptic complex species of C. metapsilosis, C. orthopsilosis, and C. bracarensis were all
identified as C. parapsilosis and C. glabrata, which is in agreement with other reports (9,
20). For other clinically rare Candida species, including M. guilliermondii, Cl. lusitaniae,
and Kl. marxianus we observed a few misidentification cases. In concordance with other
studies, all CBS reference strains of C. auris were misidentified as Rhodotorula glutinis (12).
In our setting, application of API 20C AUX for the most prevalent basidiomyceteous yeasts
did not obtain satisfactory results for Cr. gattii, Trichosporon mucoides, and T. asteroides
as seen with previous studies (32). Biochemical assays in general and API 20C AUX in
particular, despite of generating satisfactory results for rare yeast species, are labor-intensive,
time-consuming, and interpretation of sugar assimilation profiles is sometimes subjective.
Moreover, in order to generate an accurate identity, API 20C AUX requires further testing
of yeast isolates for hyphal/pseudohyphal formation (32). Numerous reports have shown
that biochemical assays can lead to underestimation of some rare yeast species and ignore
them as etiological agents of infection in human (33, 34). As an example, all biochemical
assays provide an inaccurate identity for C. auris and it is mistaken for other yeast species,
such as C. parapslosis, C. famata, Rhodotorula glutinis etc. (35), leading to its persistence
as a colonizer in the hospital environment and a source of future outbreaks. Given the rise
in occurrence of rare yeast species that are less susceptible to fluconazole (36), this could
be of a great importance, as in developing countries due to limited economical support, this
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drug is administered as the drug of choice for the first line therapy (36). Consequently, for a
species like C. auris that exhibited resistance to all classes of antifungals, especially more
than 90% of isolates are resistance to fluconazole (33), along with a high rate of mortality
of 30–60% (37), such misidentifications could be accompanied by adverse consequences.
Recently, we have developed a multiplex PCR that in a stepwise manner identifies the
majority of yeast species regularly encountered in clinical settings as the cause of infection
in human (17). With the application of 21-plex PCR we correctly identified 87.3% of all
included yeast species, 100% of most prevalent Candida species and 72% of rare yeast
species (Kappa value of 0.943). As this assay originally was not intended for identification
of other rare yeast species, such as S. cerevisiae, Cyberlindnera fabianii, Cyberlindnera
jadinii, Kodamaea ohmerii, C. cactophila, C. norvegensis, Kl. lactis, Cryptococcus saitoi,
and T. mucoides, they were not identified, accordingly. This assay showed a high degree of
specificity (98.7%). Although, T. asteroides (n=2), T. faecale (n=1), and Cutaneotrichosporon
curvatus (n=1) were identified as T. asahii, the 21-plex utilizes one universal primer to
identify the most clinically important Trichosporon species of the genus level, and hence,
these cases were not considered as misidentification. Although, a slight difference in
susceptibility pattern of triazoles (ravuconazole, itraconazole, and voriconazole) and AMB
between T.asahii and non-T. asahii strains have been observed (38), MIC values do not
always correlate with clinical outcomes (38). Accordingly, in order to prove the difference
in clinical outcomes, in vivo testing with neutropenic and immunocompromised mice is
still required. As a result, identification of species of non-T. asahii and T. asahii to the
genus level (only as Trichosporon) will be clinically relevant, unless otherwise is proved.
In concordance with sequencing of D1/D2 domains of rDNA and MALDI-TOF MS, all
included strains of C. auris were correctly identified by 21-plex PCR. Other PCR-based
techniques, such Rep-PCR that is shown to be a robust technique to identify a wide range
of yeast species (9, 22) requires tedious DNA extraction methods, capillary electrophoresis
for separation of amplified PCR product, and highly trained personnel (9, 22). Moreover,
using rep-PCR technique, identification of a single isolate requires 90 USD, while in our
setting using 21-plex costs 0.75–1 euros. Although the 21-plex PCR exhibited a high
degree of sensitivity (98.7%), there were some species (K. ohmerii, C. metapsilosis, and C.
bracarensis, Cy. fabianii and Cr. satoi) that were not identified. As a result, including more
multiplex PCR assays to identify other clinically important yeast species, can improve the
sensitivity of the 21-plex PCR.
Sole dependence on phenotypic assays could result in misidentification and subsequently
oblivion of emerging and important yeast species, while combination of comprehensiveness
of biochemical and phenotypic assays with the rapidity of PCR-based techniques (21-plex
PCR) could increase the accuracy of identification, reduces the required time and expenses,
and circumvent the imperfection of either assays. For instance, despite of obtaining negative
results using the 21-plex PCR for strains of K. ohmerii, Cy. jadinii, S. cerevisiae, they were
correctly identified by API 20C AUX. Moreover, the 21-plex PCR due to its rapidity and
possessing high specificity and sensitivity, if accompanied by inexpensive and reliable PCR
devices, it could be used as a reliable means of identification in developing and resourcelimited countries. This could be relevant for routine laboratories, especially in developing
countries, where robust and accurate means of identification such as MALDI-TOF MS and
Sanger sequencing are lacking. In terms of required expenses, MALDI-TOF MS was the
least expensive (less than 0.3 Euros), followed by 21-plex PCR (0.75–1 Euros/reaction),

70

Comparison of 21-Plex PCR and API 20C AUX, MALDI-TOF MS, and rDNA Sequencing

sequencing (3 Euros) and API 20C AUX (5.9 Euros/reaction). As a result, API 20C AUX
was the most expensive and least accurate identification tool.
Despite the fact that we included various rare Candida and yeast species obtained from
multiple healthcare facilities in Iran and China, our study still could benefit from the
addition of other rare yeast species, such Debaromyces hansenii, Diutina rugosa, Yarrowia
lipolytica, and the like. Moreover, we did not obtain clinical isolates of cryptic species
complexes of C. nivariensis and C. africana and, hence, we could not observe how well
they could be differentiated from C. glabrata and C. albicans using the applied techniques.
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Abstract
Background: Candida albicans, Candida glabrata, and Candida parapsilosis are three prevalent
causes of candidiasis, worldwide. These species are considered as medically important complex
species. Limited knowledge about these newly recognized species prompted us to develop a
one-step, multiplex PCR to detect and identify them in clinical settings.
Methods: Primers targeting Hyphal Wall Protein I gene for the C. albicans, C. dubliniensis, C.
africana, Intergenic Spacer for the C. glabrata, C. nivariensis, C. bracarensis, and Intein and
ITS rDNA for the C. parapsilosis, C. orthopsilosis, and C. metapsilosis were designed. Using
167 CBS reference strains and 280 clinical isolates, the specificity and reproducibility of the
developed assay were evaluated.
Results: Our developed assay successfully identified and distinguished all the nine species. No
cross-reaction with closely and distantly related yeast species, Aspergillus species and human
DNA was observed, resulting in 100% specificity. The ambiguous results obtained by MALDITOF for C. albicans and C. africana were corrected by our 9-plex PCR assay. This assay
identified all the cryptic complex species from two test sets from Iran and China, correctly.
Conclusions: Our developed multiplex assay is accurate, specific, cost/time-saving, and works
without tedious DNA extraction steps. It could be integrated into routine clinical laboratories
and as a reliable identification tool and has the potential to be implemented into epidemiological
studies to broaden the limited knowledge of cryptic species complexes.
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Introduction
Candida albicans, C. glabrata, and C. parapsilosis were reported to be the three most clinically
important Candida species (1). Due to the inclusion of newly designated species through
taxonomic studies, these three Candida species are now considered cryptic complex species,
including C. albicans, C. africana, and C. dubliniensis (as C. albicans complex) (2, 3), C.
glabrata, C. nivariensis, and C. bracarensis (as C. glabrata complex) (4, 5), and C. parapsilosis,
C. orthopsilosis, and C. metapsilosis (as C. parapsilosis complex) (6). Despite the fact that for
more than a decade these cryptic species have been introduced, still limited knowledge exists
on their distribution, pathogenicity, and antifungal susceptibility pattern. Moreover, from an
evolutionary stand- point, identification and discrimination of these cryptic species complexes
could shed light on pathogenicity acquisition, as Pryszcz et al. (2015) found C. metapsilosis as
a highly heterozygous opportunistic pathogen that arose from two parental lineages that were
not pathogenic (7).
Biochemical and morphological tests failed to unequivocally identify and differentiate these
cryptic species, which is attributed to the presence of similar phenotypic properties among
the complexes (8). Accordingly, various methodologies, including amplified fragment length
polymorphism (AFLP) (9), matrix-assisted laser desorption ionization-time of flight (MALDITOF) (10), sequencing of ITS rDNA (11) have been used to tackle this problem. Nowadays,
due to affordability and the high reproducibility of PCR, myriad aspects of biology have been
revolutionized throughout the world (12, 13). In line with this, identification and differentiation
of Candida albicans, Candida glabrata, and Candida parapsilosis complexes representatives
through fast and simple conventional PCR by targeting hyphal wall protein 1(HWP1) gene (14),
large ribosomal protein 31 (RPL31) gene (15), and vacuolar ATPase (VMA) gene (16), have
been addressed. However, the simultaneous detection of all of the aforementioned nine medically
important cryptic species in a single reaction was not described, previously. Consequently, the
aim of this study was to develop an easy to perform, low-cost, highly specific and accurate,
multiplex PCR assay capable of differentiation of all these nine medically important Candida
species, without tedious DNA extraction steps and directly through mixing of pure colonies into
the PCR master mix.

Materials and Methods
Isolates and growth conditions
Four hundred forty-seven isolates including, 167 reference strains (111 target cryptic strains
and 56 non-target strains representing 56 species) from Westerdijk Fungal Biodiversity Institute
(Supplementary Table 1) and 280 clinical isolates comprising only cryptic species complexes
(Table 1) were included. Chinese clinical isolates (n=145) were pooled from a Chinese collection
(n =1500), and included cryptic species of C. glabrata and C. parapsilosis complexes and the
Iranian clinical isolates (n=135) included cryptic species complexes of C. albicans. Clinical
isolates were from different anatomical sites, ranging from nail, sputum, urine and bronchial
fluids to blood and were collected from different hospitals in Iran and China (Table 1). CBS
reference strains were used for optimization and specificity testing, while clinical isolates used
for confirming reproducibility of the developed multiplex PCR assay. Isolates were grown
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on Glucose Yeast Extract Peptone Agar (Westerdijk Fungal Biodiversity Institute, Utrecht,
Netherlands) at 25°C for 48 h.
Table 1. Clinical isolates utilized for reproducibility and validation testing.
Species

Number of Isolates Origin

Iran (n=135)
128
3
4

Urine, blood
Vagina
Urine

C. nivarensis
C. glabrata
C. metapsilosis

2
87
20

Sputum
Urine, blood, sputum, BALF
Sputum

C. orthopsilosis

6

Nail, blood, mouths

C. bracarensis

2

Sputum

C. parapsilosis

28

Urine, blood, nail, sputum

C. albicans
C. africana
C. dubliniensis
China (n=145)

BALF; Bronchoalveolar lavage fluid.

DNA extraction
DNA extraction was carried out using CTAB and phenolchloroform method as described
previously (17). Briefly, a full loop of fresh yeasts colonies was suspended in 700 μL of CTAB
buffer followed by bead beating (TissueLyzer II, QIAGEN, Hannover, Germany) for 3 min,
3000 beats/minute. After incubation for 60 min at 55°C, 700μL of phenolchloroform was
added. Upon vortexing and centrifugation for 20 min at 14000 rpm, 4°C, 400μL of supernatant
was added to equal volume of isopropanol. Finally, upon washing with 70% ethanol the DNA
samples air-dried, and the pellets were suspended in Tris-EDTA (10 mM Tris Base, 1 mM
EDTA, pH 8.0) buffer. DNA purity and quantity was assessed using NanoDrop (Thermo
Fisher Scientific Corporation, Waltham, MA, USA) and Qubit Broad range kit (Thermo Fisher
Scientific Corporation, Waltham, MA, USA) and the quality was evaluated by electrophoretic
separation of 5μl of DNA samples on 1% agarose gel.

Primer design
Target sequences were retrieved from NCBI website (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Primers utilized in this study were all designed by the authors, and are listed and depicted in
Table 2 and Figure 1. Primers were selected if they showed 1) lack of cross-reactivity with
each other and other non-target species, 2) compatible PCR product size, and 3) compatible Tm
values. Primers were positioned in the most stable part of the target loci. Gaps and mismatches
with non-target species were located in the 3΄ end of primers to ensure specific amplification of
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target species. Online free software of Integrated DNA Technology was used to calculate Tm
and Delta G of primers (https:// eu.idtdna.com/calc/analyzer). Primers were manufactured by
Integrated DNA Technology (Leuven, Belgium) Company.
Table 2. Sequence of primers designed in this study.
Primer Name

Primer sequences

Annotation

PACF

GCTACCACTTCAGAATCATCATC

PACR

AGATCAAGAATGCAGCAATACCAA

Universal forward (PACF) and reverse (PACR)
primers for C. albicans, C. dubliniensis and C.
africana

PGCF

TCACTTTCAACTGCTTTCGC

Universal forward primers for C. glabrata, C.
nivariensis and C. bracarensis

GR

TGCGAGTCATGGGCGGAA

Reverse primer only for C. glabrata

NR

ACCCCAGAGGCATAAATAGC

Reverse primer only for C. nivariensis

BR

GCAACTGGACGAAAGTGC

Reverse primer only for C. bracarensis

PF

GCGGAAGGATCATTACAGAATG

PR

CTGGCAGGCCCCATATAG

OMF

GAGAAAGCACGCCTCTTTGC

OMR

TCAGCATTTTGGGCTCTTGC

Forward (PF) and reverse
specifically for C. parapsilosis

(PR)

primers

Universal forward (OMF) and reverse (OMR)
primers for C. orthopsilosis and C. metapsilosis

Figure 1. Primer information. List of covered species, their PCR product sizes, and their locations are depicted.
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PCR condition
The PCR reactions were optimized in a final volume of 50μL as follows: 37μL MiliQ water
(Merck Millipore, Billerica, Massachusetts, United States), 5μL 10X buffer, 1.5mM MgCl2, 2.5
units of Taq enzyme (Bio Taq DNA Polymerase, Biolab), 0.2mM of mixed dNTP (dNTP mix,
100 Mm, Biolab), C. albicans complex primers pair 10 pmole each one, 5 pmole for the rest
of the primers (C. glabrata and C. parapsilosis complex primers), and 1μL of DNA template.
PCR (2720 Thermal Cycler, Applied Biosystems, Waltham, MA, USA) used the following
program, pre-denaturation for 5 min at 94°C, 35 cycles of 94°C for 30 s, 60°C for 30 s, 72°C
for 30 s, and final extension at 72°C for 8 min. PCR products were run on 2% agarose gel for
70 min (8 Volt/cm), stained with GelRed (BioTium Corporation, USA) and visualized using
gel documentation with exposure time of 4 s (Gel Doc XR+, BioRad, California, USA). In
order to prepare in-house ladders, 10μL of PCR products from controls (90μL), 10μL deionized
water, and 20μL of 10X loading dye were mixed. 15μL of prepared in-house ladders were
utilized as marker to aid in identifying target species (Supplementary Figure 1).

Optimization of 9-plex PCR assay using CBS reference strains
After initial successful amplification from CBS 2691 (C. albicans), CBS 7987 (C. dubliniensis),
CBS 8781 (C. africana), CBS 138 (C. glabrata), CBS 9983 (C. nivariensis), CBS 10154 (C.
bracarensis), CBS 11045 (C. parapsilosis), CBS 10906 (C. orthopsilosis) and CBS 2916 (C.
metapsilosis), A panel of 111 CBS reference strains (Supplementary Table 1) containing only
cryptic species of C. albicans, C. glabrata, C. parapsilosis complexes were further tested with
our 9-plex PCR.

Specificity testing
To evaluate the specificity of the 9-plex PCR assay, 99 DNA samples containing 56 closely
and distantly related yeast species, Aspergillus spp., and human DNA (from blood) and 43
target strains pooled from the CBS reference collection (optimization test set) were prepared
in a blinded fashion (blind test set) (Table 1). For preparation of the specificity test set, two
technicians were involved. The first technician randomly dispersed DNA samples and serially
coded them from one to 99. The second technician subjected the specificity blind test set to the
optimized multiplex PCR. The first technician was provided with the results derived from PCR
and the consistency of the results was checked with the CBS identity of each strain.

Pure colony testing
In order to eliminate the DNA extraction step and confirm the compatibility of the multiplex
assay, single colonies of yeast species derived from the blind test set were subjected to PCR
as a template (except for Rhodotorula mucilaginosa). Briefly, a single colony (≈ 1 mm3) was
suspended in the prepared PCR master mix (50 μl) as mentioned earlier.
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Validation of 9-plex multiplex PCR using clinical isolates
Upon optimization of the multiplex PCR assay using CBS reference strains, specificity and pure
colony testing, a panel of clinical isolates (n= 280) (Table 1) prepared in a blind fashion were
subjected to the 9-plex assay. One technician performed the LSU sequencing and MALDI-TOF.
Upon, identification, the first technician coded the yeast culture plates from 1 to 280, and then
a new random number (integer number from 1 to 280) for each plate was generated by SPSS
random number generator (version 21, International Business Machines Corp, Armonk, New
York, United States) and used as a blind test number. The second technician subjected the blind
test set to the optimized multiplex PCR. The first technician was provided with the results
derived from PCR and the consistency of these results with MALDI-TOF and sequencing were
evaluated.

MALDI-TOF
The full extraction method using MALDI-TOF MS (Bruker Biotyper, MicroFlex, LT, Bruker
Daltonics, Bremen, Germany) was performed according to the manufacturer’s instructions
(https://www.bruker.com). Briefly, after suspending of pure colonies in 300μL of MiliQ water,
900μL of absolute ethanol was added. After a centrifugation step (14,000 rpm, 3 min, room
temperature) the supernatant was discarded and another centrifugation step was repeated to
totally discard the supernatant. Subsequently, 70% formic acid (Sigma Aldrich, St. Louis, MO,
United States) was added and upon five minutes incubation at room temperature an equal amount
of acetonitrile was added. After a final centrifugation step (14,000 rpm, 3 min, room temperature)
1μL of clear supernatant was transferred onto the 96-well target plate. Subsequently, 1μL of
matrix was overlaid on the top of air-dried samples. Finally, the 96 well target plate was loaded
into the MALDI-TOF device.

Sequencing
In order to ensure that the designed primers targeted the right genes, the amplified PCR products
were subject to bidirectional dideoxy chain terminated Sanger sequencing using the respective
primers. The obtained sequences were subjected to online searching database of NCBI (https://
blast.ncbi.nlm.nih.gov/Blast.cgi). The ribosomal DNA large subunit (LSU) primers, including
LROR (5΄-ACCCGCTGAACTTAAGC-3΄) and LR5 (5΄-TCCTGAGGGAAACTTCG-3΄),
were exploited to address the identity of each isolate (18). Sequences obtained for each isolate
was subject to BLAST online database tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Results
Development of a 9-plex PCR assay using CBS reference strains
Subjecting 111 CBS reference strains belonging to the spcies complexes of C. albicans (n=55),
C. glabrata (n=28), and C. parapsilosis (n=28) successfully differentiated and identified the
nine target species (Figure 2). Although, the lengths of PCR products were different from those
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were designed previously (14-16), target species were unequivocally distinguishable from one
another (Figures 1 and 2 and Table 3). In order to prevent misidentifications, it is advised to
prepare in-house master mixes in large scale by mixing PCR products of target species and
storing them at 4°C for future identification purposes.
Table 3. Expected and actual PCR products on gel are shown. Despite of deviation of amplicon sizes in both
individual PCR products and home-made ladder containing mixture of PCR products, target species were clearly
distinguishable from each other.

Expecetd PCR product
Target species
size

Actual homemade ladder PCR
product sizes on gel
(approximately)

Actual indidividual
PCR product size on gel
(approximately)

Candida albicans

1090 bps

950 bps

1200 bps

Candida africana

901 bps

800 bps

1100 bps

Candida dubliniensis

721 bps

600 bps

950 bps

Candida nivariensis

588 bps

500 bps

700 bps

Candida orthopsilosis

476 bps

>400 bps

576 bps

Candida glabrata

386 bps

>350 bps

486 bps

Candida metapsilosis

308 bps

˜280 bps

400 bps

Candida bracarensis

214 bps

˜200 bps

300 bps

Candida parapsilosis

112 bps

100 bps

250 bps

Specificity testing using the blind test set
Subjecting 99 DNA samples (containing 66 fungal species) to our 9-plex PCR assay ranging
from closely and distantly related yeast species, and Aspergillus spp. resulted in 100% specificity
and no cross-reaction with any other fungal species. Additionally, subjecting human DNA to
our 9-plex PCR assay showed no cross-reaction either.

82

Identiﬁcation of nine cryptic species of Candida albicans, C. glabrata, and C. parapsilosis complexes

5
Figure 2. Amplified PCR products for nine target cryptic species complexes are shown. M. 100 bps Molecular
ladder (SM 0324), 1–2 C. albicans (1090 bps), 3–4 C. africana (901 bps), 5–6 C. dubliniensis (721 bps), 7–8 C.
nivariensis (586 bps), 9–10 C. orthopsilosis (476 bps), 11–12 C. glabrata (386 bps), 13–14 C. metapsilosis (308
bps), 15–16 C. bracarensis (214 bps), 17–18 C. parapsilosis (112 bps).

Pure colony testing
Subjecting 105 yeast pure colonies from 61 yeast species pooled from the optimization test set
(Supplementary Table 1) resulted in successful amplification of all nine target species. No PCR
inhibition by cell components was observed, indicating that pure colonies are compatible with
the 9-plex PCR. Compatibility of our 9-plex PCR with pure colony testing allowed decreasing
the turn-around time from 7 h to 4 h.

Agreement of 9-plex PCR assay with MALDI-TOF MS
Results obtained from our 9-plex PCR for 280 clinical isolates were compared with MALDITOF (Table 4). Previously in Westerdijk Fungal Biodiversity Institute, clinically isolated
yeast species were identified by MALDI-TOF MS and it showed 98–100% agreement with
LSU rDNA sequencing (19, 20). Hence, in this study MALDI-TOF MS along with Sanger
sequencing were used as validation tools. Additionally, the spectra for many yeast species
utilized in fermentation have been added to the MALDI-TOF CBS in-house database. Of 131
strains identified as C. albicans using MALDI-TOF MS, our 9-plex PCR assay identified 128
as C. albicans and three as C. africana. The rest of cryptic species complexes of C. glabrata
(n=91), and C. parapsilosis (n=54) were all identified correctly by MALDI-TOF MS. The
overall agreement between MALDI-TOF MS and our 9-plex PCR assay was 98.93%.
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Table 4. Comparison of 9-plex PCR with CBS in-house MALDI-TOF database and sequencing of D1/D2 LSU
rDNA.
Species

Multiplex PCR

MALDI-TOF

Sequencing

C. albicans (n = 128)

C. albicans (n = 128)

C. albicans (n = 128)

C. albicans (n = 128)

C. dubliniensis (n= 4)

C. dubliniensis (n= 4)

C. dubliniensis (n= 4)

C. dubliniensis (n= 4)

C. africana (n= 3)

C. africana (n= 3)

C. albicans (n= 3)

C. africana (n= 3)a

C. glabrata (n= 87)

C. glabrata (n= 87)

C. glabrata (n= 87)

C. glabrata (n= 87)

C. nivariensis (n= 2)

C. nivariensis (n= 2)

C. nivariensis (n= 2)

C. nivariensis (n= 2)

C. bracarensis (n= 2)

C. bracarensis (n= 2)

C. bracarensis (n= 2)

C. bracarensis (n= 2)

C. parapsilosis (n= 28)

C. parapsilosis (n= 28)

C. parapsilosis (n= 28)

C. parapsilosis (n= 28)

C. orthopsilosis (n= 6)

C. orthopsilosis (n= 6)

C. orthopsilosis (n= 6)

C. orthopsilosis (n= 6)

C. metapsilosis (n= 20)

C. metapsilosis (n= 20)

C. metapsilosis (n= 20)

C. metapsilosis (n= 20)

a

Similarity between C. albicans and C. africana using sequencing of D1/D2 LSU rDNAwas more than 99%
This library has been enriched with a diverse range of yeast species utilized in brewery

Agreement of 9-plex PCR assay with sequencing
Results obtained from our 9-plex PCR were 100% consistent with sequences of the D1/D2
domains of LSU rDNA of 280 clinical yeast strains (Table 4). Cryptic species complexes of C.
parapsilosis (n= 54) and C. glabrata (n= 91) were all clearly distinguishable using sequencing
of respective domain. Despite the fact that, C. dubliniensis (n= 4) and C. albicans (n = 128)
clearly were distinguishable using sequencing of respective domains, C. africana and C. albicans
showed > 99% similarity, and, hence, making their discrimination at the species level remains
difficult. However, our 9-plex PCR assay clearly discriminated these two species belonging
to the C. albicans species complexes. Consistently, 9-plex PCR assay identified all members
of cryptic species complexes as distinct fragment on the gel. The overall agreement between
sequencing of D1/D2 LSU rDNA and 9-plex PCR was 100%.

Discussion
Representatives of the cryptic species of the Candida albicans, Candida glabrata, and Candida
parapsilosis complexes account for the majority of candidiasis cases (21). Appropriate
identification and differentiation of cryptic species complexes is clinically relevant, as not only
there are differences in virulence and antifungal susceptibility patterns among species within the
same complex, but also contradictory observations for antifungal susceptibility patterns among
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different studies have been reported (5, 22–25). Due to these contradictory results along with
the limited epidemiological data for members of the cryptic species complexes, the genuine
distribution and antifungal susceptibility profiles of these species in different geographical
locations remained unclear. Moreover, as the antifungal susceptibility profiles of the cryptic
species within the same complex vary, identification to the species level is imperative to
establish appropriate antifungal therapy (24, 26, 27). In line with this, providing epidemiologists
and small laboratories with a fast, accurate, specific, and cheap means of identification is
important to disclose the prevalence and antifungal susceptibility profiles of isolates belonging
to the cryptic Candida species. Accordingly, we have developed and validated an inexpensive,
reliable, accurate, specific, and user-friendly multiplex PCR assays capable of identifying nine
cryptic species in one assay.
From different perspectives, including time needed to finish the experiments, required expenses
and need of trained technicians our assays is comparable to other PCR-based assay and platforms
such as MALDI-TOF MS.
Identification of strains of cryptic species complexes isolated in clinical settings with our 9-plex
PCR assay and its comparison with results obtained by Sanger sequencing of D1/D2 domain of
LSU rDNA, revealed 100% consistency between these techniques. However, due to the high
similarity between C. albicans and C. africana in the sequences of the D1/D2 and ITS rDNA
fragments (99.3–100%), distinguishing these two species is difficult (28). Consistently, the
sequencing of the LSU rDNA fragment in C. africana showed >99% similarity with that of C.
albicans. Importantly, application of our 9-plex PCR could discriminate these two species. Like
DNA micro array (29) and pyrosequencing (30), Sanger sequencing requires highly trained
technicians and more turn-around time (8), while our multiplex PCR assay is straightforward
and running of the whole application (from master mix preparation to visualization on the
gel) only takes four hours. In terms of expenses, only 0.75–1 euro is enough to finalize the
results cosidering gel electrophoresis, whereas, sequencing requires specific devices and is
more expensive. However, in order to resolve the issue of discrepancy between the length of
predicted and actual PCR products we suggest to use either our in-house ladder or to run the
amplicons of each control species individually in a separate lane.
Our multiplex PCR successfully identified all C. africana isolates and, hence, improved the
results obtained from MALDI-TOF. Except for C. africana strains (n=3), Bruker MALDI-TOF
MS could identify the rest of cryptic species complexes, resulting in 98.93% agreement with
our multiplex PCR assay. Variability in accuracy of commercial MALDI-TOF MS database
for identification of uncommon and cryptic Candida species (9, 31, 32), inability of the Bruker
MALDI-TOF to distinguish C. africana from C. albicans, and incompetence of VITEK MS
systems to identify C. bracarensis, C. nivariensis, and C. orthopsilosis and low cut-off value
of the Bruker MS systems (<1.700) for identification of C. bracarensis reinforced the urge for
molecular identification tools (22, 33). On the other hand, unlike the wide use of PCR even in
developing countries (12, 13), MALDI-TOF is a newer introduced platform, mainly restricted
to large or reference laboratories (34–36). Unlike AFLP (9) and RFLP (37), there is no need
for restriction of the PCR products, nor several visualization steps, and reading of the results is
straightforward. Cornet et al. (2011) (37) used PCR-RFLP to identify all eight cryptic species
except for C. africana. However, this method used three primers targeting the ribosomal intergenic
spacer (IGS) and tedious post-PCR restriction and required electrophoretic visualization twice
making this experiment daunting, time consuming, and expensive (37). Additionally, digestion
of PCR products with restriction enzymes generated multiple fragments, which, in turn makes
the interpretation difficult when compared to the banding pattern of reference strains.
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The successful identification of all nine cryptic species in one tube complements previous
studies that identified members of the species complexes of Candida albicans (14), Candida
glabrata (15), and Candida parapsilosis (16) that used three separate tubes, and, hence, our
method is time- and cost-saving.
Application of a broad diversity of yeast species, five Aspergillus species, and human DNA for
specificity testing and inclusion of an extensive number of CBS reference strains and clinical
isolates, showed that our 9-plex PCR is 100% specific. As a result, our assay circumvents the
imperfections of phenotypic assays (CHROMagar, VITEK 2 and ID 32C) that suffer from the
lack of specificity (38, 39). Additionally, subjecting various populations of the same species
to phenotypic assay showed various results (32, 40, 41). Accordingly, as suggested by Griseo
et al. (2015), small clinical laboratories can take advantage of specific phenotypic methods
supplemented with easy to perform PCR-based approaches to identify and report isolated
cryptic Candia species (8).

Conclusion
Due to the problems with the identification and discrimination of members of cryptic
Candida species from their closest relatives, there is still uncertainty and unclarity about their
epidemiology, pathogenicity and antifungal susceptibility patterns (43,44). Consequently,
developing reliable, specific, cost and labor effective methods is necessary. Successful testing
of specificity and validation using a broad range of CBS reference strains and clinical isolates,
revealed the potential of this assay to be implemented in routine diagnostics and epidemiological
studies. As C. albicans, C. glabrata, and C. parapsilosis complex species constitute 80–90%
of candidiasis cases, identification of all nine cryptic species within one multiplex PCR assay,
could be of a great assistance.

References
1. Magill SS, Edwards JR, Bamberg W, et al. Multistate point-prevalence survey of health
care–associated infections. N Engl J Med. 2014;370:1198–208. https://doi.org/10.1056/
NEJMoa1306801.
2. Tietz H-J, Hopp M, Schmalreck a, et al. Candida africana sp. nov., a new human pathogen or
a variant of Candida albicans? Mycoses. 2001;44:437–45. https://doi.org/10.1046/j.14390507.2001.00707.x.
3. Sullivan DJ, Westerneng TJ, Haynes KA, et al. Candida dubliniensis Sp-Nov - phenotypic
and molecular characterization of a novel species associated with Oral Candidosis in Hivinfected individuals. Microbiology-Uk. 1995;141:1507–21.
4. Alcoba-flórez J, Méndez-álvarez S, Guarro J, et al. Phenotypic and molecular characterization
of Candida nivariensis sp . Nov ., a possible new opportunistic fungus. J Clin Microbiol.
2005;43:4107–11.
5. Bishop JA, Chase N, Magill SS, et al. Candida bracarensis detected among isolates of
Candida glabrata by peptide nucleic acid fluorescence in situ hybridization: susceptibility
data and documentation of presumed infection. J Clin Microbiol. 2008;46:443–6.
6. Tavanti A, Davidson AD, Gow NAR, et al. Candida orthopsilosis and Candida metapsilosis

86

Identiﬁcation of nine cryptic species of Candida albicans, C. glabrata, and C. parapsilosis complexes

spp. nov. to replace Candida parapsilosis groups II and III. J Clin Microbiol. 2005;43:284–
92.
7. Pryszcz LP, Németh T, Saus E, et al. The genomic aftermath of hybridization in the
opportunistic pathogen Candida metapsilosis. PLoS Genet. 2015;11:1–29.
8. Criseo G, Scordino F, Romeo O. Current methods for identifying clinically important
cryptic Candida species. J Microbiol Methods. 2015;111:50–6. https://doi.org/10.1016/j.
mimet.2015.02.004.
9. De Carolis E, Hensgens LAM, Vella A, et al. Identification and typing of the Candida
parapsilosis complex: MALDI-TOF MS vs. AFLP. J Music Ther. 2015;52:123–30.
10. Sendid B, Ducoroy P, François N, et al. Evaluation of MALDI-TOF mass spectrometry for
the identification of medically-important yeasts in the clinical laboratories of Dijon and
Lille hospitals. Med Mycol. 2013;51:25–32.
11. TM P SP, ID K, GW C. Rapid identification of fungi by sequencing the ITSl and ITS2
regions using an automated capillary electrophoresis system. Med Mycol. 2003;41:369–81.
12. Ragheb SM, Jimenez L. Polymerase chain reaction/rapid methods are gaining a foothold in
developing countries. PDA J Pharm Sci Technol. 2014; 68:239–55.
13. World Health Organization. Establishment of PCR laboratory in developing countries.
2016. http://apps.who.int/iris/bitstream/10665/249549/5/ 9789290225317-Eng.pdf?ua=1.
14. Romeo O, Criseo G. First molecular method for discriminating between Candida africana,
Candida albicans, and Candida dubliniensis by using hwp1 gene. Diagn Microbiol Infect
Dis. 2008;62:230–3.
15. Enache-Angoulvant A, Guitard J, Grenouillet F, et al. Rapid discrimination between Candida
glabrata, Candida nivariensis, and Candida bracarensis by use of a singleplex PCR. J Clin
Microbiol. 2011;49:3375–9.
16. Prandini THR, Theodoro RC, Bruder-Nascimento ACMO, et al. Analysis of inteins in
the Candida parapsilosis complex for simple and accurate species identification. J Clin
Microbiol. 2013;51:2830–6.
17. Theelen B, Silvestri M, Guého E, et al. Identification and typing of Malassezia yeasts using
amplified fragment length polymorphism (AFLPTm), random amplified polymorphic DNA
(RAPD) and denaturing gradient gel electrophoresis (DGGE). FEMS Yeast Res. 2001;1:79–
86. https:// doi.org/10.1111/j.1567-1364.2001.tb00018.x.
18. Stielow JB, Lévesque CA, Seifert KA, et al. One fungus, which genes? Development and
assessment of universal primers for potential secondary fungal DNA barcodes. Persoonia
Mol Phylogeny Evol Fungi. 2015;35:242–63. https://doi.org/10.3767/003158515X689135.
19. Taj-Aldeen SJ, Kolecka A, Boesten R, et al. Epidemiology of candidemia in Qatar, the
Middle East: performance of MALDI-TOF MS for the identification of Candida species,
species distribution, outcome, and susceptibility pattern. Infection. 2014;42:393–404.
20. Kolecka A, Khayhan K, Groenewald M, et al. Identification of medically relevant species
of arthroconidial yeasts by use of matrix-assisted laser desorption ionization-time of flight
mass spectrometry. J Clin Microbiol. 2013;51:2491–500.
21. Guinea J. Global trends in the distribution of Candida species causing candidemia. Clin
Microbiol Infect. 2014;20:5–10. https://doi.org/10.1111/ 1469-0691.12539.
22. Hou X, Xiao M, Chen SC, et al. Identification and Antifungal Susceptibility Profiles of
Candida nivariensis and Candida bracarensis in a Multi-Center Chinese Collection of
Yeasts. 2017;8 January:1–8.
23. Romeo O, Scordino F, Pernice I, et al. A multiplex PCR protocol for rapid identification
of Candida glabrata and its phylogenetically related species Candida nivariensis and
87

5

Chapter 5

Candida bracarensis. J Microbiol Methods. 2009;79:117–20. https://doi.org/10.1016/j.
mimet.2009.07.016.
24. Borman AM, Petch R, Linton CJ, et al. Candida nivariensis, an emerging pathogenic fungus
with multidrug resistance to antifungal agents. J Clin Microbiol. 2008;46:933–8.
25. Yazdanparast SA, Khodavaisy S, Fakhim H, Shokohi T, Haghani I, Nabili M, et al. Molecular
characterization of highly susceptible Candida africana from vulvovaginal candidiasis.
Mycopathologia. 2015;180:317–23.
26. Gácser A, Schäfer W, Nosanchuk JS, et al. Virulence of Candida parapsilosis, Candida
orthopsilosis, and Candida metapsilosis in reconstituted human tissue models. Fungal
Genet Biol. 2007;44:1336–41.
27. Borman AM, Szekely A, Linton CJ, et al. Epidemiology, antifungal susceptibility, and
pathogenicity of Candida africana isolates from the United Kingdom. J Clin Microbiol.
2013;51:967–72.
28. Rodríguez-Leguizamón G, Fiori A, López LF, et al. Characterising atypical Candida
albicans clinical isolates from six third-level hospitals in Bogotá, Colombia. BMC Microbiol.
2015;15:1–10. doi:https://doi.org/10.1186/s12866-015-0535-0.
29. Campa D, Tavanti A, Gemignani F, et al. DNA microarray based on arrayed-primer extension
technique for identification of pathogenic fungi responsible for invasive and superficial
mycoses. J Clin Microbiol. 2008;46:909–15.
30. Borman AM, Linton CJ, Oliver D, et al. Pyrosequencing analysis of 20 nucleotides of
internal transcribed spacer 2 discriminates Candida parapsilosis, Candida metapsilosis,
and Candida orthopsilosis. J Clin Microbiol. 2009;47:2307–10.
31. Jamal WY, Ahmad S, Khan ZU, et al. Comparative evaluation of two matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) systems for the
identification of clinically significant yeasts. Int J Infect Dis. 2014;26:167–70. https://doi.
org/10.1016/j.ijid.2014.05.031.
32. Kim T-H, Kweon OJ, Kim HR, et al. Identification of uncommon Candida species using
commercial identification systems. J Microbiol Biotechnol. 2016;26:2206–13. https://doi.
org/10.4014/jmb.1609.09012.
33. Sow D, Fall B, Ndiaye M, et al. Usefulness of MALDI-TOF mass spectrometry for routine
identification of Candida species in a resource-poor setting. Mycopathologia. 2015;180:173–
9.
34. Posteraro B, Efremov L, Leoncini E, et al. Are the conventional commercial yeast
identification methods still helpful in the era of new clinical microbiology diagnostics? A
meta-analysis of their accuracy. J Clin Microbiol. 2015;53:2439–50.
35. Posteraro B, De Carolis E, Vella A, et al. MALDI-TOF mass spectrometry in the clinical
mycology laboratory: identification of fungi and beyond. Expert Rev Proteomics.
2013;10:151–164.
36. Clark AE, Kaleta EJ, Arora A, et al. Matrix-assisted laser desorption ionization-time of flight
mass spectrometry: a fundamental shift in the routine practice of clinical microbiology. Clin
Microbiol Rev. 2013;26:547–603.
37. Cornet M, Sendid B, Fradin C, et al. Molecular identification of closely related Candida
species using two ribosomal intergenic spacer fingerprinting methods. J Mol Diagnostics.
2011;13:12–22. https://doi.org/10.1016/j.jmoldx.2010.11.014.
38. Bishop JA, Chase N, Lee R, et al. Production of white colonies on CHROMagar Candida
medium by members of the Candida glabrata clade and other species with overlapping
phenotypic traits. J Clin Microbiol. 2008;46:3498–500.
88

Identiﬁcation of nine cryptic species of Candida albicans, C. glabrata, and C. parapsilosis complexes

39. Cuenca-Estrella M. Identification of pathogenic rare yeast species in clinical samples:
comparison between phenotypical and molecular methods. J Clin Microbiol. 2010;48:1895–
9.
40. Albaina O, Sahand IH, Brusca MI, et al. Identification and characterization of nine atypical
Candida dubliniensis clinical isolates. J Med Microbiol 2015;64:147–156.
41. Romeo O, Criseo G. Candida africana and its closest relatives. Mycoses. 2011; 54:475–86.

5

Supplementary files can be retrieved using the following link,
http://www.westerdijkinstitute.nl/download/SupplementaryFilesAmir.rar

89

CHAPTER

Low-cost tetraplex PCR for the global
spreading multi-drug resistant fungus,
Candida auris and its phylogenetic relatives

This chapter was published as,
A. Arastehfar, W. Fang, H. Badali, A. Vaezi, W. Jiang, W. Pan, F. Hagen,
T. Boekhout. (2018) Low-Cost Tetraplex PCR for the Global Spreading
Multi-Drug Resistant Fungus, Candida auris and Its Phylogenetic Relatives.
Frontiers in Microbiology. 29;9:1119. doi: 10.3389/fmicb.2018.01119.
Authors’ contributions
AA, WF, WP, and TB designed the study. AA and WF designed all primers.
AA and WF optimized and performed the experiments. HB and AV performed
mice experiments. HB, WP, WJ, provided the clinical yeast isolates. AA and
WF performed the data analysis. AA and WF prepared the first draft. All
authors contributed in draft revision.

6

Chapter 6

Abstract
Candida auris, C. haemulonii, C. duobushaemulonii, and C. pseudohaemulonii are closely
related and highly multidrug resistant yeast pathogens. The high cost and low accuracy of
current diagnostics may underestimate their prevalence, especially in medical resource-limited
regions. In this study, we used 172 C. auris stains and its relatives and 192 other fungal strains
to establish and validate a novel multiplex end-point PCR. A prospective and a retrospective
clinical screening using this assay were further performed in China and Iran respectively. We
identified the first isolate of C. pseudohaemulonii in China and the first isolate of C. haemulonii
in Iran from 821 clinical isolates in total, without any false positives. Animal models of C. auris
and C. haemulonii were established for validation. The overall positive rates of the assay for
mice blood and tissue were 28.6 and 92.9%, respectively. Compared with previously developed
assays, our assay is readily available and affordable for medical microbiologists in developing
countries, and may contribute to a better understanding of the epidemiology of C. auris and its
relatives in these regions.
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Introduction
The evolving epidemiology of non-albicans Candida species and other emerging opportunistic
pathogenic yeasts contributes to an increasing morbidity and mortality globally (1,2). Among
them, Candida auris and its medically important relatives in the Metschnikowiaceae clade,
e.g., C. haemulonii, C. duobushaemulonii, and C. pseudohaemulonii, are well known as highly
multidrug resistant pathogens that can lead to both superficial and deep- seated infections (3).
C. auris appears to be the most notable species at present due to its outbreak potential and high
mortality rate (30–50%) (4,5). After the first isolate from the external ear canal of a Japanese
inpatient in 2009, a number of severe C. auris cases occurred subsequently in 17 countries
from five continents (6-8). Meanwhile, other phylogenetic related species (C. haemulonii, C.
duobushaemulonii, and C. pseudohaemulonii) share similar characteristics of C. auris and are
also emerging worldwide (9-13).
Besides the antifungal profile and outbreak characteristics, clinical intervention for C. auris, C.
haemulonii, C. duobushaemulonii, and C. pseudohaemulonii infections are mainly challenged
by diagnostic difficulties. Firstly, the most commonly used identification systems, e.g., VITEK
and API-20C AUX, are time-consuming and tend to misidentify C. auris as other yeasts, such
as C. haemulonii, C. sake, C. famata, Rhodotorula glutinis, Saccharomyces cerevisiae (6).
Secondly, more specific diagnostic methods (e.g., sequence-, RT-PCR- and MALDI-TOF MSbased) require high-cost equipment and trained technicians (14,15). Thirdly, although there are
some in-house developed detective systems, such as the updated MALDI-TOF MS library for
C. auris, there is no FDA approved one that can be used in the clinic till now (16).
The high cost, low accuracy and unavailability of current diagnostics tools may underestimate
the global prevalence of these pathogens, especially in medically resource-limited regions (such
as Africa and Southeast Asia). Consequently, this may lead to the fact that nearly all reported
cases were from developed countries (such as United States, United Kingdom, and Germany)
or medically developed cities in the low-income regions (such as New Delhi, India) (6, 3, 17).
Herein, the aim of our study is to establish a multiplex assay that can identify C. auris, C.
haemulonii, C. duobushaemulonii, and C. pseudohaemulonii. Simplicity and affordability of
our assay allow researchers in developing countries to exploit our multiplex PCR assay as a
robust screening tool.

Materials and Methods
Fungal isolates
Reference strains for the tetraplex PCR validation comprised C. auris (n=138), C. haemulonii
(n=26), C. duobushaemulonii (n=6), and C. pseudohaemulonii (n=2) (Table 1). Human genomic
DNA (Sigma–Aldrich, St. Louis, MO, United States) and 192 other fungal strains ranging from
the closest to distant related species were used for specificity testing (Table 2). All the samples
were obtained from the collection department of Westerdijk Fungal Biodiversity Institute in
the form of freeze-dried powder. Subsequently the strains were incubated on Glucose Yeast
Extract Peptone Agar plates at 25ºC for 48 h, and subsequently pure colonies were confirmed
by MALDI-TOF MS (18, 19).
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Table 1. Reference strains used for tetraplex PCR validation.
Species name

Strain code

C. auris (n =138)

CBS 10913; CBS 12372; CBS 12373; CBS 12766; CBS 12767; CBS 12768;
CBS 12769; CBS 12770; CBS 12771; CBS 12772; CBS 12773; CBS 12774;
CBS 12775; CBS 12776; CBS 12777; CBS-12874; CBS 12875; CBS 12876;
CBS 12877; CBS 12878; CBS 12880; CBS 12881; CBS 12882; CBS 12883;
CBS 12884; CBS 12887; CBS 12886; Five clinical stains from Oman; 105
clinical strain for Kuwait

CBS 5149; CNM CL4642; CNM CL3458; CNM CL6800; CNM CL7793;
CNM CL4640; CNM CL4641; CBS 7801; CBS 5150; CBS 6590; CBS 5468;
C. haemulonii (n=26) CBS 7802; CBS 6332; CBS 10968; CBS 10969; CBS 10970; CBS 10971; CBS
10972; CBS 10973; CBS 12439; CBS 6915; CBS 12371; CNM CL7256; CNM
CL7462; CNM CL7239T; CNM CL7073
C. duobushaemulonii (n=6)

CBS 7800; CBS 7799; CBS 9754; CBS 6915; CBS 7798; CNM CL7829P

C. pseudohaemulonii (n=2)

CBS 10004; CBS 12370

Table 2. Fungal isolates for specificity testing.

Species

Strain code

Candida albicans

CBS 2704; CBS 2691; CBS 2697; CBS 1893; CBS 2712; CBS 5703;
CBS 6552; CBS 2689; CBS 2690; CBS 2691; CBS 2695; CBS 2698;
CBS 2696; CBS 5137; CBS 2702; CBS 1912; CLF-2; CLF-11; CLF32; CLF-41; CLF-52; CLF-61; CLF-71; CLF-82; CLF-91; CLF-844;
CLF-177; CLF-282; CLF-283; CLF-378; CLF-403; CLF-435; CLF-539;
CLF-Llama 1; CLF-Llama 2; CLF-Llama 11
CBS 8781
CBS 2313; CBS 94; CBS 1920; CLF-6; CLF-15; CLF-26; CLF-36;
CLF-45; CLF-56; CLF-65; CLF-75; CLF-86
CBS 11045; CBS 7154; CBS 604; CBS 2197; CBS 2915; CBS 11059;
CBS 11920; CBS 8050; CBS 2216; CBS 1954; CBS 2194; CBS 2211;
CBS 11043; CBS 11359; CBS 7248; CBS 7156; CBS 10947; CBS
11130; CBS 7157; CBS 8836; CBS 2215; CBS 8181; CBS 12025; CBS
7155; CBS 6318; CBS 2196; CBS 2195; CLF-8; CLF-17; CLF-47;
CLF-58; CLF-67; CLF-77; CLF-88; CLF-97
CBS 10907; CBS 2916; CBS 10747; CBS 11127; CBS 2315
CBS 8825; CBS 9894; CBS 9348; CBS 10741; CBS 10906; CBS
11337; CBS 9347; CBS 10743; CBS 2212; CBS 10744; CBS 11698;
CBS 10745; CBS 8548

Candida africana
Candida tropicalis
Candida parapsilosis

Candida metapsilosis
Candida orthopsilosis
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Table 2. Continued

Species

Strain code

Candida glabrata

CLF-4; CLF-13; CLF-24; CLF-34; CLF-43; CLF-63; CLF-73; CLF-83;
CLF-84; CLF-93; CLF-310; CLF-611A; CLF-Llama 3; CLF-Llama 24;
CLF- Llama 63
CBS 5147; CLF-30; CLF-40; CLF-60; CLF-69; CLF-79; CLF-99; CLF611B
CBS 6564
CBS 6926
CBS 6936; CLF-19
CBS 767
CLF-10; CLF-49
CBS 7099
STA#63
CBS 159
CBS 613
CBS 619
CBS 6124
CBS 187
CBS 188
CBS 107
CBS 10006
CBS 683
CBS 712
CBS 5367
CBS 5640
CBS 1600
CBS 2605
CBS 162.8
CBS 5833
CBS 9966
CBS 185
CBS 4732
CBS 8710; CBS 6885

Candida krusei
Candida norvegensis
Pichia cactophila
Candida lusitaniae
Candida famata
Candida dubliniensis
Candida guilliermondii
Candida kefyr
Candida sake
Candida rugosa
Candida zeylanoides
Yarrowia lipolytica
Pichia fermentans
Pichia kluyveri
Pichia membranifaciens
Pseudozyma thailandica
Kluyveromyces lactis var. lactis
Kluyveromyces marxianus
Kodamaea ohmeri
Lindnera fabianii
Lindnera jadinii
Lodderomyces elongisporus
Magnusiomyces capitatus
Metschnikowia pulcherrima
Meyerozyma caribbica
Millerozyma farinosa
Ogataea polymorpha
Cryptococcus neoformans
Cryptococcus deneoformans
Cryptococcus gattii
Cryptococcus bacillisporus
Cryptococcus deuterogattii
Cryptococcus tetragattii
Cryptococcus decagattii
Cryptococcus amylolentus
Rhodotorula mucilaginosa
Saccharomyces cerevisiae

CBS6900; CBS10511
CBS 7229; CBS 6289
CBS 6955; CBS 8755
CBS 10514; CBS 7750
CBS 10101;
CBS 11687
CBS 6039
CBS 316
CBS 1171
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Table 2. Continued

Species

Strain code

Saccharomyces paradoxus
Trichosporon asahii

CBS 432
CBS 2479

Species

Strain code

Trichosporon inkin
Debaryomyces nepalensis
Exophiala dermatitidis
Galactomyces candidus
Hortaea werneckii
Hyphopichia burtonii
Torulaspora globosa
Wickerhamomyces anomalus
Wickerhamomyces onychis
Zygosaccharomyces rouxii
Schizosaccharomyces pombe
Schizosaccharomyces japonicus
Aspergillus fumigatus
Aspergillus flavus
Aspergillus niger

CBS 5585
CBS 5921
CBS 207.35
CBS 615.84
CBS 107.67
CBS 2352; CBS 2532
CBS 764
CBS 5759
CBS 5587
CBS 732
CBS 356
CBS 354
CBS 114.55
CBS 107.45
CBS 102.12
CBS 106.25

Aspergillus terreus
Aspergillus nidulansa
Fusarium moniliforme
Fusarium solani
Aspergillus versicolor
Fusarium oxysporum

CBS 100.20
CBS 130180
CBS 101427
CBS 106.57
CBS 100.97

DNA Sample Preparation
DNA extraction from pure colonies of yeast cells was performed using the CTAB method as
previously described (20). DNA was purified from blood and tissue (kidney) samples using the
animal tissue and blood DNA isolation kit (DENAzist Asia, Mashhad, Iran) according to the
manufacturer’s instructions.

Primer Design and PCR Amplification
The 26s rDNA sequence were obtained from our own in-house database or from NCBI
Nucleotide Database1 and searched for species-specific and universal regions for primer design.
Kordalewska et al. (15) classified 47 C. auris isolates from India, Pakistan, Venezuela, Japan,
and South Africa into four clades using Genome-wide SNP-based phylogenetic analyses, which
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indicated that there is high genetic heterogeneity within C. auris globally. Considering this
and also the large number of new cases after 2016, we designed the primers for C. auris by
analyzing more isolates from a wider range. For the reverse specific primer for C. auris, we
analyzed the 26S rDNA sequence of 233 isolates from Kuwait, Japan, Korea, Pakistan, South
Africa, Venezuela, India, Malaysia, Israel, United States, and Oman.
One hundred and thirty-seven sequences were done by ourselves and the rest were
downloaded from Genbank. By alignment, genetic heterogeneity was easily found in 26S
rDNA. Accordingly, a region which is stable within C. auris, and specific to other species
was chosen for reverse primer. The primers used in this assay are shown in Figure 1, which
contained one universal forward primer (Uni-F: 5′-GAACGCACATTGCGCCTTGG-3′)
and four species-specific primers (C. auris: Au-R, 5′- TCCAAAGGACTTGCCTGCT-3′;
C.
duobushaemulonii:
Du-R,
5′
GTAGACTTCGCTGCGGATATGTTA-3′;
C.
haemulonii: HaR, 5′-ATTGCGCCAGCATCCTTATTG-3′; C. pseudohaemulonii: Ps-R,
5′-GCACCCGATGCTGACAGTCTAC-3′). Primers were synthesized by Integrated DNA
Technologies (IDT, Leuven, Belgium).
A total volume of 50µl PCR mixture containing 5µl of buffer, 1.5 mM magnesium chloride, 2.5
units of Taq polymerase enzyme (BIO-21040, BioLine Company, London, United Kingdom),
0.2mM dNTP (BIO-39043, BioLine Company, London, United Kingdom), 5pM Uni-F primer,
5pM Du-R, 2pM Ps-R, 3pM Au-R, and 10pM Ha-R, 1µl template DNA or single colony pick
(≈1 mm3), and 38.3µl Mili-Q water (Millipore Corporation, Billerica, MA, United States) was
used for amplification of DNA from target species. The PCR was performed using a 2720
thermal cycler (Applied Biosystems, Waltham, MA, United States), and the PCR program
consisted of 5 min pre-denaturation at 94ºC, followed by 35 cycles of 30 s at 94ºC, 30 s at 62ºC,
30 s at 72ºC and 8 min at 72ºC as final extension.

Figure 1. Primer sequences and positions used in the tetraplex PCR. Uni-F: Universal forward primer for Candida
auris, C. duobushaemulonii, C. haemulonii, and C. pseudohaemulonii; Du-R: C. duobushaemulonii specific
reverse primer; Au-R: C. auris specific reverse primer; Ps-R: C. pseudohaemulonii specific reverse primer.
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Validation with animal model
When certain infected human samples are not easily available for diagnostic validation, animal
models can be an alternative (21). To evaluate its potential use for infected human blood or
tissue, animal models infected by the most important pathogens in the Metschnikowiaceae clade,
i.e., C. auris and C. haemulonii, were developed for diagnostic purpose. All procedures related
to animal experiments were approved by the ethics and research committee of Mazandaran
University of Medical Sciences, Sari, Iran.
Candida auris (CBS 10913, type strain), C. haemulonii (CBS 5149, type strain) and C. albicans
(ATCC 29008, control) were cultured twice at 35ºC for 48h on Sabouraud dextrose agar (SDA,
Difco). All isolates were sub cultured in brain heart infusion broth and incubated at 37°C with
shaking at 150 rpm. Supernatants were carefully removed and washed twice in sterile phosphate
buffered saline (PBS). After centrifugation, the cells were washed in PBS and a hemocytometer
was used to count the yeast cells. The yeast cell concentration was adjusted to an inoculum size
of 5×105 yeast ml-1. The viable counts of isolates were confirmed by 10-fold serially diluting
the cell suspension on SDA plates.
Immunocompetent female ICR (CD-1 specific pathogen-free) mice with a mean weight of 22
g (purchased from Royan Institute, Tehran, Iran) were used in the study. Animals were housed
at the accredited Animal Experimentation Facility in standard cages, received sterilized food
and were monitored daily (22). Seven mice were allocated into each of the three mice groups
infected with C. auris. C. haemulonii and C. albicans. Infection was induced in the mice for
each group with an inoculum of 5×105 CFU/mouse in a volume of 0.2 ml into the lateral tail
vein. No immunosuppressive scheme was used. Mice were checked daily and euthanized when
symptoms of disseminated infection were detected. Any animal that had more than one of the
criteria, including decreased activity, hunched posture, torticollis or barrel rolling, inability to
eat or drink and hypothermia was humanly euthanized by intracardiac puncture under general
(23). Tissue sections were also stained with hematoxylin and eosin (H&E) for microscopic
examination. Tissue (kidney) and blood samples were recovered under aseptic conditions.
Tissue samples were homogenized in sterile saline and 100 µl of homogenate was cultured on
SDA at 35°C to confirm Candida infection and to determine the colony forming units (CFU)
(22). All yeast cells cultures were identified by our tetraplex PCR. In addition, 100 µl of each
EDTA-blood sample was cultured on SDA plates. The rest of the homogenate and blood samples
were used for tetraplex PCR testing.

Application in a clinical setting
A single-center prospective clinical screening for C. auris, C. duobushaemulonii, C.
haemulonii and C. pseudohaemulonii was performed during 2017.05.01 to 2017.11.01 in
Shanghai Changzheng Hospital, China. The newly developed multiplex PCR system worked as
a supplementary tool to BD BACTECTM FX40 Instrument (Becton, Dickinson and Company,
Franklin Lakes, NJ, United States), CHROMagarTM Candida (CHROMagar Microbiology,
Paris, France) and microscopic examination to finding infection cases by the targeted species.
In order to further test the specificity of our assay using more clinical isolates, we used a
wide range of sample types for screening including blood, sputum, feces, bronchoalveolar
lavage fluid and oral swab. We tested all the clinical yeast isolates that were identified by
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CHROMagarTM Candida as non-albicans Candida species. As soon as the clinical culture
was obtained by conventional diagnostic methods, biomass from single colony (1mm3) was
tested by this multiplex PCR system. DNA extraction and ITS sequencing were done as well to
confirm the accuracy of the assay in the clinical settings as described before (18). Two hundred
and fifty-five clinical non-albicans Candida isolates (identified by CHROMagarTM Candida)
from Mazandaran University of Medical Sciences, Iran, were used as a retrospective screening
sample in this study. The isolates were collected from blood, sputum, feces, oral swab and
vaginal samples during 2016.1–2017.6. Multiplex PCR was performed, and MALDI-TOF and
LSU sequencing were done to confirm the accuracy of the assay in the clinical settings (18, 19).
All the tests were approved by the ethics and research committees of Shanghai Changzheng
Hospital and Mazandaran University of Medical Sciences.

6

Results
Analytical validation
Figure 2 shows that four amplicons exhibited major bands that could be differentiated from
each other. The gel figure for all the strains of C. auris and its relatives tested in this study is
shown in Supplementary Figure 1. Sequencing results of PCR amplicons matched fully with
the targeted species. Human genomic DNA and 192 other fungal species were tested, and no
cross-reactivity was found (100% specificity).

Figure 2. Agarose gel electrophoresis (2% agarose) of PCR amplicons. Lanes 1–4 are C. auris (CBS 10913
type, 331 bp), C. duobushaemulonii (CBS 7798 type, 115 bp), C. haemulonii (CBS 5149 type, 696 bp) and C.
pseudohaemulonii (CBS 10004 type, 576 bp), respectively. Lane M, HyperLadderTM 100 bp (Bioline, London,
United Kingdom).
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Animal model testing
Figure 3 shows the detailed information of the animal model testing. Application of the tetraplex
PCR in blood showed a higher overall positive rate (4 of 14, 28.6%) than blood culture positive
rate (1 of 14, 7.1%) in animal models of C. auris and C. haemulonii. Specifically, three C. auris
(3/7, on the 3rd, 4th, and 5th day post-infection (PI)) and one C. haemulonii (1/7, on the 5th
day, PI) infected mice showed positive PCR results from blood, without cross-reactivity in C.
albicans group (0/7). Culture results were positive only in one blood samples of C. auris (1/7,
on the 4th day, PI), negative in all C. haemulonii infected mice (0/7), and positive in three C.
albicans infected mice (3/7, on the 3rd, 4th, and 5th day PI), with CFUs ranging from 1 to 6
colonies in 100µl of whole blood samples.
The overall positive PCR rate of mice kidney samples was 92.8% (13/14) among C. auris and
C. haemulonii, without cross-reactivity with the C. albicans group (0/7). Among the kidney
samples from 21 mice examined by culture, 19 were positive due to C. auris (7/7), haemulonii
(6/7), and C. albicans (6/7) with CFUs ranging from 8.3 × 10 to 4.3 × 104 colonies in 100 µl
(mean 3.5 × 103 colonies).

Clinical validation
Applying our assay in a prospective (566 clinical isolates) and a retrospective cohort (255
clinical isolates), revealed one C. haemulonii isolate (S49AF, accession number: KY112738)
from Iran and one C. haemulonii isolate (SCZ90793, accession number: MG637448), one
C. duobushaemulonii isolate (SCZ91445, accession number: MG963993) and one C.
pseudohaemulonii isolate (SCZ90800, accession number: MG242063) from China. Specifically,
the Chinese C. pseudohaemulonii was isolated from sputum of a 65-year-old male who suffered
from lower esophageal resection (Shanghai, China). To our knowledge this the first isolate of
C. pseudohaemulonii from China, Whereas the Iranian C. haemulonii isolate was recovered
from a toenail sample of a 36-year-old diabetic male in 2016 (Shiraz, Iran), and also was the
first C. haemulonii isolate from Iran.
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Figure 3. Tetraplex PCR results for blood and tissue samples. Lanes B1–B7 are PCR results of blood sample
from seven mice infected with C. auris; Lanes B8-B14 are PCR results of blood sample from seven mice infected
with C. haemulonii; Lanes B15-B21 are PCR results of blood sample from seven mice infected with C. albicans;
Lane BC1–4 are PCR results of four cultured strains from blood samples of all the 21 mice; Lanes T1–T7 are
PCR results of kidney tissue sample from seven mice infected with C. auris; Lanes T8–T14 are PCR results of
kidney tissue sample from seven mice infected with C. haemulonii; Lanes T15–T21 are PCR results of kidney
tissue sample from seven mice infected with C. albicans; Lane TC1–7 are PCR results of seven cultured strains
from kidney samples of mice infected with C. auris; Lane TC8–13 are PCR results of six cultured strains from
kidney samples of mice infected with C. haemulonii; Lane TC14–19 are PCR results of six cultured strains from
kidney samples of mice infected with C. albicans; Lane M, GeneRuler 100 bp Plus DNA Ladder (Thermo Fisher,
Waltham, MA, United States).

Discussion
Achieving a timely and accurate diagnosis of infections caused by C. auris and its phylogenetic
relatives is of great difficulty in clinical settings (16). Nearly all the C. auris isolates were
misdiagnosed as C. haemulonii, C. sake, C. famata, Rhodotorula glutinis, Saccharomyces
cerevisiae by clinical commercial methods, such as Vitek-2 YST ID system, API-20C AUX,
AuxaColor 2, BD Phoenix, and MicroScan (6). Studies also showed that C. pseudohaemulonii
failed to be distinguished from C. haemulonii by these methods (24). All the identifications from
the biochemical assays should be confirmed by sequencing. The Centers for Disease Control
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of America speculated that the unavailability of appropriate diagnostic method underestimates
its prevalence in many countries (25), which includes medical resource-limited regions. Hence,
we developed a novel end-point tetraplex PCR system in a low-cost, rapid and accurate format.
This novel assay has been validated by a large number of CBS/clinical isolates, diagnostic
animal models and clinical application. We hope this assay can help to understand the global
clinical impact of C. auris and its relatives, especially in the under-served and poor regions.
Our new end-point tetraplex PCR was designed to identify and differentiate the most medically
important and related species to C. auris. Recently, two real-time PCR based assays for C. auris
were developed (15, 26). Compared with the real-time PCR method, our end-point PCR is nonautomated and labor-intensive. The electrophoresis step of our assay normally required 45 min,
which is more time-consuming than real-time PCRs. Additionally, due to the nature of end-point
PCR, our assay is unable to quantify the fungal load in the host. However, the advantages of our
assay over theirs are also obvious. Kordalewska et al. (15) established the first SYBR Green
real-time PCR system for C. auris, C. duobushaemulonii, C. haemulonii, and C. lusitaniae;
while Leach et al. (26) developed a probe-based single plex real-time PCR only for C. auris.
Considering the high misdiagnostic rate between C. auris, C. haemulonii, C. duobushaemulonii,
and C. pseudohaemulonii, and the higher resistance of C. pseudohaemulonii to AMB than C.
auris, C. haemulonii, C. duobushaemulonii, and C. lusitaniae (24, 27), we used a multiplex
strategy for this assay and included C. pseudohaemulonii instead of C. lusitaniae. Among the
selected species, C. haemulonii initially was known as a multi-antifungal resistant pathogen
since the first case report in 1984, and it can cause outbreaks and infect immunocompetent
individuals (28, 29). Subsequently, C. haemulonii was recognized as a complex species and
reclassified as C. haemulonii, C. duobushaemulonii, and C. haemulonii var. vulnera (3). C.
auris and C. pseudohaemulonii were described in 2009 and 2006, respectively. Both of them
were multi-antifungal resistant pathogens and the latter is spreading across the world at an
accelerated pace (6, 9). Correct species-level identification for the four species is needed due
to their clinical importance and heterogeneity in terms of taxonomy, spreading prevalence and
antifungal susceptibility profile.
Our multiplex PCR system is the first assay for C. auris that has been validated by animal
model testing. The overall PCR positive rates of mice blood and tissue were 28.6 and 92.9%,
respectively, which showed slightly higher performance than culture-based identification. And
PCR/culture from tissue samples showed higher values than those from blood for diagnosing
infections caused by these pathogens. Moreover, our new assay is much faster than culturebased identification. PCR directly from tissue/blood only requires 3 h from sample preparation
to result read-out; while culture-based identification is more time-consuming (normally 1–3
days).
Our new assay is also featured by its low cost and potential to be used in medical resourcelimited settings. Due to the poor economic condition, lack of basic medical facilities and the
relatively poor population health, the developing countries were reported to have a much higher
risk of infections than the developed ones (30). Among the 17 countries reported with C. auris
prevalence, seven are the developing ones (Oman, Venezuela, Colombia, South Africa, Kenya,
Pakistan, and India). Considering this, our new assay was established to help to extend the
global knowledge of the epidemiology of these important and emerging pathogens, especially
from medical resource-limited countries. Compared with MALDI- TOF and real-time PCR
cycler, the end-point PCR cycler used in this assay is more portable and much cheaper ($130–
$4,000 per cycler) (31). For clinical validation, we used isolates from two clinical settings that
can represent different situations of medical care in developing countries (Shanghai, China and
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Sari, Iran). In Shanghai, specific diagnostic tools such as MALDI-TOF MS and sequencing
are available in most hospitals. However, since China is a developing country, there are still a
large number of patients that cannot afford these tests. While in Iran, to our knowledge, there
is no MALDI-TOF MS and DNA sequencing facilities. There was only one epidemiology
study related to C. haemulonii and C. duobushaemulonii in China and no epidemiology data
is available from Iran (32). Hence, we hold the prevalence of C. auris and its close related
relatives are underestimated due to the lack of low-cost and accurate assays in both countries.
By using this assay, we successfully found the first clinical isolates of C. haemulonii in Iran
and first clinical isolates of C. pseudohaemulonii in China. However, no C. auris isolate was
found in both cohorts.

6

Conclusion
The novel end-point tetraplex PCR for C. auris and its phylogenetic relatives is rapid and 100%
specific. Clinical validation and animal model testing further proved its clinical performance.
This assay only requires the simple devices of an end-point PCR cycler and an electrophoresis
instrument, showing its availability and affordability to most of the developing countries, and,
therefore, it can contribute to a better understanding of the clinical occurrence of C. auris and
its relatives.

Ethics statement
This study was carried out in accordance with the recommendations of Guide for the Care
and Use of Laboratory Animals, committee of the Update of the Guide of the Care and Use
of Laboratory Animals. The protocol was approved by the Ethics and Research Committee of
Mazandaran University of Medical Sciences, Sari, Iran (No. 2321).
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Abstract
The multidrug-resistant opportunistic yeast species Candida auris, Candida haemulonii,
Candida duobushaemulonii and Candida pseudohaemulonii continue to endanger the healthcare
settings around the globe. Due to the lack of a specific qPCR assay for detection of these
species from clinical samples, we developed a multiplex qPCR assay. Analytical specificity and
sensitivity showed 100% specificity and the sensitivity of up to ten genomes of target species
with a high value of reproducibility (R2>0.99). Subsequently, from spiked serum samples, our
qPCR specifically could detect up to ten genomes of C. auris and one genome of C. haemulonii,
C. duobushaemulonii and C. pseudohaemulonii (R2>0.98). Lack of cross reaction with human
DNA, a high degree of specificity and sensitivity, showed the potential of our multiplex PCR
for direct detection of C. auris and closely related species from serum samples of suspected
patients. Future studies are warranted to assure its applicability in clinical settings.

108

A novel multiplex real-time quantitative PCR detecting system approach for direct detection of Candida auris

Introduction
Nowadays, controlling infections caused by opportunistic yeast species is challenged due to the
increase of the immunocompromised population, emerging pathogenic species and increasing
prevalence of antifungal-resistant isolates, which potentially lead to diagnostic and therapeutic
failures and increased healthcare costs (1–4). The globally fast-spreading Candida auris currently
is regarded as one of the most important opportunistic emerging yeast species, which caused a
huge concern for healthcare settings (5–7). Using routine typing protocols, clinical isolates of
C. auris cluster in four distinctive clades, namely East Asian, South Asian, South American and
African (8). From 2012 to 2017, >361 isolates of C. auris were obtained from blood cultures,
accounting for 67.48% of all recovered isolates from clinical samples, worldwide (9). On the
other hand, the other closely related species of C. auris, namely Candida haemulonii, Candida
duobushaemuloni and Candida pseudohaemulonii have been reported to possess a multidrugresistant profile and all have been isolated from blood samples in various countries (10–12).
Candida haemulonii, which was first known as a human pathogen in 1984, is being increasingly
reported worldwide (6,10). Additionally, recent surveillance studies of candidemia conducted
in Panama, revealed that almost half of 36 isolates primarily identified as C. auris were C.
duobushaemulonii (13), which highlights the importance of correct identification of other
closely related species of C. auris. Candida pseudohaemulonii that for the first time in 2006 was
detected in the blood sample of a Thai patient showing resistance to amphotericin B and azoles
(14) was accountable for approximately a third of clinical isolates identified as C. haemulonii in
a Korean surveillance study and surprisingly all of the isolates were from blood samples (10).
For these multidrug-resistant pathogens, rapid and precise diagnosis is important to initiate
appropriate antifungal treatment, prognosis improvement and outbreak control (15–17).
Up to now, >20 identification methods have been published for C. auris (9,18–20). Biochemical
assays as one of the most widely used phenotypic approaches, besides of being time consuming
and expensive, cannot properly identify these species (21). Recently, several species-specific
PCRs have been established to identify C. auris from DNA samples derived from pure
colonies or environmental swab samples (18,19). Although the need for a culture-independent
molecular method is urgent, unfortunately, this is still lingering as an unsolved issue. Herein,
we developed the first multiplex qPCR assay for C. auris, and its relatives, C. haemulonii,
C. duobushaemulonii and C. pseudohaemulonii, which can detect these opportunistic yeast
species directly from spiked serum samples with a clinically relevant limit of detection (LOD).

Material and methods
Fungal strains
Two hundred and seventy-two reference strains and clinical isolates were used in two different
analytical validation test sets. The first test set included 169 reference strains consisting 33 C.
auris, 25 C. haemulonii, five C. duobushaemulonii, three C. pseudohaemulonii and 103 fungal
strains representing 68 other closely or distantly related species, which were included for testing
the analytical sensiTivity, reproducibility, specificity and proficiency testing (Supplementary
Tables 1 and 2). Reference strains were obtained from Westerdijk Fungal Biodiversity Institute,
Utrecht, Netherlands. Human genomic DNA (male, 10 ng/μl, Thermo Fisher Scientific, MA,
109
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USA) was also used for specificity testing. The second test set included 105 clinical isolates
obtained from Faculty of Medicine, Kuwait University, Kuwait, which were previously
identified as C. auris by matrix-assisted laser desorption-ionization TOF mass spectrometry
(MALDI-TOF MS; Bruker Corporation, MA, USA) (22,23).
Table 1. Primers and targets used in the qPCR assay.
Target species

Candida auris

Candida haemulonii

Candida
duobushaemulonii

Candida
pseudohaemulonii

Product
size (bps)

Primer name

primer sequence

Target loci

Auris-F

CGGTGGCGTTGCATTCA

Internal Transcribed Spacer 2

Auris-R

CTGCTGCTAGAACACCTCGT

28S rDNA

Haemu-F

CCGAGGACCGCAGCAAT

28S rDNA

Haemu-R

CCCGTCCGAGCACTTCCA

28S rDNA

Duobu-F

GAACGCACATTGCGCCTTGG

5.8S rDNA

Duobu-R

Internal
GTAGACTTCGCTGCGGATATGTTA Transcribed
Spacer 2

Pseud-F

TAACCTGCGGAAGGATCATTAAG

18S rDNA

Pseud-R

AATGTGCGTTCAAAGATTCGATG

5.8S rDNA

244

181

115

197

Primer design
Sequences of rDNA for C. auris (including the isolates of the four clades analyzed by Lockhart
et al. in 2016 (8) and more isolates after 2016) and its relatives were retrieved from GenBank
(www.ncbi.nlm.nih.gov/genbank/) for primer design. We analyzed the rDNA region of 233
global isolates for the reverse primer of C. auris with138 of the sequences coming from our own
database and the rest from Genbank. Only primers meeting the following criteria were chosen
for further optimization, 1) they should cover all the clades of target species; 2) no cross reaction
with other clinically and environmentally important fungi and human DNA; 3) production of a
single discriminative melting peak for each locus, which is at least 1°C different from the other
locus; and 4) being compatible with the rest of primers in the same reaction in terms of primer
Tm values and primer homo/heterodimer formations. uMELT (www.dna.utah.edu/umelt/umelt.
html) was used to predict PCR products melting temperature. IDT OligoAnalyzer 3.1 (https://
eu.idtdna.com/calc/analyzer) was used to predict primer Tm values and homo/heterodimers.
Subsequently, oligonucleotides were synthesized by Integrated DNA Technology Company
(IDT, Leuven, Belgium). Table 1 shows the primers information used in this study.
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Analytical validation
Log-10 serial dilutions (starting from 1ng/μl) of DNA of all four target species were prepared
to find the LOD and the reproducibility of our assay. The analytical specificity was evaluated
using 1ng/μl DNA of a diverse range of other yeast species, filamentous fungi and human.
Two technicians ran the proficiency testing in a blinded fashion using DNA of eight target
strains of C. auris, C. pseudohaemulonii, C. duobushaemulonii and C. haemulonii dispersed
among 103 nontarget strains representing 68 fungal species (Supplementary Table 3). One
technician, who was aware of the identity of each DNA samples, randomly distributed them
and provided the second technician with the blinded test set. Besides, single pure colonies of
C. auris, C. pseudohaemulonii, C. duobushaemulonii and C. haemulonii were subjected to our
multiplex PCR.

Institutional ethical committee approval
As clinical validation phase of our study required serum samples, the procedure of serum
sampling was reviewed and approved by the ethical committee members of Medical University
of Innsbruck.

Spiked serum samples
Due to the lack of serum samples of suspected or proven cases, we proceeded with spiking
serum samples with the DNA samples obtained from C. auris (CBS 10913), C. haemulonii
(CBS 5149), C. duobushaemulonii (CBS 7798) and C. pseudohaemulonii (CBS 10004).
For serum preparation, blood clots were subjected to centrifugation with 3000 × g for 15 min.
Serum samples were distributed in 500μl aliquots in DNase/RNase sterile 2 ml tubes and stored
at -20°C for future uses. Serum samples were collected from two voluntary donors.
Five hundred microliters of serum samples were spiked with serially diluted DNA samples (from
104 genome to 100 genome) obtained from C. auris (CBS10913), C. haemulonii (CBS5149), C.
duobushaemulonii (CBS7798) and C. pseudohaemulonii (CBS10004). As, 100 pg of DNA of
C. albicans equals 104 genomes (24) and due to the similarity of the genome size of C. albicans
(14.6 Mb) (24) with that of C. auris (12.36 Mb), C. haemulonii (13.6 Mb), C. duobushaemulonii
(12.58 Mb) and C. pseudohaemulonii (12.64 Mb), we considered 1ng DNA of target species as
105 genomes.

Simulating mixed infection in spiked serum samples containing the DNA of
C. albicans and target species
As C. albicans is known to be the most predominant species in coinfection cases (25), DNA
samples of each of target species (100 and 10 genomes) were individually mixed with DNA
samples of C. albicans (100 and 10 genomes as follows, 100 genomes of C. albicans–10 genomes
of target species, 100 genomes of target species–10 genomes of C. albicans, 10 genomes of C.
albicans–10 genomes of target species). Twelve serum samples (500μl) were spiked with the
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DNA mixtures and the serum samples were subjected to DNA extraction as described below
DNA extraction from fungal cells and simulated serum samples DNA extraction from pure
colonies was performed by the cetyltrimethyl ammonium bromide (CTAB) method (26). The
obtained DNA samples were checked for purity by NanoDrop™ 2000 (Thermo Fisher Scientific)
and for quantity by QuBit dsDNA BR Assay Kit (Thermo Fisher Scientific Corporation). All the
DNA samples were standardized to 1 ng/μl for further checking of sensitivity and specificity.
Serum samples were extracted by QIAamp® UltraSens® Virus kit (QIAGEN, Hilden, Germany)
with a slight modification of the manufacturer’s protocol. In the last step of elution of DNA
samples, instead of two continuous elution stages with 30μl, the DNA samples were eluted by
two steps of 25 and 20μl. In order to monitor the phenomenon of cross contamination during
DNA extraction steps, negative serum samples (without DNAoftarget species) were included.
Eight microliters of each extracted DNA samples were run in the qPCR assays in duplicate.

PCR conditions
As our study had two phases of optimization (Westerdijk Fungal Biodiversity Institute,
Netherlands) and assessment of performance with spiked serum samples (Division of Hygiene
and Medical Microbiology/Reference Centre for Aspergillus and Aspergillus Infections,
Austria), hence, two kinds of master mixes and qPCR machines were used.
In the optimization phase, both DNA samples and pure colonies were subjected to qPCR
assay (Applied Biosystems® 7500 fast, Thermo Fisher Scientific Corporation). The latter
was to check whether our assay is able to detect the signal from pure colonies and, hence,
skipping the tedious DNA extraction procedures. The following PCR conditions were used for
the optimization phase: 10μl of Power Up SYBR Green Master Mix (A25742 Thermo Fisher
Scientific Corporation), 10pM of Auris-F, Auris-R, Pseud-F and Pseud-R, 8pM for Haemu-F
and Haemu-R, and 5pM for Duobu-F and Duobu-R, 1μl of DNA template (or 1mm3 of pure
colony) and Milli-Q water (Merck Millipore, Darmstadt, Germany) to reach the final volume of
20μl. The PCR program used was as follows: 50ºC for 2 min, 95ºC for 3 min, followed by 40
cycles of 95ºC for 15 s and 64ºC for 30 s. Melting curves were obtained from 65 to 95ºC with an
increment of 0.5ºC/s, and data analysis was carried out by 7500 software version 2.3 (Thermo
Fisher Scientific Corporation).
As for the DNA of the spiked serum samples, qPCR ingredients included 10μl of SsoFast™
EvaGreen® Supermix with Low ROX (BioRad, CA, USA), 10pM of Auris-F, Auris-R, Pseud-F
and Pseud-R, 8pM for Haemu-F and Haemu-R, and 5pM for Duobu-F and Duobu-R, and 8μl
of DNA samples obtained from spiked serum samples in duplicate. The same PCR program
(CFX96, Bio-Rad) was used as during optimization, with the exception of limiting melt curve
analysis from 70 to 90ºC, and an increment of 0.1ºC/s. Obtained data were analyzed by Bio-Rad
CFX Manager Version 3.1 (Bio-Rad). Efficiency of utilized primers, costs and avoiding cross
reaction were the most important factors determining the concentration of primers. Candida
auris as the main target species had the highest primer concentration (10pM), while the rest of
target species due to possessing a higher PCR efficiency required less amount of the respective
primers (8 and 5pM).
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Sequencing
Sequencing of the D1/D2 domains of the large subunit of rDNA (LSU rDNA) was performed
for all the 282 strains to explicitly approve the identity of each strain. In order to report the
identity of each species, obtained sequences were subjected to BLAST program (https://blast.
ncbi.nlm.nih.gov/Blast.cgi).

Statistical analysis
SPSS v. 25 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Results were
presented as mean ± standard deviation for normal data or median with interquartile ranges
for non-normal data.
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Results
Analytical sensitivity, reproducibility and specificity
Based on the melting temperature of the target species, the designed primers unequivocally
distinguished C. auris, C. haemulonii, C. duobushaemulonii and C. pseudohaemulonii. Melting
temperatures for C. auris, C. haemulonii, C. duobushaemulonii and C. pseudohaemulonii
were 84.10±0.25ºC, 85.69±0.21ºC, 82.44±0.25ºC and 79.16±0.18ºC, respectively (Figure 1A
and D, Supplementary Table 4). No difference in melting temperature (p > 0.05) was shown
among C. auris strains from different countries (Figure 1C). All target strains were correctly
identified, except for CBS 12371, which was wrongly designated as C. pseudohaemulonii,
while our assay in accordance to D1/D2 sequencing and MALDI-TOF MS identified this
strain as C. haemulonii. When the DNA samples obtained from pure cultures, the LOD for C.
auris, C. pseudohaemulonii and C. duobushaemulonii was 10 CFU/PCR with a Ct value of 32,
and the LOD for C. haemulonii was 10 CFU/PCR with a Ct value of 29. The average of R2
value for six consecutive runs of qPCR was 0.99, indicating a high degree of reproducibility
of this assay (Figure 1B). Specificity tests showed no cross reactivity with the other fungal
species and genomic human DNA. Subjecting 105 clinical isolates of C. auris from Kuwait to
our qPCR gave the same results as those obtained by MALDI-TOF MS and sequence analysis
of D1/D2 domains of LSU rDNA resulted in 100% agreement between these methods. Using
blinded test set, our qPCR showed 100% accuracy and using pure colonies as DNA templates
successfully identified target species.
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Figure 1. Analytical features obtained for our qPCR assay to identify C. auris and relative species. (A) Melting
profile of target species, including Candida pseudohaemulonii, Candida duobushaemulonii, Candida auris and
Candida haemulonii. (B) Standard curves of four target species over seven orders of magnitude (log10). (C)
Melting temperature distribution of C. auris in five countries. (D) Shows the Tm distribution of four target species.

Performance assessment with spiked serum samples
Results obtained from spiked serum samples revealed that our qPCR assay can reliably identify
and detect ten genomes of C. auris (Ct=31.75) and one genome of C. haemulonii (Ct=34.82),
C. pseudohaemulonii (Ct=34.82) and C. duobushaemulonii (Ct = 30.61) (Figure 2A and C),
without cross reaction with negative serum samples (Figure 2D). Spiked serum samples with C.
auris and C. haemulonii showed an identical melt curve as what was obtained for the pure DNA
of both species (Figure 2A). Unexpectedly, C. duobushaemulonii and C. pseudohaemulonii
generated unique triple peaks specific for each species (Figure 2A).
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Figure 2. Analytical information derived from spiked serum samples. (A) Serum samples spiked with five orders of
magnitude (104–100 genomes) of the DNA of target species. (B) The efficiency of target species derived from spiked
serum samples (R2>0.98). (C) Ct values of spiked serum samples with five order of magnitude of DNA (104–100
genomes) of four target species. (D) The irregular-shaped melting curves obtained from negative serum samples.
The data obtained from the standard curves including efficiency, limit of detection and R2 values automatically
calculated by the software installed on the real-time PCR machine and they were not measured manually.

Repeated experimentation of spiking serum samples with C. pseudohaemulonii and C.
duobushaemulonii provided the same results. However, in order to prove that these frequent
melting peaks are unique for C. pseudohaemulonii and C. duobushaemulonii, 500μl of serum
samples were spiked with three orders of magnitude (102 genomes to 100 genome) DNA of
C. albicans, C. parapsilosis, C. glabrata, C. tropicalis and C. krusei (Figure 3A & C). As it
is shown in the Figure 3, serum samples spiked with the DNA of aforementioned Candida
species and negative serum samples generated irregular-shaped melt curves, while melt peaks
for C. pseudohaemulonii and C. duobushaemulonii consistently and efficiently resulted in
the same melt curve patterns that are specific and distinctive fingerprints of these two species
(Figure 3A and B). In order to prove that frequent melting peaks did not result from serum
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Figure 3. Melting curve analysis for Candida duobushaemulonii and Candida pseudohaemulonii (102–100
genomes per 500µl serum) and negative samples. A&B) Show the melting curve obtained from spiked serum
samples with DNA (102–100 genomes per 500µl serum) of Candida duobushaemulonii and C) that of Candida
pseudohaemulonii, and Candida albicans, Candida parapsilosis, Candida glabrata, Candida tropicalis, Candida
krusei and negative serum samples. As it is evident from the figure, nontarget Candida species and negative
serum samples (C) generated unusual melt curves that are readily distinguishable from those of target species
(A). Although, normal standard curves include at least four concentration points, due to the clinical concentration
relevance, only three concentration points (1, 10 and 100 genomes per 500µl serum) were used.

background, we utilized serum samples from two healthy individuals and both sera resulted
in identical and irregular melting peaks. Spiked serum samples with C. auris, C. haemulonii,
C. pseudohaemulonii and C. duobushaemulonii showed an acceptable reproducibility value
(R2≥0.98). These observations indicated that serum samples could be a suitable blood fraction
for detection and identification of target species when using our multiplex qPCR assay.
In a simulated co-infection experiment, serum samples were spiked with a DNA mixture of C.
albicans and each target species individually. Results from the qPCR of simulated co-infection
test revealed that regardless of concentration of DNA of C. albicans (ten-times more, ten-times
less and equal to target species) all target species were detected and distinguished unequivocally
(Figure 4).
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Figure 4. Melt curves obtained from simulated coinfection experiments. (A1) A total of 100 genomes (Ge) of
Candida albicans –10 Ge of Candida auris; (A2) 100 Ge of C. auris –10 Ge of C. albicans; (A3) 10 Ge of C.
auris –10 Ge of C. albicans. (B1) 100 Ge of C. albicans –10 Ge of Candida duobushaemulonii; (B2) 100 Ge of C.
duobushaemulonii –10 Ge of C. albicans; (B3) 10 Ge of C. duobushaemulonii –10 Ge of C. albicans. 4C. (C1)
100 Ge of C. albicans–10 Ge of Candida haemulonii; (C2) 100 Ge of C. haemulonii–10 Ge of C. albicans; (C3)
10 Ge of C. haemulonii–10 Ge of C. albicans. (D1) 100 Ge of C. albicans–10 Ge of Candida pseudohaemulonii;
(D2) 100 Ge of C. pseudohaemulonii–10 Ge of C. albicans; (D3) 10 Ge of C. pseudohaemulonii–10 Ge of C.
albicans.

Discussion
The lack of reliable clinical diagnostic tools potentially led to underestimation and neglection
of C. auris cases (17,27– 29). When facing C. auris outbreaks, microbiologists mainly handle
cultures, environmental swabs or clinical samples (blood, sputum, urine). Using biochemical
assays, such as VITEK, API20C-AUX, AuxaColor 2, BD Phoenix, MicroScan etc., 90% of the
C. auris isolates are misidentified as C. haemulonii (most commonly), Candida famata, Candida
sake, Candida lusitaniae, Candida catenulata, Candida guilliermondii, C. parapsilosis, C.
tropicalis, C. albicans, Rhodotorula glutinis and Saccharomyces cerevisiae (5).
Detecting C. auris directly from clinical or environmental swab samples in a culture-independent
manner is essential for outbreak control. For environmental screening purposes, Leach et al.
(2017) reported the ability of single-plex probe-based qPCR for detection of C. auris from
environmental swabs (18). Although, in outbreaks environmental screening is an essential
part of infection control, identification of patients suspected with bloodborne infections by C.
auris and its relatives is of a great importance for timely institution of appropriate antifungal
drugs. Epidemiological studies revealed that C. auris can represent up to 5.2% of candidemia
cases in India (30) and, although with a lower prevalence, fatal bloodstream infections due to
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this pathogen are reported from other countries (9). Moreover, it is estimated that delay of 1
h in starting immediate appropriate antimicrobial therapy for ICU patients will increase the
mortality rate (31). Thus, the urge for a rapid, specific, reliable and economic molecular means
of identification from clinical samples is highly relevant. Herein for the first time, we developed
a multiplex PCR assay that can detect C. auris and its relatives directly from serum samples in
a culture-independent manner. Testing our qPCR with the serum samples spiked with serially
diluted DNA of target species, showed an exceptional LOD of one genome for C. haemulonii,
C. pseudohaemulonii and C. duobushaemulonii, and ten genomes for C. auris. Moreover, serum
due to its applicability for downstream applications such as serology tests and its ease of DNA
extraction procedure, has earned reputation for being a suitable blood fraction for identification
of fungemia (32). It has been shown that for identification of invasive candidiasis, serum
samples showed the same performance as whole blood samples when subjected to real-time
PCR (33). Additionally, serum has been regarded as a suitable matrix for validation of PCRbased assays meant to detect Candida species from infected patients (34–36). The diagnostic
strategy using our assay can dramatically shorten the clinical turn-around time (Supplementary
Figure 1). Moreover, our qPCR assay utilizes the most basic and inexpensive qPCR chemistry,
that is, SYBR GreenI and EVA Green, and offers the first qPCR assay with the potential clinical
utility for identification of C. auris and its relatives. Moreover, despite the fact that C. albicans
accounts for the majority of mixed infections, which could affect the specificity and sensitivity
of PCR assays (25), our assay regardless of the DNA concentration of C. albicans (ten-times
more, ten-times less and equal to target species) readily identified C. auris, C. haemulonii, C.
pseudohaemulonii and C. duobushaemulonii in serum samples spiked with a mixture DNA of
target species and C. albicans. This observation reinforced the specificity of our qPCR assay in
mixed infections.
For specificity testing, our assay was challenged with 111 reference strains representing 68
nontarget yeast and filamentous fungal species, while in the published melting curve-based
qPCR, only 19 non-target species were tested (37). The large difference in melting temperature
between C. auris and its relatives is another advantage of our qPCR, as PCR inhibitors, such as
humic acid, melanin, hematin and collagen, are commonly found in environmental and clinical
samples and they can change the melting curve temperature causing melt temperature shift
followed by misidentification (38). In our assay, the difference in average melting temperature
between C. auris and C. pseudohaemulonii, C. duobushaemulonii, C. haemulonii were 5, 1.7 and
1.6ºC, respectively. Additionally, the minimum difference in melting temperature between any
two species was 1.1ºC. While in the published melting curve qPCR, small differences in melting
temperature between C. auris and C. duobushaemulonii and C. haemulonii were observed (0.4
and 1ºC, respectively) (37). On the other hand, despite the presence of heterogeneity in the
submitted sequences of C. haemulonii complex, that is, C. haemulonii var. vulnera and C.
haemulonii (C. haemulonii Group I), our assay successfully amplified various strains within
this complex (39).
A given developed diagnostic assays should be assessed with relevant clinical materials obtained
from suspected patients, but in our situation due to the lack of such clinical sources we had to
spike serum samples with the DNA of the target species. Hence, clinical performance and utility
of our qPCR assay warrants further experimentations in settings where suspected patients exist.
In summary, we developed a novel multiplex qPCR, which can discriminate C. auris, C.
haemulonii, C. duobushaemulonii and C. pseudohaemulonii in one multiplex qPCR reaction.
Our multiplex assay has been validated by using a comprehensive set of reference strains and
clinical isolates, and proved to be rapid, specific and sensitive with spiked serum samples,
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indicating that it might have the applications for environmental screening and diagnostic
purposes from clinical samples.

Conclusion
Culture-independent and species-level identification of the multidrug-resistant opportunistic
yeast species Candida auris, C. haemulonii, C. pseudohaemulonii and C. duobushaemulonii is
an important clinical practice. Involved healthcare settings of various countries can evaluate the
specificity and sensitivity our multiplex qPCR assay in the light of culture as the gold standard
technique. If proved to be sensitive and specific, it will show implications in early diagnosis
followed by administration of appropriate antifungal drugs. Moreover, its inexpensiveness,
rapidity and sensitivity might highlight its applicability for environmental screening.
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Abstract
Although Cyberlindnera fabianii is a rare opportunist yeast species, its ability to cause
septicemia, produce biofilm, and rapid acquisition of resistance to fluconazole and voriconazole,
reinforced the urge for its identification from its closely related species. Widely used biochemical
assays mainly identify Cyberlindnera fabinaii as Cyberlindnera jadinii or Wickerhamomyces
anomalus, resulting in underestimation of this yeast in clinical settings. Moreover, the urge
for a reliable molecular means of identification remains unsolved for 28 years. In order to
unequivocally differentiate Cy. fabianii, Cy. mississipiensis, Cy. jadinii, and W. anomalus,
we designed a dual-function multiplex polymerase chain reaction (PCR) assay. Challenging
our dual-function multiplex PCR assay with 30 clinically important yeast species, proved its
specificity. Although conventional PCR could differentiate four target species, the real-time
PCR counterpart due to Tm overlap misidentified Cy. mississipiensis as Cy. jadinii. Alongside
of presenting a comprehensive literature review of published cases of Cy. fabianii from 1990
to 2018, we collected various clinical isolates from Tehran, Shiraz, and Fasa (July 1, 2017, to
December 31, 2017) to find a passive relative distribution of these closely-related species in
Iran. Subjecting our Iranian collection of yeast isolates to matrix-assisted laser desorptionionization–time of flight (MALDI-TOF) MS and LSU and ITS rDNA sequencing revealed six
isolates of Cy. fabianii (central venous catheter n=2 and vaginal swabs n=4) and one isolate of
Cy. jadinii (vaginal swabs). Due to the use of biochemical assays in the global ARTEMIS study,
we encourage reidentification of clinical isolates of Cy. jadinii and Cy. jadinii using MALDITOF or Sanger sequencing that might lead to correcting the distribution of this fungus.
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Introduction
Candida species are associated with 10–15% causes of nosocomial candiduria (1) and are
considered as the fourth common cause of nosocomial bloodstream infections (2). Although C.
albicans is still the most frequently isolated opportunistic yeast species, the dynamic nature of
epidemiology shows a shift toward a growing number of rare yeast species (3).
Cyberlindnera fabianii (Candida fabianii) is an uncommon and rare ascomycetous
opportunistic yeast species with low virulence attributes (4). However, it has been shown that
this emerging yeast species can cause invasive bloodstream infections (5-7). Another significant
microbiological factor of Cy. fabianii is its ability to form antifungal resistant biofilms (7).
Alarmingly, previous studies reported that Cy. fabianii has the potential to develop resistance
to different antifungals, including fluconazole, voriconazole, caspofungin, and amphotericin B
(4,7,8). Moreover, fluconazole prophylactic treatment of infection caused by Cy. fabianii can
lead to a 50% failure outcome (8) and may cause fatal septicemia (5,9,10).
When subjected to commercially available biochemical assays (ID-32 C, API 20 C Aux,
Vitek2 YST Card, and Vitek2 Compact), Cy. fabianii is usually misidentified as Cy. jadinii or
Wickerhamomyces anomalus (4,5,11-14), leading to underestimation of this yeast in clinical
settings. However, using molecular identification, it was revealed that the prevalence of Cy.
fabianii was 10 times higher than W. anomalus and approximately 37 higher than Cy. Jadinii
(14). Furthermore, antifungal susceptibility testing results seem to be different between Cy.
fabianii, Cy. jadinii, and W. anomalus species (14), hence, developing a specific multiplex
polymerase chain reaction (PCR) assays for accurate identification to the species level is
important. Here, we described the first Iranian cases of Cy. fabianii from central venous catheter
(CVC) and vagina, performed a systematic literature review to identify clinical and mycological
features associated with Cy. fabainii, and designed a dual-function multiplex PCR that can be
utilized in both conventional and real-time PCR platforms. Using a SYBR Green I-based realtime PCR assay, Cy. fabianii, Cy. jadinii, and W. anomalus, and using conventional PCR the
aforementioned species and Cy. mississipiensis were unequivocally identified.

Material and methods
Epidemiology and clinical profile
Case reports and epidemiological studies reported Cy. fabianii were systematically searched
from Pubmed and Google scholar searching date: 8 August 2008). The key words for our search
were “fabianii” and “infection,” without any limitation in language or date. All the titles and
abstracts were checked, and fulltext of related papers were studied for further evaluation. All
cases have been confirmed by culture, and appropriate diagnostic tools such as matrix-assisted
laser desorption/ionization–time of flight (MALDI-TOF) MS or DNA sequencing for species
identification (also for epidemiological studies), except for the first clinical isolate of Cy. fabianii
in 1990, as it was identified by API 20 C and appropriate complementary mating type assays.
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Isolates and conditions
During 6 months (July 1, 2017, to December 31, 2017), six isolates of Cy. fabianii (two from
central venous catheters and four from vaginal swabs) and one isolate of Cy. jadinii were
collected from Iranian patients in Tehran, Shiraz, and Fasa. In order to check the specificity and
sensitivity of our multiplex PCR assay, a panel of 71 strains comprising of 30 clinically important
yeast species (41 target and 30 nontarget species) collection were received from the collection
of Westerdijk Fungal Biodiversity Institute (formerly known as CBS) (Supplementary Table 1).
Moreover, clinical isolates of Cy. fabianii (n=6) and Cy. jadinii (n=1) obtained from this study
were included in the sensitivity and specificity testing of our PCR assays. CBS reference and
type strains were cultured on GYPA plates for 48 hours at 25ºC. Central venous catheters and
vaginal swabs were struck on Sabouraud dextrose agar and CHROMagar media, followed by
incubation at 37ºC for 24–48 hours.

MALDI-TOF MS
The initial identification of clinical isolates was carried out by MALDI-TOF MS (15). Scores
≥2 were considered as reliable identification.

Sequencing
Definitive identification of target species was carried out by Sanger sequencing of ITS and LSU
of rDNA domain using (ITS1 and ITS4) and (LR5 and LROR) primers (16).

DNA extraction, quality and quantity assessments
One full loop of pure colonies (10μl) were subjected to the DNeasy Blood and Tissue kit and
DNA extraction was performed according to manufacturer’s protocol. In the last step of DNA
extraction, 70μl of elution buffer (AE buffer) was added to the columns, and they were incubated
at room temperature for 15 minutes followed by centrifugation at 10,000rpm for 1 minute. NanoDropTM 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and QuBit dsDNA BR Assay
Kit (Thermo Fisher Scientific) were used for quality and quantity assessments, respectively.
DNA samples were adjusted at one nanogram/μl and utilized as template for PCR reactions.

Primer design
In order to design specific primers for Cy. fabianii, Cy. mississipiensis, W. anomalus, and Cy.
jadinii, ITS1-5.8s-ITS2 rDNA loci of target (along with sequences derived from our isolates)
and nontarget species were obtained from NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.
cgi), sequences were aligned by MEGA software v7.0, and primers were positioned in the most
stable and specific regions to ensure successful amplification of target species from various
genotypes and to minimize the risk of cross-reaction with the other species. One universal primer
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and five species-specific primers were designed (Table 1). The primer properties were evaluated
by the IDT Oligo analyzer on-line software (https://eu.idtdna.com/calc/analyzer). Primers were
manufactured by the IDT Company (IntegratedDNATechnology, Leuven, Belgium).

Table 1. Information of primers used in this study.
Primer
name

Primer sequence

PR-Missi CCATGCTTCAACACACTACTGC

Target Loci

Melting
PCR
Target species temperature product
º
( C)
size

ITS2 rDNA

Cy.
81.56±0.38
mississipiensis

320bps

PR-Ano GCTTATTAGTACACTCTTGCTAAGTCAA ITS2 rDNA

W. anomalus

80.48±0.2

235bps

PR-Jad

ITS2 rDNA

Cy. jadinii

81.38±0.23

176bps

PFCAACGGATCTCTTGGTTCTCG
Universal

5.8s rDNA

All except for
NA
Cy. fabianii

PF-Fab

ACTAGCGCGGCGACTAAAAC

ITS1 rDNA

Cy. fabianii

77.62±0.19

84bps

PR-Fab

CGCAGAAAAGCTAGGCTTATTCC

ITS1 rDNA

Cy. fabianii

77.62±0.19

84bps

ACCAAGTCCCCTAGAGGATC

NA

NA, not applicable; PCR, polymerase chain reaction.

Conventional PCR reactions
The multiplex PCR assay was utilized in both conventional and real-time PCR machines. For
the conventional PCR, reactions were adjusted at 50μl as follows: 39μl Mili-Q water (Merck
Millipore, Billerica, MA, USA), 5μl 10×buffer, 1.5mM MgCl2, 2.5 units of Taq enzyme
(Bio Taq DNA Polymerase, Biolab), 0.2mM of mixed dNTP (dNTP mix, 100Mm, Biolab), 5
picomoles of the PR-Ano, PR-Jad, PR-Missi, and 10pM of PF-Universal, PF-Fab and PR-Fab
primers, and 1μl of DNA template. PCR (2720 Thermal Cycler, Applied Biosystems, Waltham,
MA, USA) used the following program, pre-denaturation for 5 minutes at 94ºC, 35 cycles of
94ºC for 30 seconds, 65ºC for 30 seconds, 72ºC for 30 seconds, and final extension at 72ºC for
8 minutes. PCR products were run on 2% agarose gel for 45 minutes (8 Volt/cm), stained with
GelRed (BioTium Corporation, USA) and visualized using gel documentation with exposure
time of 4 seconds (Gel Doc XR+, BioRad, CA, USA).
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Real-time PCR reactions
For real-time PCR (Applied Biosystems, 7500 Fast, Thermo Fisher Scientific), the
following PCR conditions were used: 10μl of Power Up SYBR Green Master Mix (Thermo
Fisher Scientific) five pM of the PR-Fab, PF-Fab, PR-Ano, PR-Jad, PR-Missi and 10pM of
PF-Universal primer, 1μl of DNA template, and Mili-Q water (Merck Millipore, Darmstadt,
Germany) to reach the final volume of 20μl. The PCR program was as following: 50ºC for 2
minutes, 95ºC for 3 minutes, followed by 40 cycles of 95ºC for 15 seconds and 64ºC for 30
seconds. Upon termination of the PCR program, the PCR products underwent melting curve
analysis with an increment of 0.5ºC/second from 65◦C to 95ºC. Data analysis was carried out
by 7500 software version 2.3 (Thermo Fisher Scientific).

Specificity and sensitivity testing
A panel of 70 CBS reference strains comprising 30 clinically related yeast species were used
for the specificity testing (Supplementary Table 1). In order to draw the standard curve, 10
log serial dilutions of DNA samples starting from 10,000 cfu/μl and ending at 10 cfu/μl were
prepared in duplicate for each target species. Sensitivity, reproducibility, and the efficiency of
the multiplex PCR were obtained from the standard curves.

Antifungal susceptibility testing
Antifungal susceptibility patterns of Cy. fabianii and one isolate of Cy. jadinii were determined
using the recommended protocol of Clinical and Laboratory Standards Institute (CLSI) M27-A3
and M27-S4 documents) (17). The following drugs were included: itraconazole (Janssen
Research Foundation, Beerse, Belgium), voriconazole (Pfizer, Central Research, Sandwich,
UK), fluconazole (Pfizer, Groton, CT, USA), anidulafungin (Pfizer, Central Research, Sandwich,
UK), and amphotericin B (Sigma, St. Louis, MO, USA). The minimum inhibitory concentration
(MIC) values for amphotericin B and the rest of antifungal agents were determined by 100 and
50% inhibition compared to control strains of Candida krusei (Pichia kudriavzevii) ATCC 6258
and Candida parapsilosis ATCC 22019, respectively. MIC values were interpreted based on
CLSI-M27/S4, where amphotericin B (≥2 μg/ml), itraconazole and voriconazole (≥1 μg/ml),
fluconazole (≥8 μg/ml) and caspofungin (≥1 μg/ml) (18) were considered as resistant.

Utilized software
Geneious (version 10.2.3) software was used to design the primers. SPSS v.21 (SPSS Inc.,
Chicago, USA) and Graph Pad Prism (version 5, GraphPad Software, Inc., San Diego, CA,
USA) were used for statistical analysis. Mean±standard deviation (SD) was used for data with
normal distribution.
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Accession numbers
D1/D2 LSU and ITS rDNA sequences obtained for Cy. fabianii and Cy. jadinii with the accession
numbers of MH236225, MH236226, MH236227, MH236228, MH236229, MH236230,
MH236231, MH236232, MH236233, MH236234, MH236235, MH236236, and MH236237
were deposited in the GenBank database (https://www.ncbi.nlm. nih.gov/genbank/). Isolates of
Cy. fabianii were deposited in the culture collection of Westerdijk Fungal Biodiversity Institute
and they were given the following CBS reference numbers, CBS 15348, CBS 15349, CBS
15352–15355.

Results
Literature review of cases
Using the literature review we identified 39 detailed cases (supplementary Tables 2 and 3). The
global distribution of infections caused by Cy. fabianii is shown in Figure 1. The majority of
the cases clustered in Western Europe and the Middle East (Figure 1). Patient characteristics
including demographic, clinical information, and microbiological findings are presented in
supplementary Tables 2 and 3. The majority of the cases (35/39; 89.7%) were published after
2010. Small differences in terms of sex were observed (male/female=16/21). A high proportion
of patients were neonates (<1-month, n=17), followed by adults (≥17 years, n=15), infant
(>1 month and <1-year, n=2), and children (>1 year and <18 years, n=4). Fungemia is the
most common infection caused by Cy. fabianii (23/39, 59.0%), followed by funguria (n=4),
prostatitis (n=1), endocarditis (n=1), meningitis (n=1) and peritonitis (n=1). Catheter insertion
was performed in 18 cases, from which seven of them showed growth of Cy. fabianii. From
the 17 cases of the neonates, 13 of them were preterm. 13 cases had a history of exposure to
antibiotics before the manifestation of infections. Post-surgery histories were observed for 12
cases. Five cases were reported with cancer. Other risk factors included use of steroids. The
overall mortality for all included cases was 23.1% (9/39).
The most frequently used identification kits were API kits (n=21) or the VITEK system (n=14),
but in all cases these failed to correctly identify Cy. fabianii. However, subjecting misidentified
cases to either MALDI-TOF or sequencing resulted in accurate identification.
Antifungal susceptibility testing showed 16.7% (3/21), 12.5% (1/11), 8.3% (1/15), and
12.5% (2/19) resistant rates for fluconazole, itraconazole, voriconazole, and amphotericin B,
respectively. No resistance to anidulafungin and flucytosine, were observed.
As Cy. fabianii, Cy. jadinii, and W. anomalus are easily misidentified by phenotypic and
biochemical assays and in order to obtain a better picture about the epidemiology and distribution
of Cy. fabianii, papers that utilized MALDI-TOF or sequencing for identification were further
investigated (Supplementary Table 4).
MALDI-TOF and Sanger sequencing results
From July 1 2017 to December 31, 2017, six isolates of Cy. fabianii and one isolate of Cy.
jadinii were recovered from central venous catheters and vaginal samples. Sanger sequencing
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Figure 1. Global distribution of published cases of Cy. fabianii.

using D1/D2 LSU and ITS rDNA domains and MALDI-TOF MS were 100% in agreement
with each other. Isolates of Cy. fabianii were recovered from central venous catheters (n=2) and
vaginal swabs (n=4), and the isolate of Cy. jadinii was obtained from vaginal swab.
Antifungal susceptibility testing
Supplementary Table 5 summarizes the MIC values of the tested antifungal drugs against six
clinical strains of Cy. fabianii and one isolate of Cy. jadinii. All strains of Cy. fabiani had low
MICs for anidulafungin, followed by itraconazole and voriconazole, whereas the least active
drug was fluconazole. Among the antifungal drugs, fluconazole exhibited the highest MIC
value that ranged from 1 to 8 μg/ml, followed by amphotericin B (MIC range 0.016–2 μg/ ml),
voriconazole (MIC range 0.016– 1 μg/ml), and itraconazole (MIC range 0.063–1 μg/ml). All
Cy. fabianii and Cy. jadinii isolates were susceptible to anidulafungin (MIC = 0.006 μg/ ml).
The MIC value of fluconazole against three isolates of Cy. fabianii (two from CVC and one
from vagina) was >3 log3 higher than that of the other isolates.

Conventional multiplex PCR results
Subjecting genomic DNA samples of Cy. fabianii (n=14), Cy. jadinii (n=11), W. anomalus
(n=13), Cy. mississipiensis (n=2) to our multiplex PCR resulted in amplicons of 84 bps, 176 bps,
235 bps, and 320 bps, respectively (Figure 2A). All four target species could be distinguished
and identified unequivocally. Subjecting CBS 7232 (reference strain of Cy. jadinii) to our
multiplex PCR resulted in negative amplification. Further identification by MALDI-TOF and
Sanger sequencing identified this strain as Meyerozyma guilliermondii. As a result, designation
of CBS 7232 in the collection department of Westerdijk Institute was corrected. Challenging
our conventional multiplex PCR with DNA samples of 30 clinically important yeast species,
showed 100% specificity for our conventional PCR assay.
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Multiplex qPCR results
Primers utilized for the conventional multiplex PCR were subjected to a SYBR Green I-based
qPCR assay. Distinctive melt temperatures of 77.62 ± 0.19ºC, 80.48±0.2ºC, 81.38 ± 0.23ºC, and
81.56 ± 0.38ºC distinguished Cy. fabianii (n=14), W. anomalus (n=13), Cy. jadinii (n=11), Cy.
mississipiensis (n=2) (Figure 2B). However, the melting Tm of Cy. jadinii showed an overlap
with that of Cy. mississipiensis. As a result, the specific primer of PR-Missi was withdrawn
from the multiplex reaction to unequivocally identify Cy. jadinii (as the former species is not
clinically important). Challenging our multiplex PCR with a specificity test set, resulted in
minor cross-reaction at higher Ct values of 25 and 30 with the DNA of Pichia kudriavzevii
(Candida krusei) and M. guilliermondii (Candida guilliermondii), respectively (Supplementary
Figure 1). However, by adjusting the threshold at a Ct of 22, target species of Cy. fabianii,
W. anomalus, Cy. jadinii were reliably identified (100 CFU), and cross-reaction with other
clinically important yeast pathogens was not observed. Subjecting 1ng DNA of the mistakenly
designated reference strain of CBS 7232 to our multiplex qPCR resulted in amplification at a
Ct value of 30, while the rest of DNA of Cy. jadinii were amplified at a Ct value of 14, which
was in concordance with results obtained from the conventional multiplex PCR, MALDI-TOF
MS, and Sanger sequencing. Regarding the reproducibility, five runs in three consecutive days
generated an average R2 value of 0.99 for all target species, demonstrating a high reproducibility
of our qPCR assay (Supplementary Figure 2).

Figure 2. Differentiation of target species using (A) conventional PCR through amplicon size polymorphism (M,
100 bps molecular weight, A1-A3, CBS14917, CBS 5481, CBS 5482 [Cy. fabianii], A4-A6, CBS1517, CBS1726,
CBS 621 [Cy. jadinii], A7-A9, CBS 6417, CBS 110, CBS 2870 [W. anomalus], A10-A12, CBS 7023, CBS 5837,
CBS 5837[Cy. mississipiensis] and (B) qPCR through melting temperatures.

Discussion
Using MALDI-TOF MS and sequencing of ITS and LSU rDNA, we identified six isolates of
Cy. fabianii (n=4 from vagina and n=2 from CVC). One of our patients was suffering from
acute myeloid leukemia (AML), end-stage renal diseases, hypertension, and diabetes mellitus,
and the other one had severe trauma and subsequently underwent surgery (both CVC isolates).
Concordant with previous studies, AML, severe trauma and surgical interventions are risk
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factors for development of invasive candidiasis (19). Investigating published case-reports
showed that the main risk factors associated with the acquirement of Cy. fabianii infection are
attributable to previous exposure with antibiotic therapy followed by central venous catheter
insertion, low birth weight, surgery, cancer, neutropenia, chemotherapy, and renal failure. In
our study, four patients with vaginitis did not have any underlying diseases, and they were all
immunocompetent. Review of cases revealed that there were four cases of funguria with Cy.
fabianii, and all of them suffered from underlying conditions (4,8). Data mined from literature
review in agreement with the presumption that infections pertained to Cy. fabianii are mainly
linked to neonates (20) revealed that the majority of the infections were acquired by neonates (<
1 month), followed by adults with the age of ≥17 years and a range of 17–87 years, and infants
with the age of <1 year. On the contrary, all of our cases were >18 years, which is in agreement
with the Cy. fabianii isolate (obtained from sputum) from a 69-year-old man previously reported
from Iran (21). Although Cy. fabianii features a wide range of clinical syndromes, ranging
from fungemia and funguria to meningitis, fungemia with the highest proportion (59%; 23/39)
is considered as the most prevalent clinical complication caused by this opportunistic yeast
species.
Antifungal susceptibility pattern of our isolates exhibited the highest MICs for fluconazole,
followed by amphotericin B, which is in agreement with previous reports (4). In agreement with
a previous study (12), all of our isolates of Cy. fabianii (n=6) were susceptible to anidulafungin.
Literature review showed that for treatment of Cy. fabianii, fluconazole was the most widely
utilized drug followed by different formulation of amphotericin B, caspofungin, and flucytosine.
Regarding the efficacy of antifungal drugs for clearance of infection, it has been suggested to
use a combination of fluconazole with liposomal AMB or caspofungin or removal of the central
venous and urinary tract catheters (8). In addition, treatment with anidulafungin led to successful
outcome for all patients infected with Cy. fabiani (12). In our cases, one of the patients died
despite of treatment with AMB. However, death could not be linked to failure in treatment as
the patient suffered from other serious background diseases. Treatment of the second patient
(with trauma and surgery) with AMB resulted in successful outcome. Patients suffering from
vaginitis (n=4) were all successfully treated with topical clotrimazole and fluconazole.
In order to overcome the persisting challenge of misidentification of Cy. fabianii, we developed
a dual-function multiplex PCR. Our multiplex PCR showed 100% agreement with sequencing
and MALDI-TOF MS. Although a previous study described a single-plex PCR that could only
detect Cy. fabianii, authors utilized a limited number of yeast species for specificity testing
(8). However, our assay was tested with a broad range of yeast species and is a multiplex
PCR targeting Cy. fabianii, Cy. mississipiensis, Cy. jadinii, and W. anomalus. MALDI- TOF
and Sanger sequencing can definitively identify these three clinically important yeast species,
but these devices are usually not available in routine clinical microbiology laboratories, and
they are either expensive and/or require highly trained personnel to perform the experiments
(22). Although MALDI-TOF MS compared to PCR requires less expenses per reaction, high
costs with the initial purchase along with the maintenance cost prevent installation of this
platform in routine laboratories with financial constraints (23). Currently, PCR as an affordable
and reproducible device has been exploited in the form of a supplementary identification tool
in routine laboratories of developing countries (24). Moreover, advances in PCR machinery
allowed investigators of low-resourced countries to construct their own home-made PCR
machines using the most basic off-the-shelf appliances with an exceptional efficiency that
costs only 150 US dollars (25). Our multiplex PCR takes only 2–3.5 hours compared to time
consuming biochemical assays to report the identification results. Although biochemical assays
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are used frequently for identification, especially in developing countries (26), they do not
have enough discriminatory power and frequently misidentify Cy. fabianii as Cy. jadinii or W.
anomalus (13,14). Consequently, important worldwide studies such as the ARTEMIS DISK
global antifungal surveillance over a period of 10.5 years did not identify a single isolate of Cy.
fabianii, while they could identify 88 and 6 isolates of W. anomalus and Cy. jadinii, respectively
(27). In contrast, MALDI-TOF MS correctly identified 163 and 222 isolates of Cy. fabianii that
previously using API ID 32C kit were misidentified as W. anomalus and Cy. jadinii (13,14).
Obtaining these erroneous results can lead to a concealed image of the epidemiology of Cy.
fabianii (13). Different epidemiological studies that used either MALDI-TOF MS or sequencing
for identification, showed that Cy. fabianii, although with a low rate, but consistently is isolated,
while W. anomalus and Cy. jadinii were identified in three and one of the studies, respectively
(9,21,27–31). In our study, we found six isolates of Cy. fabianii, one isolate of Cy. jadinii, and
no W. anomalus.
Due to the growing number of infections caused by non-Candida albicans yeast species,
establishing definitive breakpoints and the development of specific molecular means of
identification can contribute to both successful treatment and a better knowledge on the clinical
occurrence of emerging and uncommon opportunistic yeast species. The limitation of our study
was that we utilized only 40 reference strains of Cy. fabianii, W. anomalus, Cy. jadinii, and Cy.
mississipiensis, and therefore further experiments in different setups are required.
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Abstract
The genus Madurella comprising four species, M. fahalii, M. mycetomatis, M. pseudomycetomatis,
and M. tropicana, represents the prevalent cause of eumycetoma worldwide. The four species
are phenotypically similar and cause an invariable clinical picture, but differ markedly in their
susceptibility to antifungal drugs, and epidemiological pattern. Therefore, specific identification
is required for optimal management of Madurella infection and to reveal proper epidemiology
of the species. In this study, a novel multiplex real-time PCR targeting the four Madurella
species was developed and standardized. Evaluation of the assay using reference strains of the
target and non-target species resulted in 100% specificity, high analytical reproducibility (R2
values >0.99) and a lowest detection limit of 3 pg target DNA. The accuracy of the real-time
PCR was further assessed using biopsies from eumycetoma suspected patients. Unlike culture
and DNA sequencing as gold standard diagnostic methods, the real-time PCR yielded accurate
diagnosis with specific identification of the causative species in three hours compared to one
or two weeks required for culture. The novel method reduces turnaround time as well as labor
intensity and high costs associated with current reference methods.
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Introduction
Mycetoma, a neglected tropical disease of the subcutaneous tissue, is characterized by
progressive tumefaction and formation of grains and multiple draining sinuses, leading to
massive soft tissue destruction and disfigurement (1,2). The chronic and disabling nature of
mycetoma carries a significant economic and social burden to the inhabitants of the endemic
areas in the tropics (2, 3). In the presence of classical clinical features, i. e. sinuses in the skin
and grain discharge, mycetoma can easily be recognized from other skin diseases, while proper
diagnosis with identification of the etiologic agent requires a combination of diagnostic tools.
Imaging, cytology, and histology are used to confirm the clinical diagnosis and to establish the
extent and the nature of the agent, which is either a bacterium (actinomycetoma) or a fungus
(eumycetoma) (4, 5). However, due to the insufficient specificity, these methods do not allow
conclusive diagnosis for which accurate identification of the causative pathogen is required (4).
Although, historically a limited number of species was reported to cause eumycetoma, the
advent of molecular approaches enabled recognition of a plethora of novel agents (6). Madurella
as the most prevalent causative pathogen remains responsible for 70% of the eumycetoma cases
in arid climate regions of Northeastern Africa and India (3,7). Madurella contains four species,
viz. M. mycetomatis, which was described in 1905 and is the type species of the genus, and
M. fahalii, M. pseudomycetomatis, and M. tropicana which were recognized after 2010 (8, 9).
Except for M. mycetomatis the commonly reported species worldwide, the epidemiology of
the other Madurella remains as yet unknown. Madurella fahalii was described in 2012 from
a eumycetoma patient in Sudan, a country that is highly endemic for mycetoma (8). In Sudan,
cases that show presence of black grains in histology or fine needle aspiration cytology are
usually diagnosed as M. mycetomatis eumycetoma (6), but M. fahalii also causes infection with
black grains. Since M. fahalii is not inhibited by itraconazole in vitro, it is crucial to be able
to perform proper species identification (8). Furthermore, occurrence of marked differences in
antifungal susceptibility between Madurella species and other agents of black grain eumycetoma
necessitate the development and implementation of a species-specific identification systems
(7,10). Correct identification will assist in the administration of appropriate antifungal therapy,
and will help to elucidate the epidemiology and distribution of agents of eumycetoma.
Due to the lack of sporulation and other in vitro phenotypic characteristics of Madurella species,
morphological assays have limited diagnostic value (4). Alternatively, sequencing of ribosomal
internal transcribed spacer (ITS) as the gold standard technique for species identification, and
protein-based approaches such as matrix-assisted laser desorption ionization-time-of-flight
mass spectrometry (MALDI-TOF MS) are regarded as highly reliable identification tools (4,11).
However, long turnaround time, high costs and the requirement for skilled laboratory staff
interfere with establishment of sequencing and MALDI-TOF MS in developing countries. Rapid
and sensitive isothermal amplification assays such as loop-mediated isothermal amplification
(LAMP), rolling-circle amplification (RCA), and recombinase polymerase amplification (RPA)
eliminated the need for culture and PCR machinery, but they lack the multiplexing capability
(12, 13). An appealing alternative can then be a real-time PCR assay.
Real-time PCR has become increasingly utilized in clinical diagnostics as one of the preferred
assays for rapid diagnosis of fungal infections. The high sensitivity and the capability of detecting
non-viable organisms are the significant advantages of these assays (14). Besides, detection of
multiple targets in a single tube simultaneously has placed real-time PCR on top of the diagnostic
arsenal (14). Herein, we developed a sensitive and specific SYBR-Green I-based real-time PCR
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assay that can specifically identify M. fahalii, M. mycetomatis, M. pseudomycetomatis, and M.
tropicana. We also developed a sensitive and specific duplex for M. mycetomatis and M. fahalii
and single-plex real-time PCR assays for M. mycetomatis. These assays allow reliable and rapid
diagnosis of the main agents of eumycetoma and can be applied in clinical settings.

Materials and Methods
Ethics approval
This study was reviewed and approved by the Ethical Review Board of Soba University Hospital
Ethical Committee (Khartoum, Sudan). Written informed consents were obtained from all
patients and their data were processed anonymously to ensure confidentiality.

Strains
Strains used in this study were acquired from the CBS-KNAW reference collection of the
Westerdijk Fungal Biodiversity Institute, The Netherlands; the Mycetoma Research Centre
(MRC), Sudan; the Pasteur Collection of Fungi (UMIP), France; and the National Reference
Center for Invasive Mycoses and Antifungals (NRCMA), France. In total 47 strains were included
in this study (Table 1), of which 26 belonged to the genus Madurella, 9 to other members of
the family Chaetomiaceae, 9 to black-grain mycetoma species in the order Pleosporales, 2 to
Aspergillus and 1 Rhizopus species. Lyophilized, cryo-preserved or fresh mycelial material
from the strains was inoculated onto Malt Yeast Extract agar (MEA, Oxoid, UK) plates and
incubated for 2 to 3 weeks at temperature ranging 24–30°C.
Table 1. Strains used as the blind test set for the evaluation of analytical sensitivity and specificity of the Madurella
real-time PCR assay*.
Isolate Number

Species Name

Species Affiliation

1

CBS 332.67

Achaetomium globosum

Chaetomiaceae

2
3

CBS 122.55
CBS 139335

Aspergillus niger
Aspergillus flavus

Aspergillus

4

CBS 487.48

Berkeleyomyces basicola

5

CBS 731.71

Chaetomium homopilatum

6

CBS 178.84

Chaetomium murorum

7

CBS 813.73

Chaetomium succineum

8

CBS 414.73

Chaetomium variosporum

9

CBS 144164

Collariella causiiformis

10

CBS 132257

Falciformispora senegalensis

11

CBS 132272

Falciformispora senegalensis

12

CBS 196.79

Falciformispora senegalensis

13

CBS 200.79

Falciformispora tompkinsii

14

CBS 201.79

Falciformispora tompkinsii
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Isolate Number

Species Name

15
16
17
18

CBS 129176
CBS 102793
UMIP595.60
CNRMA9.616

Madurella fahalii
Madurella fahalii
Madurella fahalii
Madurella fahalii

19

CBS 132259

Madurella mycetomatis

20

CBS 132262

Madurella mycetomatis

21

CBS 132588

Madurella mycetomatis

22

CBS 132419

Madurella mycetomatis

23

CBS 132297

Madurella mycetomatis

24

CBS 110087

Madurella mycetomatis

25

CBS 132267

Madurella mycetomatis

26

CBS 132263

Madurella mycetomatis

27

CBS 132270

Madurella mycetomatis

28

CBS 132285

Madurella mycetomatis

29

CBS 110359

Madurella mycetomatis

30

CBS 109801

Madurella mycetomatis

31

CBS 132266

Madurella mycetomatis

32

CBS 248.48

Madurella pseudomycetomatis

33

CBS 102791

Madurella pseudomycetomatis

34

CBS 216.29

Madurella pseudomycetomatis

35

CBS 129177

Madurella pseudomycetomatis

36

CBS 217.55

Madurella pseudomycetomatis

37

CBS 331.50

Madurella tropicana

38

CBS 219.92

Madurella tropicana

39

CBS 201.38

Madurella tropicana

40

CBS 206.47

Madurella tropicana

41

CBS 252.60

Medicopsis romeroi

42

CBS 132878

Medicopsis romeroi

43

CBS 391.34

Rhizopus delemar

44

CBS 160.80

Thielavia subthermophila

45

CBS 510.74

Thielavia subthermophila

46

CBS 332.50

Trematosphaeria grisea

47

CBS 246.66

Trematosphaeria grisea

Species Affiliation

Madurella

9

Pleosporales
Rhizopus
Chaetomiaceae
Pleosporales

*CBS, Centraalbureau voor Schimmelcultures; UMIP, Institute Pasteur Collection of Fungi; CNRMA,
National Reference Center for Invasive Mycoses and Antifungals.
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Clinical samples
Thirteen clinical samples obtained from patients seen at the MRC, Khartoum, Sudan were
included in the study. The deep surgical biopsies were collected for diagnostic purposes;
11 biopsies showed black grain in the histological sections, while in two biopsies no grains
were observed and therefore, we used them as negative controls. Both positive and negative
biopsies were cultured on Sabouraud’s Glucose Agar (SGA) and the identity of the isolates was
established by ITS sequencing. These clinical samples were retrospectively collected and in a
context of a blind test set they were assigned with numerical code numbers (1-13). The assessor
of the qPCR assay was not aware of the identity of DNA samples (for both DNA samples
derived from pure cultures and those obtained from clinical samples).

DNA extraction
Strains were grown on 2% MEA or SGA plates and incubated for 2 weeks. Mycelia were
harvested and DNA was extracted using cetyltrimethyl ammonium bromide (CTAB) and glass
beads method as described previously by Moller et. al. (15). The strains were then identified
to species level by amplification and sequencing of the rDNA ITS and part of β-tubulin gene
regions.
Patient’s biopsies were maintained at −20°C in sterile physiological saline and the DNA was
isolated using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) after bead-beating with 2 mm
metal beads as described by Ahmed et al. (13).
Purity of extracted DNA was assessed using NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, USA) and on 1% agarose gels. In order to accurately measure
the DNA concentration, samples were subjected to QuBit Broad Range kit (Thermo Fisher)
that specifically binds and measures DNA molecules. Genome sizes of target species were
calculated with the assumption that one ng DNA of C. albicans was equal to 100,000 genomes
(16). The size of the M. mycetomatis genome (36.7 Mbps) is approximately three times of that
of C. albicans (14.28 Mbps). As a result, three ng of DNA of target species were considered to
represent 100,000 genomes (17). As the genome size of the remaining target species is unknown,
the genome size as M. mycetomatis was considered for their genome number calculations.

Primer design
Sequences of ITS and β-tubulin from target and non-target species were retrieved from NCBI
(www.ncbi.nlm.nih.gov) and CBS-KNAW databases (http://www.westerdijkinstitute.nl) and
combined with the sequences obtained in this study. Alignment and primer design used the
Geneious software (Biomatters ApS, Katrinebjerg, Denmark). Primers were placed in the most
stable positions with the least and the highest degree of variation with target species and nontarget species, respectively. Various features of primers including delta G and Tm values were
evaluated by the online Oligo Analyzer software (eu.idtdna.com). UMelt software (https://www.
dna.utah.edu/umelt/um.php) was used to assess the amplicon melt peaks generated by each
primer pair. Primers meeting the following criteria were selected for specificity and sensitivity
testing: a) Lack of cross-reaction with other target and non-target species, b) Minimum self and
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heterodimers, c) Melting temperature (Tm) values of 60-62ºC, d) Generating amplicons with
distinctive and single melt peaks in multiplex qPCR reactions, and e) Exhibiting satisfactory
efficiency and R2 values. Primers that failed to amplify the DNA of target species or those
showing Tm overlap with the other target and non-target species were excluded from this study
(Table 2). Primers were manufactured by Integrated DNA Technology Co.
Table 2. List of designed primers in this study. Some primers due to cross-reaction, Tm overlap with the other
species, and lack of enough efficiency and R2 values were excluded. Primers with distinctive Tm values, reasonable
efficiency and R2 values (successful primers) were selected for further experiments.
Primer names

Primer sequences

Myc-F3

CTCCCGGTAGTGTAGTGT*

Myc-R3

CAGAAGACTCAGAGAGGCC

Target species

Loci

M. mycetomatis

ITS

M. fahalii

ITS

(PF3/R3-Myc)
Fah-F1

CATTGTGAACCTACCCAAAA

Fah-R1

CATACAAAGTACAGGGTTTATGTA

(PF/R-fahalii)
Successful primers

Myc-F1

GTTCGATGGCCTCCGCTG*

Myc-R1

TTGCCCTGGAAAGGCCCTC

Myc-F2

TGACCGTCGGCGTCTCTT

Myc-R2

TAGGCTGTCAGAAAACACATCG

M. mycetomatis

MPT-F

GTGTCGGGAACTGACGAGG

M. pseudomycetomatis,

MPT-R

CCTTGCTGGCCCTTTGC

M. tropicana

M. mycetomatis

ß-tubulin

ß-tubulin

(PF2/R2specific Myc)

(PF/RUniversal)

ß-tubulin

M. mycetomatis

Mad-UniF

CCATTGTGAACCTACCCAA

M. pseudomycetomatis,

Mad-UniR

CAGAGACTCAGAGAGGCC

M. tropicana

ITS

M. mycetomatis
M. fahalii

Failed primers

MPT-F1

TTGTGAACCTACCCAAAAAA

M. pseudomycetomatis,

MPT-R1

AGCAAACAGGGTGTTGTATAAT

M. tropicana

ITS

M. mycetomatis
MPT-F

CCCCGAGCGTAGTAGTTA

M. pseudomycetomatis,

Myc-R2

GGGGTAAAAATGAGTTGGGC

M. tropicana

Pse-R2

AACCTTGGGGGGGTAAT

M. mycetomatis

Tropi/fah-R2

AACCTTGGGGTAAWGGGT

M. fahalii

ITS
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qPCR conditions
PCR reaction was set up to a final volume of 20 µl and contained the following ingredients:
10µlPowerUp SYBR Green master mix (A25742 Thermo Fisher, 5 pMol primers (PF3/R3-Myc
and PF/R-Fahalii for a duplex qPCR reaction, PF/R-universal and PF/R-Fahalii for tetraplex
qPCR reaction, and PF/R-specific Myc for M. mycetomatis-specific qPCR reaction), 3 ng of
DNA (1µl), and MilliQ water to adjust the volume to 20µl.
PCR reactions were performed using an ABI 7500 fast PCR device (Thermo Fisher) and the
following PCR program was used: one cycle of 50ºC for 2 min and 95ºC for 3 min, followed
by 40 cycles of 95ºC for 15 sec and 60ºC for 30 sec. Upon finishing the PCR program, PCR
products were subjected to a melt curve analysis program that used an increment of 0.5ºC/sec
starting at 60 ºC and terminated at 95ºC. The data obtained from qPCR were analyzed by ABI
7500 Software V2.3 (Thermo Fisher).

Specificity and sensitivity
In order to measure the sensitivity of qPCR assays, serial dilutions were prepared of DNA
samples of the type strain; M. fahalii (CBS 129176), M. mycetomatis (CBS 109801), M.
pseudomycetomatis (CBS 129177), and M. tropicana (CBS 201.38), with a log10 over four
orders of magnitude starting at 3 ng and ending at 3 pg genomes. This experiment was performed
in duplicate and on three consecutive days.
To test specificity, a blinded test set containing 47 isolates (M. fahalii, n=4, M. mycetomatis,
n=13, M. pseudomycetomatis, n=5, M. tropicana, n=4, and 21 non-target species) was subjected
to the duplex, tetraplex, and M. mycetomatis-specific (MM-specific) qPCR assays (Table 1).
Primers passing both sensitivity and specificity experiments were selected for the next step of
testing DNA samples obtained from patients (Tables 1 and 2). Cycle thresholds were adjusted
in such a way that they could differentiate target from non-target species.

Evaluation of performance of qPCR assays with patients’ DNA samples
DNA samples of 13 patient biopsies were prepared in a blinded manner and used to assess
the performance of our qPCR assays. One microliter of those DNA samples was subjected to
duplex, tetraplex, and MM-specific qPCR reactions.

Statistical analysis
Statistical analysis and graph preparations were performed by GraphPad Prism software (La
Jolla, California, USA). Concordance between the qPCR and the gold standard method (culture
and sequencing) was evaluated using kappa test and expressed as K value.
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Results
Standardization of the qPCR assay
Initially, the ITS sequence was utilized as a target locus for designing species-specific and
universal primers. Only PF3/R3-Myc targeting M. mycetomatis (84.1±0.18ºC) and PF-RFahalii targeting M. fahalii (89.13±0.41ºC) resulted in successful specific and distinguishable
melt curves (Tables 2, 3, and Figure 1A). These two primers were then used to optimize duplex
qPCR that can specifically detect M. mycetomatis and M. fahalii. Since universal primers based
on ITS failed in specific identification of the four target species, the β-tubulin gene was used
for the same purpose. A universal primer pair derived from β-tubulin successfully resulted
in distinctive melting temperatures of 83.07±0.13ºC, 83.6±0.09ºC, and 84.17±0.19ºC and
allowing distinction of three target species, viz. M. pseudomycetomatis, M. tropicana, and M.
mycetomatis, respectively. Madurella fahalii could not be distinguished with this set of primers.
In order to make a comprehensive multiplex qPCR that can unambiguously identify all four
species, primer set PF/R-Fahalii derived from ITS was added to the β-tubulin universal primers
in the same reaction (Figure 1B, Tables 2 and 3). Using this combination, four distinct melting
peaks corresponding to the four target species were revealed.

9

Figure 1. Identification of Madurella species using qPCR assay. (A) Identification of M. fahalii and M. mycetomatis
using duplex qPCR assay. (B) Identification of all target species using a tetraplex qPCR assay. (C) Identification of
M. mycetomatis using a MM-specific qPCR assay.
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In order to develop a specific qPCR for M. mycetomatis, two more primer pairs based on
β-tubulin with an increased difference of melting temperature from the closest species in the
multiplex PCR were designed. These primers generated amplicons with Tm values of 84.5±0.1ºC
(Myc-F1/R1) and 84.9±0.18ºC (Myc-F2/R2) (Figure 1C, Tables 2 and 3). Despite successful
amplification of M. mycetomatis using both primers, MycF2/R2 was used for the MM-specific
qPCR as it showed a higher and more distinguishable Tm value from M. pseudomycetomatis
and M. tropicana. In general, primers that were designed based on β-tubulin showed a higher
rate of success than those based on the ITS region, which might be due to a higher GC content
of the target region of the latter.
In the next step, in view of sensitivity testing all three qPCR reactions were subjected to
serially diluted DNA samples (3 ng–3 pg) of target species. Sensitivity testing revealed that
M. mycetomatis, M. pseudomycetomatis, and M. tropicana were successfully and efficiently
amplified with an efficiency of ≥90% and the R2 values >0.99; for M. fahalii the efficiency was
70%. Moreover, 3 pg DNA of all target species were successfully detected and distinguished by
the three qPCR assays.
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PF3/R3-Myc

PF2/R2specific-Myc

CAGAAGACTCAGAGAGGCC

CTCCCGGTAGTGTAGTGT

TAGGCTGTCAGAAAACACATCG

TGACCGTCGGCGTCTCTT

CATACAAAGTACAGGGTTTATGTA

CATTGTGAACCTACCCAAAA

M. tropicana

CCTTGCTGGCCCTTTGC

PF/R-fahalii

M. pseudomycetomatis

GTGTCGGGAACTGACGAGG

PF/RUniversal

M. mycetomatis

M. mycetomatis

M. fahalii

M. mycetomatis

Target species

Primer sequence

Primer name

Table 3. Primers designed in this study and lead to successful identification of target species. *

95 bps
95 bps
116 bps

166 bps

99 bps

83.6±0.09ºC
89.13±0.41ºC

84.91±0.18ºC

84.1±0.19ºC

PCR
product
size
95 bps

83.07±0.13ºC

84.17±0.19ºC

Melting
temperature

100

100

100

100

100

100

LOD
(Genome)

0.99

0.997

0.983

0.997

0.996

0.991

R2 values

*LOD, Limit of Detection.

90%

96.5%

70%

93.4%

94.18%

99.5%

Efficiency
(%)
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A high degree of specificity was confirmed by blinded DNA samples obtained
from cultures
In the third phase, successful qPCR reactions were challenged by a blinded test set that contained
26 target and 21 non-target species isolates. Our duplex qPCR assay resulted in 100% specificity
when the threshold for M. mycetomatis and M. fahalii were set at Ct value of <20 and <38,
respectively (Figures 2 and S1). Some of the non-target species yielded melting curves similar
to that of M. fahalii with Ct values>38, therefore Ct values <38 and >38 were considered as
positive and negative for this species, respectively. Ct values of <30 yielded 100% specificity
for the tetraplex and MM-specific qPCR assays (Figure 3). As the primer sets Pf/R-Fahalii were
used in both duplex and tetraplex qPCR assays, the same Ct value (<38) was considered for
both qPCR reactions. Receiver operation characteristics curves (ROC) showed that with the
established threshold cycle values, 100% specificity was obtained for the three qPCR assays
(Figure 4).

Figure 2. Specificity of duplex qPCR assay of M. fahalii and M. mycetomatis. (A) Tm values obtained from duplex
qPCR assay for M. fahalii and M. mycetomatis. (B) Duplex qPCR assay with a blinded test set and DNA samples
obtained from patients yielded 100% specificity and sensitivity if the threshold cycles were set at<20 (red line),
and <30 (blue line), respectively.
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Figure 3. Specificity and sensitivity of singleplex and tetraplex qPCR assays of Madurella species.(A) Tm values
obtained from tetraplex and MM-specific qPCR assays for M. fahalii, M. mycetomatis, M. pseudomycetomatis,
and M. tropicana.(B) Tetraplex and MM-specific qPCR with a blinded test set and DNA samples obtained from
patients yielded 100% specificity and sensitivity if the threshold cycles and <30 (red line).

Figure 4. Receiver operation characteristic curve (ROC) obtained for the three qPCR assays revealed 100%
specificity when subjected to blinded test sets.
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A high degree of sensitivity and specificity was confirmed by blinded DNA
samples obtained from patients
Following success in sensitivity and specificity testing using DNA samples obtained from
culture, the accepted primers were evaluated by 13 DNA samples obtained from documented
M. mycetomatis-positive and -negative patients. In accordance with histology, culture and
ITS sequencing, both 11 positive and the 2 negative patients were successfully identified by
our qPCR assays within 3 hours starting from DNA isolation (Figures 2, 3, S1). The kappa
test revealed a K value of 1.00 (95% CI 1.00 to 1.00) which indicates perfect agreement. The
diagnostic sensitivity and specificity of the qPCR assays were 100% (95% CI, 71.51% to 100%)
and 100% (95% CI, 15.81% to 100%), respectively.

Discussion
In the present study, we developed the first multiplex real-time PCR assay that is able to detect
and identify the four currently accepted Madurella species, viz. M. fahalii, M. mycetomatis,
M. pseudomycetomatis, and M. tropicana. As the real-time PCR is one of the fastest methods
available for diagnosis of fungal infections (18), we herewith provide a rapid, sensitive, and
specific diagnostic assay for eumycetoma caused by Madurella species. Currently, the only
available tool to ascertain the species identity in Madurella is by application of sequencing
rDNA ITS and protein-coding genes such as ß-tubulin and RNA polymerase II subunit (8,
19). Since these markers showed optimal performance in previous studies, we designed our
universal and species-specific primers based on the ITS and the ß-tubulin gene sequences of
the target species (12, 13, 20). The utility of the ITS for species-specific PCR identification of
Madurella has previously been described by Ahmed et al. (20), who designed the first speciesspecific primers for identification of M. mycetomatis. In addition, specific LAMP and RPA
primers have also been developed for the same species using the ITS region (13). Despite
the good discriminatory power of ITS, our universal primers based on this region could not
sufficiently identify the four target species. Therefore, as a first step, a set of primers specific for
detection of only M. mycetomatis and M. fahalii and based on ITS region were designed. This
primer set can be used in areas where these two species are preponderant, such as in Sudan,
which is one of the hyperendemic regions with mycetoma, and in 70% of the cases the causative
agent has been conventionally identified as M. mycetomatis (4, 21).
In order to develop a single assay that can be used to detect all four Madurella species, we
designed another set of universal and species-specific primers based on the ß-tubulin region.
When this set was combined with M. fahalii specific ITS primers, an optimal result was
obtained. Our multiplex qPCR assay yielded 100% specificity with a blind test set containing
the most closely- and distantly-related species to Madurella (22). To further evaluate the
diagnostic performance and prove that the assay is capable of identifying the target species in
clinical specimens, 13 blinded DNA samples derived from M. mycetomatis-positive (n=11) and
negative patients (n=2) were subjected to our qPCR assay. The result showed 100% diagnostic
sensitivity and specificity, as successful differentiation of positive and negative patients and
specific identification of the causative agent was achieved.
Although culture is regarded as the gold standard technique in the field of medical mycology,
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this technique greatly suffers from lack of specificity and is time-consuming (23). Apart from
these factors, in order to obtain positive results for Madurella agents, culture requires viable
grains, while our qPCR due to exhibiting a high degree of sensitivity and specificity can be
applied on discharge samples that contain non-viable grains, hence, it may not require invasive
procedures for obtaining sterile samples (4,24).
Despite the wide use in the field of diagnostics, as yet, no real-time PCR assay has been developed
for diagnosis of eumycetoma agents. The technique has mainly been used for systemic fungal
pathogens like Candida and Aspergillus (25). Lu et al. (26) and Castelli et al. (27) developed
real-time PCR for detection of Scedosporium species, a fungus which is frequently found as
a colonizer in the lung of cystic fibrosis patient but also can cause white grain eumycetoma in
rare cases (28). The real-time PCR developed by Lu et al. was based on ß-tubulin as a target for
species identification (26). However, using this marker, the authors were unable to distinguish
the six species concerned, which could be due to the uncertain taxonomic status of strains of
respective species in this genus, as nowadays S. apiospermum and S. boydii are referred as ‘S.
apiospermum species complex’ (28).
Elhassan et al. (29) evaluated the use of real-time PCR for identification of clinical isolates from
actinomycetoma patients using strb-1 as a target gene. The study represents the first application
of real-time PCR for diagnosis of actinomycetoma in an endemic region. Streptomyces species
were identified in 7 samples from patients originating from Sudan (29).
Only recently, culture-free diagnostic tests have been introduced for black grain eumycetoma
diagnosis (13,30). This was previously hampered by the great difficulty in obtaining pure DNA
from the compact grains. Ahmed et al. (13) described an efficient DNA isolation method using
bead beating with metal beads. Combining this DNA isolation method with our real-time PCR
assay resulted in a rapid and specific diagnosis of target species. Despite the fact that other
PCR/isothermal-based technologies have been used for direct detection of Madurella as well,
these are all single-plex assays (13). Furthermore, the species-specific PCR-RFLP technique
developed by Ahmed et al. for M. mycetomatis detection requires application of specific
restriction enzymes which is time-consuming, laborious, costly, and even opening tubes
increases the risk of cross contamination (20). In contrast, our qPCR is multiplex and performs
the assay in a gel-independent and closed-tube manner, and as a result, it minimizes the chance
of cross-contamination and false-positive results.
Fraser et al. (11) in 2017 developed a MALDI-TOF MS library that successfully identified 13 M.
mycetomatis and 2 M. fahalii. This method, however, similar to Sanger sequencing, requires a
costly purchase and high maintenance costs that prevents their implementation in low-resource
countries. Moreover, they are culture-dependent and thus time-consuming. Although the high
capital equipment costs and the requirement for well-trained laboratory staff might also limit
the use of real-time PCR in resource-limited regions endemic with mycetoma, nevertheless it
is still simpler and faster than culture and DNA sequencing or MALDI-TOF. The affordability,
reproducibility, and construction of home-made robust PCR machines using the most basic offthe-shelf appliance are the appealing features that will allow this machinery to find its niches
even in developing countries. In our qPCR we used SYBR-Green I which is currently the
cheapest option for such a technique.
In conclusion, we have developed a rapid and accurate diagnostic assay that is able to
simultaneously identify M. fahalii, M. mycetomatis, M. pseudomycetomatis, and M. tropicana.
The assay can be used in both culture-dependent and -independent manners. The study had
some limitations, including that our qPCR assays were not evaluated with the clinical samples
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infected with other Madurella agents due to the unavailability of such material. Therefore,
screening a larger number of patient biopsies and direct discharges from different endemic
regions are warranted to reveal the real performance of the assay. Despite those limitations, the
high sensitivity, specificity and short turnaround time represent a significant advantage of this
method.
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Abstract
Background: Oral candidiasis (OC) has a profound effect on the life quality of
immunocompromised patients, such as those undergoing chemotherapy.
Objective: Systematic investigation of clinical outcome and microbiological features of yeast
isolates recovered from the oral cavity of 150 Iranian patients with hematological malignancies.
Design: MALDI-TOF MS, 21-plex PCR, and rDNA sequencing were used for identification.
Antifungal susceptibility testing (broth microdilution, CLSI M27-A3/S4) and genotypic
diversity of yeast isolates (amplified fragment length polymorphism) were assessed.
Results: Nystatin treatment resulted in 70% therapeutic failure and administration of 150mg
fluconazole (FLZ)+nystatin for patients with OC relapse showed 70% clinical failure. Previous
history of OC was significantly correlated with FLZ treatment requirement and nystatin failure
(P = 0.005, α< 0.05). Candida albicans (80.3%) and Kluyveromyces marxianus (=C. kefyr)
(12.7%) were the two most prevalent yeast species isolated. FLZ and AMB exhibited the
highest geometric mean values. 21-PCR showed 98.9% agreement with MALDI-TOF MS. K.
marxianus isolates had the same genotype, while C. albicans isolates grouped in 15 genotypes.
Conclusions: Marked rate of therapeutic failure of nystatin necessitated OC treatment with
systemic antifungals. K. marxianus was the second most prevalent yeast and the 21-plex PCR
could be considered as an inexpensive identification tool.
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Introduction
In recent decades, we have witnessed an increase in the number of patients prone to develop
candidiasis (1,2). According to epidemiological studies, more than 100 million people develop
mucosal surface fungal infections annually (3) and among this candidiasis is the most prevalent
(4). High risk patients suffering from oral candidiasis (OC) not only experience a lower life
quality (5), but importantly they may develop life threatening invasive candidiasis, where the
causative agents enter the bloodstream and cause candidemia (6,7). It is well known that various
immunocompromised patient populations, such as those infected with HIV (8,9), inherited genetic
disorders (10), and cancer patients undergoing chemotherapy are among the most susceptible
individuals to develop OC (5,7,11). Indeed, meta-analysis studies proved that chemotherapy and
radiotherapy treatments are independent risk factors for the development of OC (5). Previous
studies indicated that C. albicans is still the most common agent of OC, whereas non-albicans
Candida (NAC) species, although with a lower frequency, are increasingly encountered in
clinical settings (12,13). Unfortunately, the majority of these species either intrinsically are
less responsive to azole drugs (14) or they acquire resistance to antifungal agents (15). As a
result, accurate identification at the species level is of paramount importance to initiate a timely
and appropriate therapeutic regimen. Nowadays, Sanger sequencing and matrix assisted laser
desorption time-of-flight mass spectrometry (MALDI-TOF MS), owing to comprehensivity
and accuracy, are being widely used in clinical settings of developed countries, e.g. European
countries (16). However, high costs required for the purchase and maintenance of these devices
hamper their use in developing countries (17,18). In contrast, not only commercial PCR devices
cost significantly less ($2 K–$4 K), but also the development of affordable and reproducible
PCR devices with initial costs of $130 contributed to the popularity and extensive use of such
a device in developing countries (19). Therefore, PCR has been recommended as a reliable
identification platform by the World Health Organization (WHO) (20). Currently, Arastehfar et
al., developed a comprehensive multiplex PCR that identifies the most prevalent yeast species
causing infections in human (21).
Despite extensive studies on various immunocompromised populations (22–24), patients with
hematological disorders were less studied in Iran. Moreover, none of the previous studies
from Iran, extensively and systematically investigated the clinical outcomes that might lead
to raising awareness of clinicians. As a result, the purpose of this study was to investigate
the clinical outcome, distribution, antifungal susceptibility, and genotypic diversity of yeast
species isolated from the oral cavity of patients suffering from hematological disorders with
oral candidiasis hospitalized in a referral hospital (Firoozgar, Tehran, Iran). Moreover, due to
the lack of MALDI-TOF MS equipment in Iran, an alternative comprehensive multiplex PCR
assay, namely the 21-plex PCR, was evaluated for its identification accuracy.

Material and methods
Study design
One hundred and fifty patients suffering from hematological malignancies undergoing
chemotherapeutic regimens (1 December 2017 to 31 May 2018) retrospectively enrolled in this
study. All patients were admitted to the teaching hospital of Firoozgar, Tehran, Iran, which is
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affiliated with the Iran University of Medical Sciences (Tehran, Iran). Adults (>18 years old)
without limitations in sex and the hematologic malignancy types (acute lymphocytic leukemia,
chronic lymphocytic leukemia, acute myeloid leukemia, and chronic myeloid leukemia) were
recruited to this study.

Patients’ characteristics
All patients were examined by specialist clinicians for signs and symptoms of OC. Patients
that met the following criteria were considered as OC positive, (a) presence of thrush
(pseudomembranous) in the oral cavity, and (b) obtaining positive yeast growth from swab
samples (25). Oral mucositis was defined by observing erythematous and ulcerative lesions
and all stages of mucositis (mild, moderate and severe) were included (26). This study was
reviewed by ethical committee members of the Iran University of Medical Sciences (IUMS)
and ethical approval was granted (IR.IUMS.FMD. REC.1397.098). Informed consent was
obtained from all patients whose identity was anonymized to researchers through the use of a
numerical code identifier (1–150). Various demographic information, such as age, gender, type
of cancer, sampling season (to observe the possible seasonality pattern) (27), clinical symptoms
of OC, and previous history of OC were recorded for OC positive patients.

Treatment options
In the neutropenic phase (absolute neutrophil count <500 cells/mcl), patients were
prophylactically treated with Ciprofloxacin (500mg BD/orally) and Acyclovir (400 mg/TDS/
orally) (28). All patients initially underwent treatment with topical nystatin and those with
relapse were treated with the combination therapy of 150 mg fluconazole (FLZ) and topical
nystatin for one week, which is not recommended by National Comprehensive Cancer Network
(NCCN) clinical practice guideline (28). Off note, owing to the research nature of this study,
the authors did not have any authority for the choice of antifungal agents used to treat patients
recruited to this study. The respective decisions were made solely by in charge clinicians.

Clinical specimens processing and culture conditions
Symptomatic patients were examined and positive OC cases were confirmed by specialist
resident clinicians. Sterile cotton swab samples were taken from the tongue and buccal mucosal
lesions of patients and immediately transferred into falcon tubes containing sterile phosphate
buffer saline (PBS 1×). Initially, samples were subjected to direct microscopic examination to
observe the yeast structures, followed by streaking on Sabouraud dextrose agar medium (SDA,
Sigma–Aldrich, USA) and incubated at 35°C for 48 h. As some oral samples might harbor
more than a single species, and in order to obtain pure colonies for each species, they were
streaked on CHROMagar (CHROMagar Candida, France) and incubated for 48 h at 35°C. As
results obtained from the aforementioned conventional assays (direct microscopy and CHROM
agar) were not definitive, hence, their respective phenotypic were not further analyzed and the
identity of each isolate was determined by LSU rDNA sequencing, MALDI-TOF MS, and 21plex PCR.
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Identification of candida species and DNA extraction
Yeast isolates were identified by Bruker MALDI-TOF MS (MicroFlex-LT, Bremen, Germany)
using a previously described full extraction method (29). Scores ≥ 2 indicated successful
identification to the species level, and scores <2 were regarded as correct identification at the
genus level. Prior to proceeding with PCR identification, DNA samples were extracted by a
CTAB method (30). Using yeast species obtained from this study, the efficacy of a previously
described 21-plex PCR (21) was evaluated. Species with failed identification in the first multiplex
PCR were further tested by the second multiplex PCR and in case of obtaining negative results,
isolates were checked by a third multiplex PCR (21). PCR products were run on 2% agarose
gel, stained with GelRed (BioTium, USA) and visualized with a gel documentation device (Gel
Doc XR+, BioRad, USA). Emerging Candida isolates were further checked by sequencing of
the D1/D2 domain of the large subunit of the rDNA gene using LROR and LR5 primers (31).
Mixed samples identified as C. albicans and C. dubliniensis by 21-plex were further tested
using the previously described hyphal wall protein 1 primers (32).

Genotyping by AFLP
In order to assess the genotypic diversity of all isolates, they were subjected to a previously
published AFLP protocol (33). AFLP data were analyzed by Bionumerics software V7.6
(Applied Math Inc., Sint-Martens-Latem, Belgium).

Antifungal susceptibility testing
The broth microdilution method of the Clinical and Laboratory Standards Institute (CLSI,
M27-A3/S4) was used for antifungal susceptibility testing (34,35). Eight routinely used
antifungal drugs, including amphotericin B (AMB) (Sigma Chemical Corporation, St. Louis,
MO), fluconazole (FLZ) (Pfizer, New York), itraconazole (ITZ) (Santa Cruz Biotech, Dallas),
voriconazole (VOR) (Pfizer, New York), posaconazole (PSZ) (MSD, Kenilworth, USA),
5-fluorocytosine (5-FC) (Sigma Aldrich, Steinheim, Germany), caspofungin (CAS) (Merck &
Co., Inc.), and anidulafungin (AND) (Pfizer, New York), were used. Plates were incubated at
35°C for 24 h and visual data were recorded. C. krusei ATCC 6258 and C. parapsilosis ATCC
22019 were used for quality control purposes. Depending on species, clinical breakpoints
and epidemiological cutoff values were determined (35). For isolates of C. albicans, the MIC
values of FLZ, ITZ, VRZ, CAS, and AND were interpreted based on clinical breakpoints
(CBP), while PSZ, AMB and 5-FC MIC values were evaluated based on epidemiological cutoff values (ECV) (35). As for C. tropicalis, the MIC values of FLZ, VRZ, AND, and CAS were
evaluated based on CBP and the rest of the antifungals (PSZ, ITZ, AMB, and 5-FC) based on
ECV (35). The MIC values of all antifungal agents obtained for the isolates of K. marxianus and
C. dubliniensis were evaluated based on ECV (35). MIC50 for all antifungals were defined as
the minimum concentration of drugs to inhibit 50% of fungal growth, whereas for amphotericin
B the MIC endpoint was considered as the lowest concentration that inhibited 100% of fungal
growth compared to the drug free control.
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Statistical analyses
All the data presented in this study were analyzed by SPSS software v.24 (SPSS Inc., Chicago,
IL). Statistical analysis included Pearson correlation Chisquare T-test, Eta correlation coefficient
(for nominal and continuous variables), and Fei and Kramarz (for two nominal variables).

Results
Patients and isolates
The present study included 150 patients with hematological disorders, among them 85 patients
developed OC. The majority of OC patients were men (n=53; 62.4%). Women represented
almost one third of the patients (n=32; 37.6%). The median age of the OC patients was 53
years. Acute myeloid leukemia (AML) with a prevalence of 53% constituted the most dominant
hematological malignancy followed by chronic lymphocytic leukemia (CLL) (n=17; 20%),
acute lymphocytic leukemia (ALL) (n=15; 18%), and chronic myeloid leukemia (CML) (n=7;
8%). The vast majority of the patients (n= 51; 60%) were prescribed with chemotherapeutic
combination therapy of arsenic trioxide and cytarabine and the rest of the patients with ritoximab/
cyclophosphamide (n=15; 17.7%), cyclophosphamide (n=13; 15.3), and fluorouracil (n=6; 7.1).
Erythema, inflammation and burning sensation of the buccal mucosa and tongue were the most
common complaints that were detected in 59 patients (69.4%). C. albicans (n= 69; 80.3%)
was the most prevalent causative agent of OC, followed by K. marxianus (= Candida kefyr)
(n=11; 12.7%), C. tropicalis (n= 3; 3.5%), C. dubliniensis (n=2; 2.3%), and Hanseniaspora
opuntiae (n=1; 1.2%). One of the patients concurrently was infected with both C. albicans and
H. opuntiae.

Lack of efficacy of nystatin for clearance of OC
Primarily all patients underwent treatment with topical nystatin, which resulted in OC clearance
in approximately 30% (n=28; 32.9%) of the cases. Subsequently, the rest of the patients (n=57;
67.1%) were treated with a combination of 150mg of FLZ and topical nystatin, among them
63% (n=36) experienced at least one episode of OC relapse. A significant correlation was
noticed between the previous experience of OC and treatment with FLZ (α < 0.05, P = 0.005)
and therapeutic failure with nystatin (P < 0.05).

Identification
MALDI-TOF MS consistent with LSU rDNA sequencing successfully identified all isolates to
the species level (green score; >2), while the 21-plex PCR could not identify the only isolate
of H. opuntiae. Interestingly, in agreement with primers targeting hyphal wall protein1 (32),
two isolates showed double bands representing both C. albicans and C. dubliniensis, while
both MALDI-TOF MS and sequencing identified both as C. albicans (Figure 1). Those mixed
samples on CHROMagar yielded the same color as C. albicans (green-colored colonies). As
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for the mixed sample containing both isolates of C. albicans and H. opuntiae, green and creamcolored colonies were observed on CHROMagar, respectively.
AFLP genotyping
Although, infections due to C. albicans are mainly endogenous, some studies have shown cases
of hospital acquired infections for this species (36). Accordingly, the high prevalence of C.
albicans and K. marxianus in the oral cavities of patients included in this study, convinced us to
perform AFLP for all isolates (except for H. opuntiae, n=1) to observe the genotypic diversity.
Moreover, all of the patients enrolled in this study were from the same hospital and the same
unit (blood unit). One of the most important findings of this study was encountering a high
number of K. marxianus isolates (n=11; 12.7%) and through AFLP those isolates belonged to
the same genotype (Supplementary Figure 1). As for the isolates of C. albicans, we found three
major clusters (C), including C1 (n=16), C2 (n=17) and C3 (n=22) and 12 minor and unique
genotypes each containing a single isolate. No significant relationships were found between
genotype, the season of isolation, and hospitalized ward. Two DNA samples of C. albicans
isolates did not yield any banding patterns (probably due to the presence of inhibitors), therefore
they were excluded from the final AFLP figure.

10

Figure 1. Application of 21-plex PCR for identification of clinical isolates of OC cases. The majority of the
strains were identified in the first multiplex PCR (C. albicans, C. dubliniensis, and C. tropicalis), the isolates of
K. marxianus (C. kefyr) by the second multiplex PCR, and the only isolate of Hanseniaspora opuntiae was not
identified by any of the PCR reactions.
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Antifungal susceptibility testing
Antifungal susceptibility results and MIC values are represented in Table 1. Among isolates
of C. albicans, only 2.8% (n= 2) were resistant to FLZ (≥ 8 µg/ml) and 4 isolates (5.7%) were
intermediate for ITZ (0.25–0.5 µg/ml), while they were all either susceptible to VRZ (≤ 0.12
µg/ml), CAS (≤ 0.25 µg/ml), and AND (≤ 0.25 µg/ml) or wild type (WT) for AMB (≤ 2µg/
ml), 5-FC (≤ 0.5 µg/ml), and PSZ (≤ 0.06 µg/ml). All of the K. marxianus isolates showed WT
phenotype for all antifungals used (5-FC (≤ 0.5 µg/ml), AMB (≤ 2 µg/ml), FLZ (≤ 1 µg/ml),
ITZ (≤ 0.12 µg/ ml), PSZ (≤ 0.25 µg/ml), VRZ (≤ 0.015 µg/ml), AND (≤ 0.25 µg/ml), and CAS
(≤ 0.0.3 µg/ml)). All isolates of C. tropicalis, except for two isolates that were intermediate for
ITZ (0.25–0.5 µg/ml), were susceptible to FLZ (≤ 2 µg/ml), VRZ (≤ 0.12 µg/ml), AND (≤ 0.25
µg/ml), and CAS (≤ 0.25 µg/ml) and WT for PSZ (≤ 0.12 µg/ml), AMB (≤ 2 µg/ml), and 5-FC
(≤0.5 µg/ml). WT phenotype and low MIC values against all antifungal agents were noticed for
the two C. dubliniensis isolates and the only isolate of H. opuntiae, respectively. CAS, VRZ,
and AND showed the lowest geometric mean values for both C. albicans and K. marxianus,
while FLZ and AMB showed the highest GM mean values for C. albicans and K. marxianus
isolates, respectively.

Table 1. Antifungal susceptibility testing against yeast species isolated from oral lesions of patients with
hematological malignancies.
ECVa (µG/ml)

CBPb (µG/ml)

<ECV

>ECV

S

SDD

I

R

GM

Organism

Antifungal

C. albicans
(n=69)

AMB
FLZ
ITZ
VRZ
PSZ
CAS
AND
5-FC

69
67
65
53
69
69
68
69

0
2
4
16
0
0
1
0

NA
67
65
69
NA
100%
100%
NA

NA
0
4
NA
NA
NA
NA
NA

NA
NA
NA
0
NA
0
0
NA

NA
2
0
0
NA
0
0
NA

0.439
0.461
0.046
0.022
0.026
0.019
0.026
0.060

0.12-1
0.125-8
0.016-0.5
≤0.015-0.06
≤0.015-0.06
≤0.008-0.12
0.015-0.12
<0.06-0.06

AMB
FLZ
ITZ
K. marxianus VRZ
(n=11)
PSZ
CAS
AND
5-FC

10
10
10
9
10
10
10
10

0
0
0
1
0
0
0
0

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA

1.149
0.326
0.053
0.016
0.028
0.014
0.024
0.056

0.012-2C
0.12-0.5
0.06-0.25d
0.015-0.03
0.015-0.03
≤0.008-0.03
0.015-0.12
<0.06-0.12e
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Table 1. Continued
ECVa (µG/ml)
Organism

CBPb (µG/ml)

Antifungal

Range
<ECV

>ECV

S

SDD

I

R

GM

AMB
FLZ
ITZ
VRZ
PSZ
CAS
AND
5-FC

3
3
3
1
3
3
3
3

0
0
0
2
0
0
0
0

NA
3
NA
1
NA
3
3
NA

NA
0
NA
NA
NA
NA
NA
NA

NA
NA
NA
2
NA
0
0
NA

NA
0
NA
0
NA
0
0
NA

NA
NA
NA
NA
NA
NA
NA
NA

0.12-0.5
0.25-1
0.03-0.25
≤0.008-0.25
≤0.015-0.06
≤0.008-0.06
0.015-0.06
≤0.12-0.25

AMB

2

0

NA

NA

NA

NA

NA

0.03-0.25

FLZ

2

0

NA

NA

NA

NA

NA

0.06-0.25

ITZ

2

0

NA

NA

NA

NA

NA

0.015-0.03

C. dubliniensis

VRZ

2

0

NA

NA

NA

NA

NA

<0.008-0.03

(n=2)

PSZ

2

0

NA

NA

NA

NA

NA

0.06-0.25

CAS

2

0

NA

NA

NA

NA

NA

0.008-0.06

AND

2

0

NA

NA

NA

NA

NA

0.015-0.06

5-FC

2

0

NA

NA

NA

NA

NA

0.06-0.12

AMB (0.5)

NA

NA

NA

NA

NA

NA

NA

0.5

FLZ (1)

NA

NA

NA

NA

NA

NA

NA

1

ITZ (0.03)

NA

NA

NA

NA

NA

NA

NA

0.03

H. opuntiae

VRZ (0.015)

NA

NA

NA

NA

NA

NA

NA

0.015

(n=1)

PSZ (0.015)

NA

NA

NA

NA

NA

NA

NA

0.015

CAS (0.03)

NA

NA

NA

NA

NA

NA

NA

0.03

AND (0.015)

NA

NA

NA

NA

NA

NA

NA

0.015

5-FC (0.06)

NA

NA

NA

NA

NA

NA

NA

0.06

C. tropicalis
(n=3)
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a. Epidemiological cut-off value, b. Clinical breakpoint, C. For the isolates of K. marxianus, the epidemiological cut-off value
of >2 were considered resistant to AMB, d and e. For the isolates of K. marxianus, the epidemiological cut-off value of ≥0.5
were considered resistant to ITZ and 5-FC, S; Susceptible, SDD; Susceptible dose-dependent, I; Intermediate, R; Resistant,
NA; Not applicable. Geometric mean value was not calculated for species containing less than 10 isolates. The only isolate of
H. opuntiae showed low MIC values for all antifungal agents, which are mentioned next to each antifungal used.

Discussion
The worrisome escalation of cancer incidence may facilitate the emergence of OC in this
population of patients. Unfortunately, despite a high annual burden of OC and the possible
link with the development of candidemia (37) and even cancer (10), many clinical and
microbiological aspects of this complication remained to be elucidated. Conducting local,
national, and worldwide studies might result in a better clinical outcome, ease of management
of OC cases, establishing appropriate empiric therapy, and finally lower hospital costs.
Consequently, in order to bridge the gap between the lack of knowledge on clinical outcome
and microbiological features of OC among patients suffering from hematological disorders we
conducted this study in Iran.
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In our study, more than half (56%) of the enrolled patients were positive for OC, from whom
86 yeast isolates were recovered. Encountering such a high number of OC positive patients is
likely due to the fact that all our patients underwent chemotherapy (5), which is known to be the
main risk factor for the manifestation of OC (5). C. albicans (81%) was the most encountered
Candida species, followed by K. marxianus (12%), C. tropicalis (3.5%), C. dubliniensis
(2.3%) and H. opuntiae (1.2%). It was not surprising that C. albicans was the most prevalent
Candida species, as this fungus is the most abundant yeast agent inhabiting mucosal surfaces of
the gastrointestinal (GI), pulmonary, and urinary tract (38,39). Predominance of C. albicans is
in agreement with other studies (40–42), but unlike those studies we found K. marxianus as the
second most frequently encountered yeast species. Previous studies have shown that patients
with hematological disorders are prone to develop candidiasis due to K. marxianus (27,43),
which corroborates the high rate of this yeast species in our study. Together with Eddouzi et al.,
we reported the second clinical case of H. opuntiae (44). Studies of English abstracts published
from 2009 to 2018 revealed an increasing trend in the spectrum and/or prevalence of emerging
Candida and yeast species isolated from the oral cavity of Iranian HIV positive and cancer
patients (22,45–48). The noted differences in the distribution of diverse yeast species found in
various studies might reflect the variations in patient subgroups, diet, sample types, or even the
administered antifungal regimen. In line with those facts, application of informative and useful
next generation sequencing platforms has revealed that smoking (49), hygiene, and even the
composition of the tap water (50) may cause microbial diversity in the oral microbiome.
Approximately 30% of our patients were successfully treated with nystatin and the remaining
required combination of 150 mg of FLZ +topical nystatin, which indicates insufficient efficiency
of this drug for clearance of OC. Interestingly, we observed a significant correlation between
previous occurrence of OC and the requirement of more than one period of FLZ +nystatin
treatment and nystatin therapeutic failure. Some studies showed a superiority of nystatin
pastilles or pastille and suspension over nystatin alone, whilst the adverse side effects on the
gastrointestinal tract, unpleasant taste, use of high doses and extended time of prescriptions
are the drawbacks of nystatin formulations (51). On the contrary, other studies have shown a
similar efficacy of nystatin to that of placebo and an inferiority to FLZ when used in severe
immunodeficient patients (52). Although, we did not test nystatin in our antifungal susceptibility
panel, other studies have shown high MIC values for topical agents (48) and recommended the
use of systemic antifungal drugs, such as FLZ (5,53). Moreover, randomized, double blind
clinical trials have shown a higher efficacy of FLZ and MCF when they were used in HIV
positive patients suffering from OC (8,54). In agreement with other studies that showed a
superiority of a single dose of 750mg of FLZ rather than two week long 150 mg FLZ therapy
in HIV positive individuals (8), we found that almost 70% of patients treated with 150 mg FLZ
and topical nystatin therapy showed OC relapse on more than one occasion. Adopting such a
single high dose of FLZ regimen instead of a standard two week long FLZ therapy of 150mg,
might result in a lower risk of development of FLZ resistant isolates stemming from a more
extensive exposure time (55). In case of FLZ refractory cases, utilization of other azole agents,
including PSZ, VRZ, ITZ (5), and micafungin (54) have been recommended (5). This is in
line with our findings that ITZ, VRZ, and PSZ showed the lowest geometric mean values and
FLZ the highest. Nowadays, due to the expanding spectrum of yeast species in clinical settings
that are possibly less responsive to azoles, it might be useful to implement such a therapeutic
regimen of systemic antifungals for patients suffering from OC.
Approximately 3% of the isolates of C. albicans were resistant to FLZ and the infected patients
underwent treatment with FLZ + nystatin, which is in concordance with other studies that
164

Incidence and spectrum of yeast species isolated from the oral cavity of Iranian patients

previous exposure with FLZ results in the emergence of FLZ resistant isolates in patients
suffering from candidemia (56). Although a newer generation of antifungals targeting CYP51A
have shown promising results when tested in animal models infected with C. auris (57),
Cryptococcus neoformans (58), Cocciodiodes posadasii and Coccidioides immitis (59), their
efficacy remains to be evaluated for the treatment of OC patients. Moreover, if proved to be
efficient when tested in human OC positive cases, utilization of these drugs in clinical settings
might contribute in preserving the limited systemic antifungal armamentarium and reducing
the burden of systemic drug resistant yeast species.
With regards to the identification of our clinical yeast isolates, MALDI-TOF MS and 21-plex
showed 100% and 99% consistency with LSU rDNA sequencing, respectively. Although rare,
MALDI-TOF MS successfully identified H. opuntiae, while the 21-plex PCR did not. Previous
studies have shown the superiority of MALDI-TOF MS for identification of clinically important
yeast species (60,61), but unfortunately, this device is not available in Iran as a developing
country. However, PCR as an affordable and reproducible device increasingly proves to be a
popular identification platform in developing countries (19,20). Moreover, samples with mixed
species could be differentiated via 21-plex PCR, while neither MALDI-TOF MS nor Sanger
sequencing were able to differentiate the respective yeast species.
Subjecting our isolates to AFLP revealed that all 11 isolates of K. marxianus occurred in the same
cluster. That may suggest that these isolates originated from the same source. Unfortunately, as
a limitation of our study, we could not find the source of the K. marxianus isolates. However,
the lack of dairy products in the hospital diet of our patients precludes the fact that they have
acquired K. marxianus during their hospitalization stay. Moreover, it is even likely that outside
the hospitalization period those patients might have consumed dairy products containing K.
marxianus and subsequently were infected with this yeast.
Unexpectedly, we found 15 genotypes of C. albicans, including three major clones constituting
approximately 82% of C. albicans isolates and 12 minor genotypes each represented by a
single isolate. As the three major genotypes encompassed more than 80% of the C. albicans
isolates, the phenomenon of intrahospital transmission might be likely. Despite some studies
using AFLP have ruled out the intrahospital transmission phenomenon for C. albicans isolates
recovered from blood samples (62), others using pulsefield gel electrophoresis (PFGE)
proved otherwise (36). Encountering with such a contradictory finding might stem from the
variation in the technology used, but it is noteworthy that both AFLP and PFGE possess a
high discriminatory power. Unfortunately, similar to the isolates of K. marxianus, we did not
carry out any screening protocols to prove the concept of intrahospital transmission for the
C. albicans isolates, which is the main limitation of our study. Although, AFLP proved its
superiority and higher resolution over multilocus sequence typing (MLST) (62), application of
platforms with a higher resolution, such as next-generation sequencing, might provide a better
explanation for the intrahospital transmission phenomenon of C. albicans isolates.

Conclusion
Clinical outcome data derived from our study was compelling enough to persuade the
clinicians to abandon the usage of nystatin as a choice of antifungal therapy for the treatment
of OC positive patients with hematological malignancies. Interestingly, K. marxianus after
C. albicans represented the second most prevalent yeast species isolated from the oral cavity
of our patients, and 21-plex proved its efficiency for identification of clinically encountered
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yeast species. Moreover, through performing AFLP, we found that the majority of C. albicans
and 100% of K. marxianus isolates showed the same genotypic background that might be an
indication of intrahospital transmission. However, proving this fact requires environmental
screening to find the same clinical source, which is one of the shortages of our study.
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Abstract
Establishing an effective empirical antifungal therapy requires that national surveillance studies
be conducted. Herein, we report the clinical outcome of infections and the microbiological
features of Iranian isolates of Candida glabrata derived from patients suffering from candidemia.
C. glabrata isolates were retrospectively collected from four major cities in Iran; identiﬁed by
a 21-plex PCR, matrix-assisted laser desorption ionization-time of ﬂight mass spectrometry,
and large subunit of ribosomal DNA sequencing; and genotyped by ampliﬁed fragment length
polymorphism (AFLP). Mutations in PDR1, ERG11, and hotspot 1 (HS1) of FKS1 and FKS2
were investigated, and antifungal susceptibility testing (AFST) was performed (by the CLSI
M27-A3 and M27-S4 methods). Seventy isolates of C. glabrata were collected from 65 patients
with a median age of 58 years. Fluconazole was the most widely used (29.23%) and least
effective antifungal agent. The overall crude mortality rate was 35.4%. Only one strain was
resistant to ﬂuconazole, and 57.7% and 37.5% of the isolates were non-wild type (non-WT)
for susceptibility to caspofungin and voriconazole, respectively. All isolates showed the WT
phenotype for amphotericin B, posaconazole, and itraconazole. HS1 of FKS1 and FKS2 did
not harbor any mutations, while numerous missense mutations were observed in PDR1 and
ERG11. AFLP clustered our isolates into nine genotypes; among them, genotypes 1 and 2 were
signiﬁcantly associated with a higher mortality rate (P=0.034 and P=0.022, α< 0.05). Moreover,
83.3% of patients infected with strains harboring a single new mutation in PDR1, T745A, died
despite treatment with ﬂuconazole or caspofungin. Overall, Iranian isolates of C. glabrata were
susceptible to the major antifungal drugs. Application of genotyping techniques and sequencing
of a speciﬁc gene (PDR1) might have prognostic implications.
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Introduction
Candida glabrata is considered the second most common cause of candidemia in the United
States and some European countries (1–4) and the third most common cause in Spain (5).
Patients infected with C. glabrata require higher expenses for health care and longer stays
in the hospital than those infected with C. albicans (6). The emergence of strains resistant
to ﬂuconazole (FLC) (7), echinocandins, and/or other antifungals (multidrug resistant [MDR]
strains) (8, 9), along with the limited number of antifungal drugs, has created a therapeutic
challenge.
Although gain of function mutations in the transactivating transcription factor of C. glabrata
PDR1 (CgPDR1) have been considered the main cause of azole resistance in C. glabrata (10),
some mutations in ERG11 are linked to MDR strains highly resistant to FLC, voriconazole
(VRC), and amphotericin B (AMB) (11). Resistance to echinocandins is mainly mediated by
mutations in hot spot 1 (HS1) of FKS1 and FKS2 (12), which are considered independent
factors for the prediction of the therapeutic failure of echinocandins (13).
Although C. glabrata is recognized to be an asexual Candida species, genomic studies showed
a high genetic variability of the clinical isolates of C. glabrata obtained from various countries
(14). Moreover, it has been known that a higher mortality rate is attributable to some genotypes
(15), and it might even be hypothesized that some genotypes are more virulent and resistant
(15). Hence, utilization of genotyping techniques, such as multilocus sequence typing (MLST)
(15), microsatellite typing (9), pulsed ﬁeld gel electrophoresis (16), ampliﬁed fragment length
polymorphism (AFLP) analysis (17), and polymorphic locus sequence typing (18), is relevant
for infection control. Although MLST has been extensively used for the genotyping of clinical
isolates of C. glabrata, AFLP showed a higher resolution (19), and it is also a preferred typing
method for C. auris (20) and Aspergillus terreus (21).
Determination of the antifungal susceptibility pattern on a national level is a prerequisite to
understanding the evolving susceptibility proﬁle of C. glabrata. A lack of systematic and
nationwide microbiological and clinical data for Iranian isolates of C. glabrata recovered
from blood samples prompted us to conduct the present study. Clinical isolates of C. glabrata
were retrospectively collected from four major cities in Iran from 2015 to 2018. Antifungal
susceptibility testing was performed according to the CLSI M27-A3 and M27-S4 methods (22,
23), characterization of genotypes was carried out by AFLP, and the presence of mutations in
genes conferring resistance to azoles (PDR1 and ERG11) and echinocandins (HS1 of FKS1 and
FKS2) was explored. Moreover, important clinical data were mined from the history of infected
patients and are presented.

Materials and Methods
Collection of isolates and ethical approval
Isolates of C. glabrata were retrospectively collected from the Iranian cities of Tehran, Isfahan,
Shiraz, and Mashhad from 2015 to 2018 (see Supplementary Figure 1). The procedure of study
in each center was evaluated by regional ethical committee members, and accordingly, they
were provided with ethical codes (IR.SUMS.REC.1397.365, IR.MUMS.fm.REC.1397.268,
and IR.TUMS.SPH.REC.1396.4195). Prior to studying the isolates and analyzing the clinical
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data, each patient and the isolates derived from them were designated with speciﬁc codes to
prevent exposing the patients’ personal data.

Identiﬁcation
Isolates were preliminarily identiﬁed by a 21-plex PCR (46). Isolates were serially coded from
1 to 70. They were reidentiﬁed by matrix-assisted laser desorption ionization–time of ﬂight
mass spectrometry (MALDI Biotyper; Bruker Daltonik GmbH, Bremen, Germany) (47) and
sequencing of domains of D1/D2 of the large subunit of ribosomal DNA (LSU rDNA) (48).

DNA extraction
DNA samples were extracted by the cetyltrimethylammonium bromide (CTAB) method (100
mM Tris-HCl, pH 8,4, 1.4 M NaCl, 25 mM EDTA, pH 8.0, 2% CTAB) (49). The quality of
the DNA samples was assessed by use of a Nano-Drop spectrophotometer (Thermo Fisher
Scientiﬁc Corporation, Waltham, MA, USA) and running of 5µl of DNA sample on a 0.7%
agarose gel. The quality and quantity were evaluated by use of a QuBit double-stranded DNA
BR assay kit (Thermo Fisher Scientiﬁc Corporation, Waltham, MA, USA).

Primer design, PCR, and sequencing for FKS1, FKS2, PDR1, and ERG11
The DNA sequences of HS1 of FKS1 and FKS2, PDR1, and ERG11 were determined and
screened for the presence of mutations. Fourteen primers comprising 2 external primers and 12
internal primers were used to sequence PDR1, and 8 primers, including 2 external primers and 6
internal primers, were used to sequence ERG11 (Supplementary Table 1 and Figure 2). Primers
were synthesized by Integrated DNA Technology (Leuven, Belgium).
PCR mixtures for FKS1, FKS2, PDR1, and ERG11 were prepared in a volume of 50µl and
were as follows: 5µl 10× buffer (10× NH4, no MgCl2), 2mM MgCl2, 0.2mM deoxynucleoside
triphosphate (dNTP) mix (dNTP mix, 100 mM; Biolab), 5pmol of primers (primers FKS1-F,
FKS1R, FKS2F, FKS2R, PDR1Fex, PDR1Rex, ERG11Fex, and ERG11Rex), and 2.5 units of
Taq polymerase enzyme (Bio Taq DNA polymerase; Biolab). Milli-Q water was used to adjust
the volume to 50µl.
All PCRs were set at the same annealing temperature, but variable incubation times were used
for the extension phase. PCR programs contained the following steps: 95°C for 5 min, followed
by 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s (FKS1), 1 min (FKS2), 2 min (ERG11), or
3 min (PDR1), followed by 72°C for 8 min. The PCR products were run on a 2% agarose gel.

Sequencing and analysis of sequences
The primers presented in Supplementary Table 1 were used for bidirectional dideoxy chain
terminated Sanger sequencing. Contigs were assembled and edited by the use of SeqMan
software (DNAStar, Madison, WI, USA), and the sequences obtained were aligned by the use
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of MEGA software (v.7.0; Temple University, Philadelphia, PA). The sequences with GenBank
accession numbers FJ550269.1 (10) and XM_445876 (50) were used as the WT references for
the PDR1 and ERG11 sequences, respectively.

Genotyping using AFLP
The ampliﬁed fragment length polymorphism (AFLP) method suggested by Marchetta et al.
(51) was employed to evaluate the genotypic patterns of our isolates of C. glabrata. AFLP data
were analyzed by the use of BioNumerics software (v7.6; Applied Math Inc., Sint-MartensLatem, Belgium). The reference and type strains of C. glabrata (strains CBS 138 and CBS
2175, respectively) and the other closely related species, including C. nivariensis (CBS 9983
to CBS 9985 and CBS 10161), C. bracarensis (CBS 10154), C. uthaithanina (CBS 10932),
C. kungkrabaensis (CBS 10927), Nakaseomyces delphensis (CBS 2170), and Nakaseomyces
bacillisporus (CBS 7720) and a clinical isolate of C. bracarensis (generously provided by W.
Liao, Shanghai, China), were included in the AFLP experiment.

Antifungal susceptibility testing
The MIC values of the antifungal drugs were determined by the broth microdilution procedure
as described in CLSI document M27-A3 (22). The following antifungal drugs were included:
ﬂuconazole (Pﬁzer, New York, NY, USA), voriconazole (Pﬁzer, New York, NY, USA),
itraconazole (Santa Cruz Biotech, Dallas, TX, USA), posaconazole (MSD, Kenilworth, NJ,
USA), caspofungin (Merck & Co., Inc.), and amphotericin B (Sigma Chemical Corporation,
St. Louis, MO). For quality control purposes, C. parapsilosis (CBS 604) and C. krusei (=
Pichia kudriavzevii, CBS 5147) were used. Species speciﬁc breakpoints were adopted from
CLSI document M27-S4 (23). The MIC was read visually after 24 h and noted as the lowest
concentration of ﬂuconazole (FLZ) and caspofungin (CAS) resulting in at least a 50% reduction
of growth compared to that of the control. Resistance to FLZ and CAS was noted when the MIC
values were ≥64 µg/ml and ≥0.5 µg/ml, respectively. The MIC values of other azole drugs,
including voriconazole (VRC) (≥1 µg/ml), posaconazole (PSC) (≥4 µg/ml), and itraconazole
(ITC) (≥4 µg/ml), were interpreted according to epidemiological cutoff values (23, 52). The
MIC values of AMB were noted to be the lowest concentration of the drug that showed a 100%
reduction of growth of the test strain compared to that of a control strain grown without AMB,
and isolates for which MIC values were >2.0 µg/ml were considered to be potentially resistant
(23, 24, 52).

Statistical analysis
Logistic regression and path analyses were performed to evaluate statistical signiﬁcance and
the association between the genotypes and death or survival. As multivariate logistic regression
analysis does not consider the indirect inﬂuence of independent variables on dependent ones,
path analysis was used to overcome this problem. Using path analysis, the association with
mortality and survival was individually assessed for genotypes 1 to 3. Moreover, the chi-square
test (two-tailed) was used to ﬁnd the association between the clinical outcome and genotypes,
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voriconazole susceptibility proﬁle (susceptible or resistance), and hospitalization duration for
all patients. P values of <0.05 were considered statistically signiﬁcant. All statistical analyses
were performed with SPSS software (v.24 for Windows; SPSS, Inc., Chicago, IL, USA) (see the
“Statistical analysis” section in the supplemental material).

Data availability
All the isolates of C. glabrata studied in this project were deposited in the culture collection
the Westerdijk Fungal Biodiversity Institute, and they were designated with the following CBS
numbers: CBS 15665 to CBS 15720, CBS 15722 to CBS 15733, and CBS 15744. Sequences
obtained for PDR1, ERG11, and HS1 of FKS1 and FKS2 were deposited in GenBank under
the following accession numbers: MK847567 to MK847637, MK847780 to MK847850,
MK847638 to MK847708, and MK847709 to MK847779, respectively.

Results
Clinical outcomes
The clinical data used in this study are listed in Supplementary Table 2 in the supplemental
material (in the form of an Excel ﬁle). In total, 70 isolates of C. glabrata were recovered from
65 patients with a median age of 58 years. Among them, 47.7% (n=31) were female and 52.3%
(n=34) were male. The majority of the isolates (86.1%; n=56) were recovered from blood,
followed by central venous catheters and abdominal ﬂuids, each at 3.08% (n=2 each), and
abdominal wounds, dialysis ﬂuid, cerebrospinal ﬂuid (CSF), double lumen (DL), and triple
lumen (TL), each at 1.54% (n =1 each) (Supplementary Table 2). Intensive care units, coronary
care units, neonatal intensive care units, and pediatric intensive care units accommodated the
majority of the patients (47.69%), followed by other hospital units, including surgery (18.46%),
emergency (15.38%), internal medicine (12.31%), pediatric (3.08%), and infectious diseases
(1.54%) units and general units for men (1.54%). Regarding underlying conditions, other
infections and tumors were observed in 47.7% of patients, followed by conditions related to
trauma and surgery (20.00%), metabolic disorders (9.23%), blood associated disease (7.69%),
autoimmune disease and liver and kidney dysfunctions (each at 4.62%), gastrointestinal bleeding
(GIB; 3.08%); and poisoning (1.54%). The majority of patients were treated with ﬂuconazole
(29.23%), followed by caspofungin (CAS; 18.46%), AMB (10.77%), voriconazole (3.08%),
and clotrimazole ointment (1.54%). Patients treated with caspofungin showed the highest rate
of survival (83.3%), followed by those treated with AMB (71.43%) and ﬂuconazole (52.63%).
Twenty-four (36.92%) patients did not receive any treatment, and 9 of them (37.50%) died
and 15 (62.50%) survived. The overall crude mortality rate among patients infected with C.
glabrata was 35.4% (n=23).

Screening for mutations in PDR1, ERG11, and HS1 of FKS1 and FKS2
Sequencing for mutations in PDR1 showed that 54.92% (n=39) of the isolates contained
nonsynonymous mutations (Table 1, Supplementary Tables 3 and 4, and Supplementary Figure
176

Low level of antifungal resistance in Iranian isolates of Candida glabrata

3), 45.1% (n=39) of the isolates were wild type (WT), and 64.78% (n=39) harbored silent
mutations (Supplementary Table 4). Twenty-eight percent of the mutations were located in the
region between the binding and middle homology domains and found in isolates that showed
the highest MIC values for ﬂuconazole (≥32 and 64 µg/ml). Regarding the association of the
occurrence of mutations in PDR1 and voriconazole MIC values, 45.1% of the isolates with wildtype PDR1 and 30.7% of the isolates with non-WT PDR1 (carrying various nonsynonymous
mutations) had MIC values higher than the epidemiological cutoff value (ECV) (MIC ≥ 0.5 µg/
ml) (Table 2).
Table 1. Frequency of resistance to ﬂuconazole in wild-type and mutated strains for PDR1.
Polymorphism
in PDR1

No. of isolates along with their MIC values (µg/ml)
≤0.5

1

2

WT

4

8

16

32

5

15

10

1

K67N

64

P76S, P145T,
*
D243N

3

P117S

Total
1

1

1

1

1

1

2
*

1

6
1

G128E

1

G128E, G493A

≥256

32

1

P68S, P135T,
D235N

128

1

1

N162S

1
1

1

N162S, F944S

1

1

G189V

1

1

Y285N, T286A,
K430M, T745A

1

1

K430M

2

K430M, E441K

1

1

K430M, L454P

1

1

K430M, T745A

1

1

K430M, G493A,
T745A

1

1

E555K

1

1

G574S
T745A

1
1

3

T745A, C930R

1
2

6

1

1

A828T
C930R
A1004C

11

2

1
2

3
1

1

6
1

* Only one of the isolates with this mutation (P76S, P145T, D243N) was resistant to fluconazole and the rest of
isolates were 100% SDD to this drug.
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Table 2. Frequency of isolates with wild-type and mutated PDR1 proﬁle along with their MIC values for
voriconazole.
No. of isolates along with their MIC values (µg/ml)

Polymorphism in
PDR1

<ECV

>ECV

WT

54.9%

45.1%

K67N

0.00%

100%

P68S, P135T, D235N 100%

0.00%

≤0.0625 0.125 0.25 0.5

1

2

1

4

3

7

9

6

4

8

16
1

1

≥32 Total
31
1

2

2

P76S, P145T, D243N 67.67% 33.33%

2

P117S

100%

0.00%

1

G128E

100%

0.00%

G128E, G493A

0.00%

100%

N162S

100%

0.00%

N162S, F944S

100%

0.00%

G189V

100%

0.00%

1

1

Y285N, T286A,
K430M, T745A

100%

0.00%

1

1

K430M

100%

0.00%

1

2

K430M, E441K

100%

0.00%

1

1

K430M, L454P

100%

0.00%

K430M, T745A

0.00%

100%

K430M, G493A,
T745A

100%

0.00%

E555K

0.00%

100%

G574S

100%

0.00%

T745A

50%

50%

T745A, C930R

0.00%

100%

1

1

A828T

0.00%

100%

1

1

C930R

67.67% 33.33%

A1004C

100%

0.00%

2

2

6
1

1

1
1

1

1

1

1

1

1

1

1
1

1

1

1
1
1

1

1

2

1

2
1

1
1

2

1

1

1

6

6
1

Among the strains with nonsynonymous mutations in PDR1, K67N (MIC=2 µg/ml), G128E
+ G493A (MIC=0.5 µg/ml), K430M + T745A (MIC=0.5 µg/ ml), E555K (MIC=4 µg/ml),
and T745 + C930R (MIC=0.5 µg/ml) exclusively occurred in strains with a voriconazole
MIC greater than the ECV (Table 2). Regarding ERG11, 36.6% (n=26) of the isolates showed
nonsynonymous mutations, 63.38% (n =26) were wild type, and 81.69% (n=58) harbored silent
mutations (Table 3, Supplementary Tables 3 and 4, and Supplementary Figure 3). Almost 22.53%
(n=16) of the isolates simultaneously contained mutations in both the PDR1 and ERG11 genes
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(Supplementary Table 4). The hotspot 1 regions of both FKS1 and FKS2 were devoid of any
mutations. Isolates simultaneously harboring mutations in both PDR1 and ERG11 and those
harboring a mutation in either gene did not show signiﬁcantly higher MIC values than the wild
types. Surprisingly, ﬁve out of six patients infected with strains containing a single mutation
of T745A in PDR1 died, despite treatment with ﬂuconazole, caspofungin, or a combination of
both drugs. These strains were found in two cities, Mashhad (n=5) and Shiraz (n=1), and as
determined using AFLP, they were clustered into ﬁve distinguishing genotypes (two strains
from Mashhad shared the same genotype).
Table 3. Frequency of resistance to ﬂuconazole in wild-type and mutated strains for ERG11.
Polymorphism in ERG11

No. of isolates along with their MIC values (µg/ml)
≤0.5

1

WT

2

4

8

16

32

64

1

7

18

13

5

1

D196N

128

≥256

*

Total
45

1

N368T

2

N368T, H430P

3

7

12

1

1

2

1

1

N368T, K456R, G457C,
V458F
N425I

1

H430P

1

1
4

K456R, G457C, V458F

2

7

1

1

* Only one of the isolates within genotype 1 (G1) was resistant to fluconazole and the rest of isolates were SDD
to this drug.
Table 4. MIC distribution of ﬂuconazole among C. glabrata isolates of different genotypes.
Genotypes

No. of isolates along with their MIC values (µg/ml)
1

2

8

16

32

64

2

8

4

2

1

G2 (A, B, and C)

4

9

12

1

26

G3

2

4

3

1

10

G4

1

*

G5
G6
G7
G8

1
1

1
1

≥256

17

2

3

1

2

3
1

*

128

Total

4

G1

≤0.5

4
1

3
1

G9
1
1
* Only one of the ERG11 wild-type isolates was fluconazole resistance and the rest of wild-type and ERG11
mutated isolates were 100% SDD to this drug.
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Genotyping of isolates using AFLP
AFLP typing divided our isolates into nine distinct clusters (genotype 1 [G1] to G9), and
genotype 2 was comprised of three sub-genotypes, G2A, G2B, and G2C (Figure 1). Two
isolates, collected from Tehran and Isfahan, showed a bizarre banding pattern compared to
the rest of the C. glabrata isolates, and they clustered with C. nivariensis and C. uthaithanina.
Subsequently, the respective DNA samples were subjected to the 21-plex PCR, and two bands
representing C. glabrata and C. parapsilosis were revealed, indicating that the DNA samples
contained a mixture of the DNA of both of these species. As a result, the DNA samples obtained
from these two isolates were excluded from downstream genotyping analysis. There was no
signiﬁcant association between the resistance proﬁle and the genotype clusters (Table 4).
The associations of various genotypes with the proﬁle of resistance to ﬂuconazole are
summarized in Table 4. Although by the chi-square test (two tailed) the clinical outcome was
signiﬁcantly associated only with G3 (P=0.025), logistic regression and path analysis showed
that G1 (P=0.034) and G2 (P=0.022) were signiﬁcantly associated with a higher rate of mortality
(α< 0.05), while G3 was signiﬁcantly associated with survival (P=0.001, α< 0.05) (see the
“Statistical analysis” section in the supplemental material). Moreover, by the chi-square test
(two-tailed) there was no signiﬁcant association between the clinical outcome and the VRZ
resistance proﬁle (P=0.555). Additionally, multivariate logistic regression analysis did not
show a signiﬁcant association between the clinical outcome and the hospitalization duration
(P=0.291) (see the “Statistical analysis” section in the supplemental material).
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Figure 1. AFLP genotyping for the studied strains of C. glabrata. Our isolates clustered into nine genotypes
using AFLP, and each genotype is distinctively color coded. ICU, intensive care unit; CCU, coronary care unit;
NICU, neonatal intensive care unit; PICU, pediatric intensive care unit; FLZ, ﬂuconazole; NYS, nystatin; AMB,
amphotericin B; VRZ, voriconazole; CAS, caspofungin.
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Antifungal susceptibility pattern
All of the MIC values obtained in this study are summarized in Table 5 and Supplementary
Table 3. Resistance to ﬂuconazole (MIC ≥64 µg/ml) was noted in only one isolate (1.4%), and
the rest were susceptible dose dependent (SDD), while 36.43% (n=28) of the isolates showed
MIC values higher than the ECV for voriconazole (MIC ≥0.5 µg/ml) and all of the isolates
showed the WT phenotype for posaconazole (PSC; MIC ≥2 µg/ml) and itraconazole (ITC; MIC
≥4 µg/ml). No cross-resistance between azole drugs was observed. For caspofungin, 57.74%
of the isolates (n=41) showed MICs above the ECV (≥0.5 µg/ml), while for AMB, none of the
isolates showed an MIC greater than the ECV (AMB ECV >2 µg/ml) (24). Although resistance
to echinocandins is noted when resistance to at least two antifungal agents in this class is
observed (12, 25), caspofungin was the only echinocandin agent that was available in our study.
Moreover, due to the interlaboratory variation observed for caspofungin (26), the MIC values of
caspofungin were combined with the sequence data for HS1 of FKS1 and FKS2 as a surrogate
for the caspofungin MIC. Almost 24% (n=17) of the isolates simultaneously had MIC values
higher than the ECVs for both caspofungin and voriconazole (MIC ≥ 0.5 µg/ml), and among
these isolates, 35.29% (n=6) had MIC values of ≥1 µg/ml and ≥0.5 µg/ml for voriconazole
and caspofungin, respectively. Fluconazole showed the highest geometric mean value (10.31),
followed by amphotericin B (0.57), itraconazole (0.51), caspofungin (0.41), posaconazole
(0.41), and voriconazole (0.32).
Table 5. Antifungal susceptibility data derived from C. glabrata isolates in this study.
MIC Values
Antifungal
drugs
≤0.016 0.032 0.064 0.125 0.25 0.5 1 2

4

FLC

11 28 24 5

1

VRC
PSC
ITC
CASP

AMB
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1

1

8

16 32 ≥64

1

1

Range

GM mean

2-64

10.11

0.064-16

0.32

2

20

21

16 6 4

1

1

15

27 26

0.032-1

0.41

2

3

21

34 10 1

0.064-2

0.51

8

22

22 19

0.125-1

0.41

3

52 15 1

0.25-2

0.57
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Discussion
The steady increase in the incidence of candidemia due to C. glabrata, along with a concerning
development of resistance to azoles and echinocandins and even the emergence of strains with
MDR traits, highlights the importance of studying antifungal susceptibility, determining the
subcellular mechanisms of resistance involved, and genotyping clinical isolates of C. glabrata
(9, 12). Previously, studies conducted in China (9, 27), South Korea (15), India (28), and the
United States (12) investigated the aforementioned aspects of clinical isolates of C. glabrata
and showed variability in the rate of resistance to azoles and echinocandins in those countries.
As this information for Iranian isolates of C. glabrata is lacking on a nationwide scale, we
conducted a multicenter study to investigate the clinical and microbiological features of this
species.
In our study, no difference in the occurrence of candidemia due to C. glabrata was observed
between males and females. Consistent with the ﬁndings of other studies, infections due to C.
glabrata were mainly observed in elderly individuals (6, 29) with the median age being 58
years. Moreover, the underlying conditions observed for our patients, namely, the extensive use
of broad-spectrum antibiotics, cancer, other infections, and surgery, are recognized risk factors
for the development of candidemia (6, 29). Although clinical guidelines consider echinocandins
to be the frontline therapy for C. glabrata (30), in our study, caspofungin ranked as the second
treatment option, and patients treated with caspofungin showed a higher rate of survival than
those treated with ﬂuconazole. The lower rate of utilization of echinocandins than azoles in
developing countries might reﬂect the higher costs associated with these drugs (28). Unlike
other studies, in which the mortality rate was reported to be 58% to 61% (31), in our study,
approximately 35% of our patients died, similar to the rate reported from the United States (6).
As no mutations were observed in HS1 of FKS1 and FKS2, none of our isolates were categorized
as echinocandin resistant. Due to the unreliability of the MIC values of caspofungin (26) and the
superiority of the presence of mutations in HS1 of FKS1 and FKS2 for the detection of resistance
to echinocandins (32), resistance to echinocandins was inferred only based on the presence of a
mutation in HS1 of the aforementioned genes. This is in line with our ﬁndings, where the vast
majority of the isolates (57.74%) had an MIC greater than the ECV (0.5 µg/ml), while there
were no mutations in HS1 of FKS1 and FKS2. Contrary to the echinocandin resistance rate in
the United States, which is up to 13% (12), the lack of echinocandin resistance in our study is
similar to that in other Asian countries, including South Korea (0%), India (0%), China (1.9%),
Turkey (2%) (15, 27, 28, 33), and European and South American countries (31, 34–37). This
variation in the rate of resistance to echinocandins likely reﬂects the variation in the therapeutic
regimens implemented in a speciﬁc region/country (28) and the genetic differences between
isolates of C. glabrata (15).
A low level of resistance to ﬂuconazole was observed (one isolate, 1.4%), and the rest of the
isolates were categorized to have the SDD phenotype. This rate of resistance to ﬂuconazole is
similar to what is observed in other Asian and South American countries, where the incidence of
ﬂuconazole resistance varies from 0% to 8.9% (15, 27, 28, 33, 34). As strains harboring mutations
in PDR1 or ERG11 did not exhibit higher MIC values than wild-type strains (Tables 3 and 5), it
could be inferred that those mutations are not engaged in resistance. The ﬂuconazole resistant
isolate carried previously described mutations (P76S, P145T, D243N) (27) that were also found
in isolates with the SDD phenotype (Table 3). Although in some other Candida species, such as
C. albicans (38), ﬂuconazole and voriconazole resistance are governed by the same mechanism,
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none of our strains showed concurrent cross-resistance/a non-WT phenotype for FLZ and VRC.
Moreover, the majority of strains with nonsynonymous mutations occurring in PDR1 (n=26;
66.6%) had a VRZ MIC less than the ECV, and among those with an MIC greater than the
ECV, only one-third were exclusively found among VRZ non-WT strains (strains with the
K67N, G128E + G493A, K430M + T745A, E555K, and T745 + C930R mutations). Besides,
PDR1 WT strains had a higher proportion with a non-WT phenotype for VRZ than non-WT
strains (45.1% for WT strains versus 30.7% for non-WT strains) (Table 2). Collectively, these
observations point to the fact that in C. glabrata, resistance to ﬂuconazole and voriconazole
might not be controlled by the same mechanism. For ERG11, all nonsynonymous mutations
occurred in ﬂuconazole SDD strains. X-ray crystallography studies of ERG11 of Saccharomyces
cerevisiae (39) and homology modeling in C. glabrata (40) showed that missense mutations
in residues 132, 140, 143, and 464 and residues 146, 243, and 246, respectively, are linked to
azole resistance. On the contrary, in our study none of the isolates with substitutions in the
neighborhood of those residues (residues 196, 425, 430, and 456 to 458) showed resistance to
ﬂuconazole. Moreover, unlike S. cerevisiae (39), the occurrence of a mutation in residue 315
(G315D) of a clinical strain of C. glabrata caused multidrug resistance to ﬂuconazole (MIC
>256 µg/ml), voriconazole (MIC >256 µg/ml), and AMB (MIC >32 µg/ml) (11). None of the
isolates showed MIC values higher than the ECV (MIC >2 µg/ml) for AMB. The low level or a
lack of resistance to azoles and AMB or echinocandins in this study might be explained by the
fact that none of our patients experienced previous and prolonged exposure to these antifungals
(41, 42).
Although mutations in the MSH2 (DNA mismatch repair pathway) gene correspond to
hypermutable phenotypes of C. glabrata that can facilitate the development of azole-resistant
and MDR strains (8), studies from India (28), France (43), and China (27) found that mutations
in this gene are more associated with rare and speciﬁc genotypes. Therefore, we did not include
this gene in our study.
The observation of hypervariation in the virulence patterns for each strain of C. glabrata (44),
along with the association of certain genotypes with a higher rate of mortality (15), revealed the
importance of the use of genotyping techniques in clinical settings. In line with these ﬁndings,
in our study, two genotypes, G1 and G2, showed a signiﬁcant association with a higher rate of
mortality (α< 0.05, P=0.034 and P=0.022, respectively), while G3 was signiﬁcantly associated
with survival (α< 0.05, P = 0.001). Additionally, it has been shown that mutations in PDR1 have
implications for virulence, and strains carrying certain mutations showed reduced adherence to
macrophages and increased adhesion to epithelial cells (10). Interestingly, we noticed that ﬁve
out of six patients infected with strains carrying the single T745A mutation in PDR1 (not in
combination with the other mutations in PDR1) died despite treatment with either ﬂuconazole,
caspofungin, or a combination of both drugs. Five of those isolates belonging to four genotypes
(two strains shared the same genotype) were found in the same city (Mashhad) and the same
hospital in which 80% of infected patients died (n=4). The other isolate belonging to a different
genotype was found in Shiraz, and the infected patient died. This conclusion is drawn based
on the ﬁndings for a small number of strains, and so it is not conclusive, due to the pleiotropic
functions of PDR1, and this speciﬁc mutation (T745A) might deserve further in vivo studies.
Surprisingly, in our study isolates of each genotype of C. glabrata were recovered from patients
hospitalized in different cities. Admittedly, AFLP might not have the genotyping resolution of
whole genome sequencing platforms, but this observation might be indicative of the nosocomial
transmission of C. glabrata isolates. Although it is rarely reported, some studies have shown the
nosocomial transmission of C. glabrata isolates in clinical settings (18, 45).
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Abstract
Purpose. Identification of the emerging yeast species Candida nivariensis among presumptively
identified Iranian Candida glabrata isolates.
Methodology. Clinical C. glabrata species complex isolates from blood (n=71; 33.3%), urine
(n=100; 46.9%), vaginal swabs (n=20; 9.4%), BAL (n=10; 4.7%), and sputum (n=12; 5.6%)
from Iran were investigated. Isolates were characterized by CHROMagar, multiplex PCRs,
matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS),
amplified fragment length polymorphism (AFLP) fingerprinting, internal transcribed spacer
(ITS)/large subunit (LSU) rDNA and FKS1/FKS2 sequencing, and the European Committee on
Antimicrobial Susceptibility Testing broth microdilution method. A comprehensive literature
review was conducted and all the relevant clinical and microbiological data were collected.
Results. Four C. nivariensis isolates were recovered from blood samples of three subjects and
were all consistently identified by nine-plex PCR, Bruker MALDI-TOF MS, and LSU and
ITS rDNA sequencing. AFLP genotyping clustered the isolates into two groups. Sequencing
of the FKS1 and FKS2 hotspots showed no accountable amino acid substitutions. All isolates
were susceptible to amphotericin B, fluconazole, itraconazole, posaconazole, voriconazole,
anidulafungin and micafungin.
Conclusion. In total, 4 out of 213 clinical C. glabrata species complex candidemia isolates
were C. nivariensis. Improvement of the BioMerieux Vitek MS database is required to
accurately identify C. nivariensis and it is advised to alternatively use CHROMagar and/or
PCR-based techniques. As other species within the Nakaseomyces clade may cause infection
and showed high MIC values for antifungals, inclusion of their spectra into the MALDI-TOF
MS database seems relevant. Due to developing resistance to fluconazole and insufficient
efficacy of caspofungin, the combination of catheter removal plus treatment with caspofungin,
or voriconazole, or micafungin might be effective for patients.
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Introduction
Candida glabrata is the second most common cause of candidemia in the USA (1) and its
prevalence is increasing worldwide (2, 3). Acquisition of resistance to azoles, echinocandins,
amphotericin B and multidrug resistant (MDR) traits are alarming features of C. glabrata (3–5).
For a decade C. glabrata has been recognized as a cryptic species complex containing the
emerging opportunistic yeast species C. nivariensis (6) and Candida bracarensis (7). These
species belong to the Nakeseomyces clade of the Saccharomycotina (8). Comparative genomic
studies showed that C. bracarensis and C. nivariensis are more related to the non-pathogenic
yeast species Nakaseomyces delphensis than to C. glabrata (8).
Although some studies showed that time-consuming, but relative simple phenotypic
identification techniques, such as CHROMagar, can easily distinguish these species from C.
glabrata, molecular assays increased the accuracy and shortened the identification turn-around
time (9). Moreover, not only is little known about their virulence, antifungal susceptibility and
prevalence, but also rarity of spectra of these species has hampered the accuracy of Vitek MS
to correctly identify clinical isolates of C. bracarensis and C. nivariensis (10). Accordingly,
identification and sharing data on nationwide and worldwide scales could enrich our knowledge
about various aspects of these species and will contribute to diagnostic and even therapeutic
improvement.
Here, we retrospectively studied a large collection of clinical C. glabrata isolates recovered
from Iranian patients. Subsequently, amplified fragment length polymorphism (AFLP)
fingerprinting (11), antifungal susceptibility patterning, using European Committee on
Antimicrobial Susceptibility Testing (EUCAST) broth microdilution, and sequencing of the
FKS1 and FKS2 hotspot1 (HS1) regions were performed. Lastly, a comprehensive literature
review was performed to collect relevant clinical and microbiological data of C. nivariensis
cases.

Material and methods
Retrieving data of published cases
All published studies containing C. nivariensis cases from 2005 (year of description of the
species C. nivariensis) to 1 October 2018 were retrieved. The keyword ‘Candida nivariensis’
without any limitations in languages and dates was searched in PubMed and Google search
engines. Clinical aspects, including year of publication and location, age, sex, sample type,
risk factors and underlying conditions, antifungals used and duration of therapy, outcome and
microbiological data, including number of isolates, phenotype on CHROMagar, antifungal
susceptibility testing (AFST) protocol, and the MIC values for the antifungals fluconazole
(FLC), voriconazole (VRC), itraconazole (ITC), posaconazole (PSC), caspofungin (CSP),
micafungin (MCF), anidulafungin (ANF), amphotericin B (AMB), and 5-fluorocytosine (5FC)
were recorded. In order to assure the accuracy of the collected clinical and microbiological data,
they were checked and recorded by two individuals to reach consensus.
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Patient information
Case 1 (isolate 2n)
A 67-year-old man, who underwent mitral and aortic valves’ repair, two months after cardiac
surgery and with clinical neurological deficits compatible with cerebrovascular accident
(CVA) was admitted in Ghaem hospital, Mashad, Iran, on 5 April 2015. Brain MRI (T1 with
contrast view) revealed two ring enhancement masses on right frontal and temporal lobes that
suggested brain abscesses. After this primary diagnosis, some masses were visible around the
mitral valve on his Trans esophageal echocardiography (TEE). With being suspicious of mitral
valve endocarditis, a blood sample was taken and incubated in Bactec device (Bactec 9420,
Becton Dickinson, Franklin Lakes, NJ, USA). Broad spectrum antibiotics, including cefepime
2g/IV/TDS, gentamicin 80mg/IV/TDS, rifampin 300mg/PO/BD and vancomycin 1g/IV/ BD
were prescribed after blood culture sampling. After 36 h, the blood culture was positive for
Enterobacter spp. Vancomycin was discontinued and other antibiotics continued and his fever
completely resolved after 7 days. On 18 April fever started again, hence, a blood sample was
taken and after 48 h it was positive for Candida spp. Caspofungin (70mg/IV/stat and 50mg/
IV/daily) was added to the previous antibiotic regimen and this treatment was continued for 10
days. His follow-up blood culture was negative after 3 days. Despite being partially recovered,
due to his family member’s request, he was discharged while he was under treatment with
fluconazole (400 mg daily/PO) 22 days post admission.
Case 2 (isolate 5n)
The same patient (case 1) after 30 days with fever complaint was referred to Ghaem hospital
and admitted to the infection ward on 26 May 2015. He described his previous frequency of
dysuria 5 days before admission and he was evaluated for urosepsis. Urine analysis revealed
the presence of many white blood cells (leukocyturia) and yeast cells (>105 CFU ml−1) and
accordingly AMB deoxycholate (75mg/IV/daily) was prescribed. A blood sample was taken
and after 6 days incubation yielded yeast cells. Although, not fully recovered and his general
health status was not satisfactory for the medical team, the patient left the hospital and no
information was available on his follow-up.
Case 3 (isolate 35n)
A 14-year-old girl with severe burnings was hospitalized in the burn intensive care unit (ICU),
Ghaem Hospital, Mashhad, Iran, on 26 October 2015. The whole upper body part, neck and
face were involved with second to third degree burns. In the beginning of her admission, she
was alert and in order to relieve the pain, fentanyl (50µg/IV/ infusion/hour) was prescribed
for a few days and daily washing and dressing of wounds were performed. The first episode
of fever was noticed 7 days post admission. Physical examinations showed that there was a
significant infection of the burn wounds. Hence, wound drainage and blood were subjected to
culture, and imipenem (500mg/IV/QID) and vancomycin (1g/IV/BID) treatments were started.
The blood and wound drainage culture yielded both Acinetobacter baumannii, vancomycin
was replaced by colistin (9mu/IV/loading and then 4.5mu/IV/BID), and she was treated with
both colistin and imipenem. After 2 days, fever signs were eliminated and first debridement
surgery was performed. On the fourteenth admission day, the affected site was repaired with
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allograft skin surgery. Then 3 days after the surgery (seventeenth day of admission), the patient
became febrile and discharges were observed around the skin graft. A blood sample yielded an
imipenem and amikacin resistant strain of Pseudomonas aeruginosa and Candida spp., while
the wound culture remained negative. Imipenem treatment was stopped and meropenem (2g/
TDS/IV) and fluconazole (200mg/daily/ PO) were added to colistin. On the twenty-first day of
admission, blood cultures remained positive with Pseudomonas aeruginosa and Candida spp.
On 26 November 2015, in spite of the extensive debridement of the graft and the replacement
of fluconazole with amphotericin B deoxycholate (50mg/daily/IV) the patient succumbed.
Case 4 (isolate 81-7)
A 62-year-old female with left limb sarcoma was admitted with necrotizing fasciitis and
severe sepsis in the emergency ward in Imam Khomeini complex hospital, Tehran, Iran, on
23 July 2018. Treatment with meropenem (1g/TDS/IV) and vancomycin (1g/IV/BID) was
started and amputation of the left limb was immediately performed. During 24–26 July, despite
antibiotic therapy and amputation, the patient was suffering from fever and sepsis. Hence, being
suspicious for an infection caused by other microorganisms, blood samples were taken and
incubated in Bactec 9420 device (Becton Dickinson). On 26 July, following the isolation of
Pseudomonas aeruginosa from a wound culture of the amputated leg discharges, colistin (9
mu/IV/Loading and then 4.5 mu/IV/BID) and gentamycin (240 mg/IV/TDS) were administered
and treatment with vancomycin was stopped. On 27 July, blood cultures yielded yeast cells and
subsequent PCR reported them as C. glabrata and antifungal therapy with 300 mg of liposomal
amphotericin B was started the following day. On 29 July, liposomal AMB was replaced with
50mg of caspofungin. On 8 August 2018, the patient died due to septic shock and cardiac arrest.

Isolates, identification, and part sequencing of FKS1 and FKS2 genes
Preserved clinical isolates of C. glabrata (2015–2018) from four metropolitan cities of Iran,
including, Tehran, Shiraz, Isfahan and Mashhad, were retrospectively collected. Isolates were
obtained from blood (n=71; 33.3%), urine (n=100; 46.9%), vaginal swabs (n=20; 9.4%),
bronchoalveolar lavage (BAL) fluid (n=10; 4.7%) and sputum (n=12; 5.6%) samples. Isolates
were streaked on Saboraud dextrose agar at 37 ºC for 24–48 h. Colonies that showed white and
pink colonies on CHROMagar were selected and subjected to a comprehensive multiplex 21plex PCR (12). Further analysis by a nine-plex PCR (9), Bruker MALDI-TOF MS (Microflex
LT, Bruker Daltonics, Bremen, Germany), large subunit (LSU) and internal transcribed spacer
(ITS) rDNA sequencing, antifungal susceptibility testing (EUCAST v9.0) and AFLP was
performed. Identification by MALDI-TOF MS was performed using a full extraction method
(13). In order to evaluate the accuracy of MALDI-TOF MS and the nine-plex PCR, sequencing
of LSU of ribosomal DNA (rDNA) using primers of LROR (5′-ACCCGCTGAACTTAAGC-3′)
and LR5 (5′-TCCTGAGGGAAACTTCG-3′), and ITS rDNA using primers of ITS1 (5′-TCC
GTA GGT GAA CCT GCG G-3′) and ITS4 (5′-TCC GTA GGT GAA CCT GCG G-3′) was
performed (14).
C. glabrata increasingly shows resistance to echinocandins that is mainly associated with
acquisition of mutations in the hotspot 1 (HS1) of FKS1 and FKS2 genes (15). C. nivariensis
is phylogenetically closely related to C. glabrata, therefore, we sequenced HS1 of these two
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genes for the isolates of C. bracarensis and C. nivariensis. Primers targeting HS1 of FKS1 (389
bp) and FKS2 (718 bp) of C. glabrata were used for this purpose (unpublished data).

Genotyping of isolates of C. nivariensis using AFLP
In order to investigate the genetic relationship and genotypic diversity of our isolates, AFLP
was performed as described before (11). Besides our clinical isolates of C. nivariensis (n=4),
CBS reference and type strains of C. nivariensis (CBS 9984, CBS 9985 and CBS 10161), C.
bracarensis (CBS 10154) and a clinical isolate of C. bracarensis (H111) generously provided
by Professor W. Liao (Shanghai, China), C. glabrata (CBS 138), C. uthaithanina (CBS 10932),
C. kungkrabaensis (CBS 10927), N. delphensis (CBS 2170) and N. bacillisporus (CBS 7720)
were included in the AFLP experiment.

Antifungal susceptibility testing
To define the MIC of our isolates, antifungal susceptibility testing was performed using broth
microdilution procedure of EUCAST version 9.0 (www. eucast. org/ fileadmin/ src/ media/
PDFs/ EUCAST_ files/ AFST/ Clinical_ breakpoints/ Antifungal_ breakpoints_ v_ 9. 0_
180212. pdf). Amphotericin B (AMB), 5-flucytosine (5FC; Sigma Chemical Corporation, St.
Louis, MO, USA), fluconazole (FLC), voriconazole (VCZ) and anidulafungin (AND; Pfizer,
New York, NY, USA), itraconazole (ITC; Santa Cruz Biotech, Dallas, TX, USA), posaconazole
(PSC; MSD, Kenilworth, NJ, USA), and micafungin (MCF; Astellas Pharma, Tokio, Japan)
were included. As caspofungin is associated with interlaboratory variations and obtained MIC
values of this drug cannot differentiate wild-type and mutated strains of C. glabrata (16), we
did not include this drug in our antifungal susceptibility assessment. It is known that MIC
values obtained for anidulafungin and micafungin better predict the presence of mutations in
FKS1 and FKS2, and thus both echinocandins were included (16). AMB, AND, FLC and MCF
were interpreted based on clinical breakpoints, while ITC, PSC, VRC and 5FC were interpreted
based on epidemiological cut-off values. For antifungal susceptibility testing, apart from our
clinical isolates of C. nivariensis (n=4), four reference and type strains of C. nivariensis (CBS
9983, CBS 9984, CBS 9985 and CBS 10161) were included.

Results
Data obtained from published cases of C. nivariensis
All clinically and microbiologically relevant data of published literature and our cases are
presented in Supplementary Tables 1 and 2. In total, 75 C. nivariensis isolates were found in 13
countries. Isolates of C. nivariensis were recovered from four continents and Europe with 39
isolates had the highest number of isolates, followed by Asia with 31 isolates, America with 4
isolates and Australia with only 1 isolate. Country-wise, China contained the highest number
of isolates of C. nivariensis (n=21), followed by the UK (n=16), Poland (n=13), Spain (n=8),
India (n=6), Argentina (n=3), Malaysia (n=2), and Australia, Brazil, France, Indonesia, Italy
and Japan reported only one isolate. The majority of infections caused by C. nivariensis were
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found in adults aged >20 years (89.65%) with a median age of 62 years. Two-thirds of cases of
infections (n=29) (with known data of age and sex) were acquired by women and the rest by men
(n=10). C. nivariensis isolates were recovered from a wide ranges of clinical samples, including
blood (n=18), vagina (n=17), urine (n=6), BAL and tracheal aspirate (n=4), peritoneal fluid
(n=6), oral samples (n=3), abscess (n=2), urine and renal catheter (n=2), vascular tip catheter
(n=2), sputum (n=2), CSF (n=2), pleural fluid, urostomy fluid, lung biopsy, pelvic collection,
nasal secretion, exit site swab, nail with each one sample (for three samples no source was
mentioned). Candidemia (24%), vaginitis (22.66%) and candiduria (8%) were among the most
prevalent clinical manifestations caused by C. nivariensis. Broad-spectrum antibiotic therapy
and catheter insertion were the most encountered risk factors for development of candidiasis
due to C. nivariensis. Among 18 patients with candidemia due to C. nivariensis, treatment
option and clinical outcome (death/survival) were reported for only three and four patients,
respectively. These three patients were primarily treated with fluconazole and during the course
of infection, fluconazole was changed to voriconazole and micafungin followed by micafungin
alone (n=1), or catheter removal and CSP (n=1), or CSP treatment (n=1). From these three
patients two were treated with VCZ plus MCF or CSP plus catheter removal survived, while the
one treated with CSP died. With respect to cases with vaginitis, FLC was the most frequently
used antifungal (n=10/16), followed by miconazole (n=3/16), boric acid in combination with
ITC and chlorhexidine (n=2/16), and FLC in combination with nystatin (n=1/16). From these
16 vaginitis cases only 12 mentioned clinical oucome, among them four out of eight individuals
administered with FLC, two out of three patients treated with miconazole, and one individual
treated with the combination of FLC and nystatin showed recurrent vaginitis.

Comparison of identification systems and sequencing of HS1 FKS1 and FKS2
Using 21-plex PCR, 213 clinical isolates were identified as C. glabrata. In contrast, the nineplex PCR identified four isolates of C. nivariensis and no C. bracarensis in agreement with
MALDI-TOF MS (green scores>2) and sequencing of LSU rDNA (Figure 1). In total, 4 out of
the 213 Iranian C. glabrata species complex isolates were C. nivariensis and the rest were C.
glabrata. Interestingly, all isolates of C. nivariensis were from blood samples and were obtained
from Mashhad in 2015 (n=3) and Tehran in 2018 (n=1) and 4.4% of the Iranian candidemia
cases were caused by C. glabrata.
Despite the fact that primers targeting HS1 of FKS1 and FKS2 were based on the corresponding
sequences of C. glabrata, FKS2 was successfully amplified for all four isolates of C. nivariensis,
while FKS1 showed only faint bands. However, subjecting these amplicons to PCR sequencing
yielded sequences with decent qualities. No mutations were observed in the HS1 for FKS2 and
in FKS1 two of the isolates contained silent mutations. The first isolate carried a homozygote
and a heterozygote mutation in the residues of 628 (A1884T) and 630 (C1888Y), and the second
isolate harbored a mutation in the residue of 630 (C1888T). All these mutations were silent and
did not affect the amino acid sequence of the HS1 of FKS1.
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Figure 1. Successful identification of C. nivariensis isolates using nine-plex PCR. CBS 9983=Candida nivariensis,
CBS 138= Candida glabrata, and CBC 10154=Candida bracarensis.

Genotyping by AFLP
AFLP analysis clustered our isolates with the CBS reference and type strains of C. nivariensis
and they were grouped in two clusters. Three of our isolates (2 N, 5 N and 81-7) from Mashhad
and Tehran clustered with CBS 10161, while the other isolate from Mashhad (35 N) clustered
with CBS 9983–9985 (Figure 2). The isolates 2N and 5N that were isolated – with an interval
of >30 days – from the same patient were found to share the same AFLP genotype.
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Antifungal susceptibility testing
Based on clinical breakpoints, all of our isolates showed a susceptible phenotype for FLC
(0.0625–1 µg ml-1), AND and MCF (≤0.016 µg ml-1) and AMB (0.5–1 µg ml-1). Based on
epidemiological cut-off value, our isolates were susceptible to ITC (≤0.016–0.0625 µg ml−1),
VRC (≤0.016–0.03 µg ml-1), PSC (≤0.016–0.125 µg ml-1) and 5-FC (0.0625–0.125 µg ml-1)
(Table 1).
Table 1. MIC of our isolates of C. nivariensis and CBS reference and type strains of this species determined by
EUCAST methodology.
MIC values (µgml−1)
Strains

Fluconazole

Itraconazole

Voriconazole

Posaconazole

5FC AMB Anidulafungin

Micafungin

CBS9983

1

0.06

0.6

0.125

0.06

0.5

≤0.016

≤0.016

CBS9984

1

0.125

0.6

0.125

0.06

1

≤0.016

≤0.016

CBS9985

1

0.06

0.03

0.125

0.06

0.5

≤0.016

≤0.016

CBS10161 0.125

≤0.016

≤0.016

≤0.016

0.125 1

≤0.016

≤0.016

2N

0.06

≤0.016

≤0.016

≤0.016

0.125 1

≤0.016

≤0.016

5N

0.125

≤0.016

≤0.016

≤0.016

0.125 1

≤0.016

≤0.016

35 N

0.125

≤0.016

≤0.016

≤0.016

0.125 0.5

≤0.016

≤0.016

81–7

1

0.06

0.03

0.125

0.06

≤0.016

≤0.016

1

Discussion
Despite an increasing number of reported C. nivariensis cases from different countries, limited
data is presented with regards to the antifungals’ susceptibility pattern, virulence factors,
genuine distribution and epidemiology, and biological niches of this species. Here, we have
systematically screened clinical isolates of C. glabrata collected from 2015 to 2018 to assess
the nationwide epidemiology of C. nivariensis in Iran.

C. nivariensis was exclusively found in blood samples
Isolates of C. nivariensis were only obtained from blood samples, and we did not find this
species from other clinical samples, such as urine, vaginal swabs, BAL, sputum and stool.
These four isolates were recovered from three patients (two females and one male) and for one
of them within 30 days two isolates were recovered, which represented two episodes. These
four cases were reported from two different hospitals. The median age of infected patients was
62 years and it seems that C. glabrata and C. nivariensis tend to cause infection in the elderlies
(17). All of our patients had received broad spectrum antibiotics, which is one of the highlighted
risk factors for development of candidemia (18).
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Appropriate identification tool is a prerequisite
As a preliminary screening tool, all of the presumptive isolates of C. glabrata were cultured on
CHROMagar and isolates of C. glabrata and C. nivariensis showed pink and white coloration,
respectively, while a 21-plex PCR (12) identified them all as C. glabrata species complex.
MALDI-TOF MS and nine-plex PCR, unequivocally identified four isolates of C. nivariensis
in agreement with rDNA sequencing. In contrast, Vitek MS does not have the ability to identify
isolates of C. nivariensis and C. bracarensis (19). Hence, it is recommended that laboratories
equipped with this device reidentify isolates of C. glabrata with inexpensive alternative means
of identification such as CHROMagar and/or PCR-based approaches. In our study, 4.41% (3/68)
of candidemia cases caused by members of the cryptic complex species of C. glabrata were
attributable to C. nivariensis. Although, most of studies have shown a low clinical prevalence
of C. bracarensis and C. nivariensis (10), the prevalence we reported here is in agreement
with the study conducted in Poland, where they did not find C. bracarensis, while they showed
that C. nivariensis constituted 6% of clinical isolates of C. glabrata (20). The lower clinical
prevalence of C. nivariensis and C. bracarensis is partially explained by genomic studies, where
it was shown that these two species are more closely related to the non-pathogenic members
of the Nakaseomyces clades than to C. glabrata (8). However, accelerated evolution of their
genome enables them to become more virulent (8) and with an increase in the population
of immunocompromised patients might lead to a higher prevalence of infections pertained
to these two species. Moreover, all pathogenic attributes of C. glabrata are present even in
environmental (non-pathogenic) species of the Nakaseomyces clade, for example N. delphensis
(8). Furthermore, N. delphensis compared to clinical isolates of C. bracarensis was found to
be pan-azole-resistant (FLC=128, ITC>16, PSC>8, VRC>4 µg ml−1) and its MIC values for
echinocandins and AMB were higher or equal to that of C. bracarensis (21). As a result, expanding
appropriate and accurate means of identifications will result in a more comprehensive view on
the distribution and epidemiology, antifungal susceptibility patterns, and even pathogenicity
of species within the Nakaseomyces clade. Various genotypes of C. glabrata proved to differ
in their antifungal susceptibility and mortality rates (22), highlighting the importance of using
highly resolutive genotyping techniques, such as AFLP, in microbiological investigations.
Using AFLP, our isolates clustered into two distinct genotypes of C. nivariensis, where three
of our isolates (one from Tehran and two from Mashhad from the same patient) clustered with
CBS 10161 and the fourth isolate (from Mashhad) clustered with CBS 9983, CBS 9984 and
CBS 9985.

Variability in antifungal susceptibility patterns and clinical outcomes
Our C. nivariensis isolates were susceptible to all tested drugs, including AMB, AND, FLC,
ITC, MCF, PSC, VRC and 5FC (Table 1). On the other hand, some clinical isolates of C.
nivariensis recovered from blood (23) and vaginal swabs (24) showed high MIC values for
FLC and infected patients were not responsive to this drug. Data derived from the literature
review revealed that there is a strain and geographical variability for antifungal susceptibility
patterns of isolates of C. nivariensis and it seems that this phenomenon is common for clinical
isolates of C. glabrata, as well (15, 25). Although, one of our patients that was treated with
CSP plus FLC and AMB deoxycholate survived, unfortunately no data was available on his
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follow-up to ensure that he is alive. Moreover, two of our patients died despite treatment with
FLC plus AMB deoxycholate and AMB plus CSP. Considering that there is limited information
with regards to treatment options and outcomes of patients infected with C. nivariensis, it
appears that the sole reliance on FLZ and CSP does not seem enough to resolve candidemia and
vaginitis caused by this species (24, 26, 27), while a combination of VRC plus MCF followed
by micafungin alone (23) or CSP plus catheter removal (27) for candidemia cases and oral VCZ
(24) for recurrent vaginitis cases showed successful treatment outcomes. A higher efficacy of
MCF for clearance of infections caused by C. glabrata might be behind the fact that this drug
causes mutations in HS1 of FKS1 and FKS2 approximately 11 times less than CSP and five
times AND (28). Possible misidentification cases of C. nivariensis and C. bracarensis as C.
glabrata and high MIC values for azole drugs might prompt clinicians to use echinocandins for
treatment of candidemia cases caused by C. nivariensis. On the other hand, mutations in HS1
of FKS1 and FKS2 are a predictor of therapeutic failure of echinocandins against C. glabrata
(29), hence, screening of mutations in HS1 of FKS1 and FKS2 could be an imperative initiative
to detect resistance isolates of C. nivariensis and C. bracarensis to echninocandins. Lack of
amino acid substitution in the HS1of FKS1 and FKS2 was in agreement with low MIC values
obtained for anidulafungin and micafungin.

Where is the original biological niche of C. nivariensis?
Comparative genomic studies have disclosed that C. glabrata is well-adapted to the human gut
as its main biological niche, while C. nivariensis might have adapted to other environmental
niches (8). This is in line with the findings of environmental sampling studies from Thailand
that isolated C. nivariensis from leaves of sugarcane (30), barks and soil (10), while C. glabrata
was not cultured. So far, all C. bracarensis isolates are from clinical sources, and the majority
of C. nivariensis isolates has a clinical source. This might raise the question if these two species
are part of human mycobiota and will invade the bloodstream, once there is an opportunity. This
might be further reinforced by the fact that one of the patients that had a duodenal perforation
(26) developed C. nivariensis candidemia. Hence, it could be speculated that this species occur
in the environment as the main biological niche and subsequently it undergoes adaptation to
the human host. In order to address this question, development and application of sensitive
and accurate metagenomics platforms might be a useful solution. Once established, subjecting
human and environmental-derived samples might elucidate the real biological niches of these
species.

Conclusion
In summary, we report four clinical isolates of C. nivariensis among a set that was presumptively
identified as C. glabrata and that were all recovered from blood samples. Taking advantage of
accurate means of identification, such as molecular assays and MALDI-TOF MS will aid in
unravelling the epidemiology of these cryptic yeast species. Utilization of these techniques will
even have a significant impact on our general knowledge of these species. For instance, although
it was thought that C. nivariensis was isolated in 2005 in Spain for the first time (6), with the
aid of accurate means of identification, the first documented isolates of this species dated back
to 1996 in Argentina (31). Once isolated, we will have the possibility to take a global initiative
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to study the lacking pieces of the puzzles of genotyping, antifungal susceptibility patterns, and
virulence of members of this cryptic complex species.

Ethical statement
This study was approved by the ethical committees of Tehran, Mashhad, Isfahan, and Shiraz
Universities of Medical Sciences (IR MUMS fm REC.1397.268, and IR. TUMS. SPH.
REC.1396.4195). Consent forms were signed by patients and in order to prevent exposing their
information, clinical data and isolates derived from them were designated with specific codes.
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Abstract
Identifying fluconazole resistant (FLZ-R) Candida parapsilosis isolates in many countries
underscores the importance of nationwide studies to reach a better empirical therapy and
clinical outcome. C. parapsilosis species complex blood isolates (n=98) were recovered from
nine hospitals located in three major cities and identified by MALDI-TOF MS. Antifungal
susceptibility testing (AFST) followed CLSI-M27-A3/S4, and ERG11, MRR1 and hotspot 1
(HS1) and HS2 of FKS1 were sequenced to assess the mechanisms of resistance to azoles and
echinocandins. Genetic relationships were assessed by AFLP fingerprinting. Ninety-four C.
parapsilosis and four Candida orthopsilosis isolates were identified. C. parapsilosis was the
main cause of candidemia in Mashhad and the third in Tehran and Shiraz. Fluconazole was the
most widely used antifungal and the mortality rate was high (n=42, 45.7%). Additionally, 50% of
patients (n=42) were not treated by antifungals and 10% treated with topical azole agents (n=9).
Only 1.2% (n=1) of isolates were resistant against FLZ, itraconazole or micafungin, while nonsynonymous mutations were not found in ERG11 and MRR1 of the FLZ-R isolate and FKS1
HS1 and HS2 of all isolates. AFLP revealed five genotypes and genotype 1 constituted 62.7%
(n=59) of C. parapsilosis isolates. Clinical outcome was significantly associated with city
(P=0.02, α<0.05) and Mashhad was significantly associated with mortality (P=0.03, α<0.05).
Although we noted a low level of antifungal resistance, the high mortality rate and deviation
from the international treatment guidelines should not be overlooked by Iranian clinicians.
Compliance with international treatment guidelines and practicing infection control strategies
might improve patient’s outcome.
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Introduction
The changing epidemiological landscape of candidemia driven by overuse of prophylactic
antifungal drugs has resulted in an increasing incidence of non-Candida albicans Candida
(NCAC) species (1). Presently, microbiologists and clinicians are heavily focused on multi-drug
resistant C. glabrata and C. auris (2), but an increasing number of publications are casting light
on the importance of other NCAC species, as well (3,4). Among these NCAC species, Candida
parapsilosis is the first to third common cause of candidemia depending on age, geographical
location, and patient category (5–7). This species is a heavy biofilm producer (8) and its
resilience to stay in clinical settings is reminiscent of that of C. auris (9). Apart from being less
susceptible to echinocandins (10), fluconazole resistant C. parapsilosis isolates have emerged
in India (4), South Korea (9), Kuwait (11), USA (12,13), and Brazil (14,15). Furthermore, the
tendency to adhere and the viability of C. parapsilosis on plastic surfaces may result in fatal
clonal outbreaks (15). Additionally, the closely related sibling species of C. parapsilosis, i.e. C.
orthopsilosis, is shown to be highly cross-resistant to azoles (16), linked to numerous clinical
failures (17–20), and implicated in a wide range of clinical manifestations, including superficial
infections (21), septic arthritis (18), keratitis (17), and fatal invasive bloodstream infections
(22).
Understanding the underlying subcellular mechanisms of antifungal resistance provide a clearer
insight on how to more efficiently combat infections caused by antifungal resistant fungi (1).
Moreover, identification of mutations occurring in both susceptible and resistant C. parapsilosis
isolates may improve drug design and molecular assays discriminating susceptible and resistant
isolates. Apart from overexpression of efflux pumps such as CpCDR1 and CpMDR1 (12,14),
in the majority of cases specific genetic alterations in CpERG11 (4,9,12,14,15) and in some
cases in CpMRR1 can result in azole resistance in C. parapsilosis (9,12). Moreover, a naturally
occurring amino acid substitution in HS1 and HS2 of FKS1 proved to be accountable to
echinocandin resistance in this species complex (10).
C. parapsilosis is easily spread through the hands of healthcare workers (HCWs) and some
studies revealed that specific azole resistant genotypes of this species are able to stay in a
dormancy phase for a long period of time and can be the source of future clonal outbreaks and
cause azole-recalcitrant infections in patients that have not been exposed previously to this
drug (4,9). As a result, genotypic analysis could be an important guide to control infections
caused by this species. Among genotypic techniques, AFLP fingerprinting has been associated
with a higher resolution than the laborious and expensive multi-locus sequence typing (MLST)
technique (23). Moreover, studies showed satisfactory resolution of AFLP to evaluate the
genetic relatedness of C. auris (24) and C. parapsilosis species complex isolates (25). Ease of
optimization, lack of previous knowledge on the genome of species studied, and applicability
of the same primer and experimental conditions to other species are the advantages of this
technique (26).
Lack of knowledge about clinical outcome, genotypic diversity, antifungal susceptibility
profiles, and the corresponding subcellular mechanism of resistance at a national scale for C.
parapsilosis bloodstream isolates, prompted us to conduct a multicenter study to fill those gaps
in Iran. Clarifying those factors will aid in a better clinical management and provide insights
about the extent of the necessity of implementation of infection control strategies.
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Materials and Methods
Ethical approval
Candidemia studies, from which Candida parapsilosis isolates were obtained, conducted in
Tehran, Shiraz, and Mashhad were granted with ethical approval (IR.SUMS.REC.1397.365, IR
MUMS fm REC.1397.268, IR. TUMS. SPH.REC.1396.4195). Isolates of C. parapsilosis were
assigned with numerical codes to anonymize the patient’s identity.

Definitions, study design, and growth conditions
Definition of candidemia was in accordance with the revised definition of European
Organization for Research and Treatment of Cancer (27). Isolates recovered within <30 days
and those recovered within >30 days were considered as repetitive isolates and new cases,
respectively (28). Isolates recovered ≥48 hours and those <48 hours of administration were
regarded as nosocomial and outpatient infections, respectively (3). The entire stay of respective
patients following admission to discharge was considered for hospitalization duration, but not
after the isolation of C. parapsilosis from blood samples (as this data was not available for
all patients included in this study). C. parapslosis bloodstream isolates were retrospectively
recovered from centers that conducted candidemia studies and included nine hospitals located
in three main metropolitan cities, including Tehran, Shiraz, and Mashhad. The majority of the
isolates were from Mashhad (n=60, 61.2%), followed by Tehran (n=24, 24.5%) and Shiraz
(n=14, 14.3%). There was no restriction in age, sex, and the admitted wards. Blood samples
were incubated in Bactec devices (Becton Dickinson, MD, USA) and recovered isolates were
grown on Sabouraud dextrose agar at 37°C for 24-48 hours, and to identify samples with mixed
Candida/yeast species, they were subcultured onto chromogenic agar (Candi-select, Bio-Rad,
Hercules, CA, USA) at 37°C for 48 hours.

Identification
Isolates were identified by MALDI-TOF MS using a full-extraction method (29) and those
identified as C. orthopsilosis or C. metapsilosis were further confirmed by Sanger sequencing
using ITS5 and LR5 primers targeting part of the 28S and internal transcribed spacer (ITS)
rDNA (30). The DNA samples were extracted using a previously described CTAB-phenol/
chloroform protocol (31).

Primer design and sequencing of CpERG11, CpMRR1, and HS1 and HS2 of
CpFKS1
PCR was performed in a final volume of 50µl containing the following ingredients, 5 μl of 10×
PCR buffer (NH4+, without MgCl2), 2mM of MgCl2, 10 pmol of target primers (Fexternal and
Rexternal primers for ERG11 and HS1F/R and HS2F/R), 0.2 mM of mixed dNTP (dNTP mix,
100mM; Bioline, London, UK), and 2.5 units of Taq polymerase (BioTaq, Bioline, London,
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UK), the volume was adjusted to 50μl by adding ddH2O. All primers used in this study and the
PCR programs are listed in Supplementary Table 1.
Sanger sequencing was performed for the aforementioned genes, contigs were assembled by
SeqMan Pro (DNASTAR, Madison, USA), and the obtained sequences along with references
were aligned with MEGA v7.0 (Temple University, Philadelphia, USA) (32). Sequences of
ERG11 and MRR1 were compared with the corresponding reference wild-type ERG11 sequences
of ATCC 22019=CBS 604 (GQ302972) and CDC317 wild-type MRR1 sequence (HE605205),
respectively (13). As for the sequences of FKS1 HS1 and HS2 they were compared with those
previously reported (10).

Evaluation of genotypic diversity using AFLP
In order to check the genotypic diversity and presence of possible clonality among isolates,
a previously described AFLP fingerprinting method was used (33). Diluted PCR products
were analyzed by capillary electrophoresis on an ABI 3730XL DNA analyzer (ThermoFisher
Scientific, Waltham, MA, USA) and the obtained data were analyzed by Bionumerics software
v7.6.2 (Applied Math, Sint-Martens-Latem, Belgium). Reference and type strains of C.
parapsilosis (CBS 604 (ATCC 22019), CBS 1818, CBS 1954, CBS 2195, and CBS 2917), C.
metapsilosis (CBS 2315, CBS 2916, and CBS 10907), and C. orthopsilosis (CBS 10906) were
included for comparative purposes.

Antifungal susceptibility testing
The CLSI broth microdilution (CLSI-BMD) method of M27-A3/S4 was used for antifungal
susceptibility testing (AFST) (34,35). AFST included the following antifungal drugs,
amphotericin B (AMB), fluconazole (FLZ), voriconazole (VRZ), itraconazole (ITZ) all from
(Sigma-Aldrich, St. Louis, MO, U.S.A), micafungin (MFG) (Astellas, Munich, Germany) and
anidulafungin (ANF) (Pfizer, NY, USA). Reference strains of C. parapsilosis (ATCC 22019)
and C. krusei (=Pichia kudriavzevii; ATCC 6258) were used for quality control purposes. Due to
interlaboratory variation, caspofungin (CFG) was not used in this study (36). Plates containing
antifungal drugs and isolates were incubated at 37°C for 24h and data were recorded visually.
Isolates showing a minimum inhibitory concentration (MIC) ≥8 µg/ml were noted as resistant
to FLZ, MFG, and ANF, while those with VRZ MIC ≥1µg/ml were regarded resistant (37).
AMB and ITZ MIC values were interpreted as epidemiological cut-off values (ECV), where
non-wild-types (NWT) isolates had a MIC >2µg/ml and >0.5µg/ml, respectively (37).

Deposition of isolates and sequences
Isolates of C. orthopsilosis were deposited in the culture collection of the Westerdijk Fungal
Biodiversity Institute (CBS15892, CBS15878, CBS15879, CBS15862). Additionally, sequences
of ERG11 and FKS1 HS1 and HS2 were submitted to GenBank with the following accession
numbers MK513945-MK514041, MK541910-MK541921, and MK532043-MK532257,
respectively. Sequences derived from MRR1 are included in Supplementary Files.
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Statistical analysis
All statistical analyses included in this study were performed by SPSS software v24 (SPSS Inc.
Chicago, IL, USA) and presented in Supplementary Table 2. The Chi-square test was used to
find the association between clinical outcome (death or survival), genotypes, and cities involved.
In order to assess the association of hospitalization duration and encountered genotypes the
Kruskal-Wallis Test was used. Moreover, the association of all genotypes with the variable of
death were assessed using logistic regression and path analysis. As repetitive isolates belonging
to various patients grouped in distinct genotypes, they were not included for the association
between genotype and mortality/hospitalization duration. Variables showing P values <0.05
were considered statistically significant.

Results
Clinical profiles
In total 98 isolates of C. parapsilosis species complex (94 isolates of C. parapsilosis and four
isolates of C. orthopsilosis) representing 92 cases were recovered from 89 patients with a
median age of 36.5 years (Table 1, Supplementary Tables 3 and 4). C. parapsilosis accounted
for the vast majority of the blood isolates (n=94; 95.9%), followed by C. orthopsilosis (n=4;
4.1%) (Table 1, Supplementary Tables 3 and 4). A single isolate of either C. parapsilosis or C.
orthopsilosis was recovered from the majority of patients. Five patients showed 12 episodes
of candidemia due to C. parapsilosis and one patient was concurrently infected with both C.
parapsilosis and C. orthopsilosis (Supplementary Tables 3 and 4). The C. parapsilosis species
complex was the most prevalent cause of candidemia in Mashhad (37%), while in Tehran
(16%) and Shiraz (12.3%) it ranked as the third most prevalent cause of candidemia (data
not shown and derived from regional epidemiology studies). There was no difference for C.
parapsilosis candidemia between males (n=45; 48.9%) and females (n=47; 51.1%). The vast
majority of patients were admitted to ICU (n=45; 48.9%), followed by general ward (n=24;
26.1%), surgery (n=8; 8.7%), and others (n=15; 16.3%) (Supplementary Table 4). Except for 3
(3.3%) cases that were categorized as outpatients, the rest were nosocomially acquired (n=89;
96.7%). The most prevalent risk factors were broad-spectrum antibiotic usage (n=84; 91.3%),
CVC insertion (n=79; 85.9%), mechanical ventilation (n=36; 39.1%), surgery (n=31; 33.7%)
among which 15.2% were abdominal (n=14), parenteral nutrition (n=25; 27.2%), neutropenia
(n=15; 16.3%), and administration of immunosuppressive drugs (n=12; 13%) (Supplementary
Tables 3 and 4). Diabetes (n=21; 22.8%), abdominal events (n=19; 20.7%), vascular and
heart events and chronic lung diseases (each n=16; 17.4%), leukemia (n=11; 12%), and sepsis
(n=10; 10.9%) were the most encountered underlying conditions (Supplementary Tables 3 and
4). The median of hospitalization duration was 39 days. Almost half of the patients did not
receive any antifungals (n=42; 45.7%) and among those treated, FLZ was the most widely
used antifungal (n=25; 27.2%) followed by AMB (n=17; 18.5%), CSP (n=15; 16.3%), VRZ
(n=5; 5.4%), nystatin (NYS, n=5; 5.4%) and clotrimazole (CLT, n=4; 4.3%). Patients treated
with AMB (n=12; 70.6%), FLZ (n=17; 68%), and NYS (n=3; 60%) showed the highest rate of
mortality, those treated with CSP (n=8; 53.3%) and VRZ (n=4; 80%) mostly recovered. The
overall mortality rate was 45.7% (n=42) and the highest death count was significantly observed
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in Mashhad (n=33; 55.9%) (Chi-square, two-tailed, P value=0.013), while lower mortality rates
occurred in Tehran (n=7; 36.8%) and Shiraz (n=2; 14.3%). At the species level, death occurred
in 50% of patients infected with C. orthopsilosis (n=2) and 44.3% of those infected with C.
parapsilosis (n=39) (Supplementary Tables 3 and 4).
Antifungal susceptibility testing
Overall, antifungal resistance was rare and only one isolate (1.2%) showed a resistant profile
for FLZ (≥8µg/ml) and MFG (≥8µg/ml) and NWT for ITZ (>0.5µg/ml) (Tables 1 and 2).
Moreover, two isolates (2.4%) showed an intermediate phenotype for VRZ. ANF showed the
highest geometric mean value (1.12µg/ml), followed by MFG (0.7µg/ml), FLZ and AMB (each
0.3µg/ml), ITZ (0.08µg/ml), and VRZ (0.02µg/ml) (Table 2).
Table 1. Antifungal susceptibility testing data and sequencing of genes conferring resistance to echinocandins
(HS1 and HS2 of FKS1) and azoles (ERG11).
Patient

Species

MIC values (µg/ml)

Genotype
FLZ

VRZ

ITZ

MFG

AFG

AMB

ERG11

MRR1

HS1 FKS1

HS2 FKS2

1BC

C.
parapsilosis

G2

0.25

0.015

0.5

2

2

1

A740R
(D247G)

ND

FLTLSLRDA

DWIRRYTL

5BC

C.
parapsilosis

G3

0.25

0.015

0.03

0.5

1

0.5

A740R
(D247G),
G1193T
(R398I)

ND

FLTLSLRDA

DWIRRYTL

8-1BC

C.
parapsilosis

G1

0.25

0.015

2

0.5

1

0.5

C168T

ND

FLTLSLRDA

DWIRRYTL

17BC

C.
parapsilosis

G2

1

0.125

0.25

2

2

0.5

ND

FLTLSLRDA

DWIRRYTL

20BC

C.
parapsilosis

G3

0.25

0.015

0.06

0.5

1

0.03

ND

FLTLSLRDA

DWIRRYTL

27-1BC

C.
parapsilosis

G1

0.5

0.06

0.25

2

2

1

ND

FLTLSLRDA

DWIRRYTL

27-2BC

C.
parapsilosis

G2

0.5

0.06

0.25

2

2

1

ND

FLTLSLRDA

DWIRRYTL

30BC

C.
parapsilosis

G2

0.5

0.03

0.125

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

48BC

C.
orthopsilosis

G2Orth

0.25

0.03

0.06

0.5

1

0.25

ND

FLTLSLRDA

DWVRRYTL

60-1BC

C.
parapsilosis

G3

2

0.03

0.125

2

2

0.5

A231G

FLTLSLRDA

DWIRRYTL

60-2BC

C.
parapsilosis

G1

2

0.015

0.125

1

2

0.25

A231G

FLTLSLRDA

DWIRRYTL

64BC

C.
parapsilosis

G3

0.125

<0.015

0.06

0.5

1

0.5

WT

FLTLSLRDA

DWIRRYTL

67BC

C.
parapsilosis

G2

1

0.03

0.125

1

2

0.25

ND

FLTLSLRDA

DWIRRYTL

79-1BC

C.
parapsilosis

G1

0.5

0.015

0.06

2

2

0.25

ND

FLTLSLRDA

DWIRRYTL

79-2BC

C.
parapsilosis

G2

0.5

<0.015

0.06

0.5

1

0.5

ND

FLTLSLRDA

DWIRRYTL

79-3BC

C.
parapsilosis

G4

0.5

<0.015

0.06

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

97-1BC

C.
parapsilosis

G1

0.5

0.03

0.125

2

2

0.25

ND

FLTLSLRDA

DWIRRYTL

97-2BC

C.
parapsilosis

G1

0.25

0.03

0.125

2

2

0.25

ND

FLTLSLRDA

DWIRRYTL

A740R
(D247G)

C168T
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Table 1. Continued
Patient

Species

MIC values (µg/ml)

Genotype
FLZ

VRZ

ITZ

MFG

AFG

AMB

ERG11

MRR1

HS1 FKS1

HS2 FKS2

G747C

ND

FLTLSLRDA

DWIRRYTL

97-3BC

C.
parapsilosis

G2

0.25

0.03

0.125

2

2

0.5

101BC

C.
parapsilosis

G1

1

0.125

0.25

2

4

1

ND

FLTLSLRDA

DWIRRYTL

106BC

C.
parapsilosis

G1

0.25

0.03

0.125

1

1

0.25

ND

FLTLSLRDA

DWIRRYTL

1111BC

C.
parapsilosis

G2

0.25

<0.015

0.06

0.5

1

1

WT

FLTLSLRDA

DWIRRYTL

1112BC

C.
parapsilosis

G3

0.25

<0.015

0.125

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

131BC

C.
parapsilosis

G3

16

0.25

0.5

8

4

0.06

WT

FLTLSLRDA

DWIRRYTL

SU92

C.
parapsilosis

G2

0.5

0.25

0.015

0.5

0.5

1

ND

FLTLSLRDA

DWIRRYTL

SU109

C.
parapsilosis

G2

0.25

<0.015

0.125

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

SU159

C.
parapsilosis

G1

0.5

0.015

0.25

0.5

2

1

ND

FLTLSLRDA

DWIRRYTL

SU225

C.
parapsilosis

G1

0.5

<0.015

0.03

1

2

0.5

ND

FLTLSLRDA

DWIRRYTL

SU236

C.
orthopsilosis

NA

0.125

<0.015

0.25

0.5

1

0.25

ND

FLTLSLRDA

DWVRRYTL

SU237

C.
parapsilosis

G1

0.25

0.015

0.125

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

SU242

C.
parapsilosis

G1

0.5

<0.015

0.06

0.5

1

0.5

ND

FLTLSLRDA

DWIRRYTL

SU243

C.
parapsilosis

G1

0.25

<0.015

0.06

1

1

0.5

WT

FLTLSLRDA

DWIRRYTL

SU251

C.
parapsilosis

G1

0.25

<0.015

0.03

0.5

1

0.125

ND

FLTLSLRDA

DWIRRYTL

SU255

C.
parapsilosis

G1

0.25

<0.015

0.125

0.5

1

0.5

ND

FLTLSLRDA

DWIRRYTL

SU259

C.
parapsilosis

G1

0.5

0.03

0.125

1

1

0.25

ND

FLTLSLRDA

DWIRRYTL

SU2662

C.
parapsilosis

G5

0.25

<0.015

0.03

1

2

1

ND

FLTLSLRDA

DWIRRYTL

SU273

C.
parapsilosis

G3

0.25

0.015

0.125

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

SU276

C.
parapsilosis

G3

0.5

<0.015

0.03

0.5

2

0.5

G266T
(G89V)

WT

FLTLSLRDA

DWIRRYTL

N1W

C.
parapsilosis

G3

0.5

0.06

0.5

1

0.5

0.25

C168T

A3080R
(Q1027R)

FLTLSLRDA

DWIRRYTL

N1R

C.
orthopsilosis

G4Orth

0.25

0.03

0.06

0.25

1

0.25

ND

FLTLSLRDA

DWVRRYTL

N16

C.
parapsilosis

G1

0.25

0.015

0.125

1

0.5

0.06

ND

FLTLSLRDA

DWIRRYTL

N25

C.
parapsilosis

G1

0.25

<0.015

0.125

1

1

0.25

C168T

ND

FLTLSLRDA

DWIRRYTL

N59

C.
parapsilosis

G3

0.25

0.015

0.125

0.5

2

0.25

G1193T
(R398I)

ND

FLTLSLRDA

DWIRRYTL

N60

C.
parapsilosis

G1

0.5

<0.015

0.03

0.5

0.5

0.5

ND

FLTLSLRDA

DWIRRYTL

N61

C.
parapsilosis

G1

1

<0.015

0.25

0.25

0.5

0.25

ND

FLTLSLRDA

DWIRRYTL

N63

C.
parapsilosis

G1

1

0.015

0.5

0.25

2

0.25

ND

FLTLSLRDA

DWIRRYTL
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Table 1. Continued
MIC values (µg/ml)
Patient

Species

Genotype

ERG11
FLZ

VRZ

ITZ

MFG

AFG

AMB

MRR1

HS1 FKS1

HS2 FKS2

N65

C.
parapsilosis

G1

0.25

0.25

0.25

0.5

4

0.5

ND

FLTLSLRDA

DWIRRYTL

N79

C.
parapsilosis

G1

0.25

<0.015

0.125

0.5

0.5

1

ND

FLTLSLRDA

DWIRRYTL

N80

C.
parapsilosis

G2

0.25

<0.015

0.25

0.5

1

0.25

ND

FLTLSLRDA

DWIRRYTL

N81

C.
parapsilosis

G3

0.125

<0.015

0.25

0.5

2

0.25

ND

FLTLSLRDA

DWIRRYTL

N82

C.
parapsilosis

G1

0.25

<0.015

0.03

0.5

4

0.125

ND

FLTLSLRDA

DWIRRYTL

N83

C.
parapsilosis

G1

0.5

<0.015

0.03

1

1

0.25

ND

FLTLSLRDA

DWIRRYTL

N84

C.
parapsilosis

G1

0.5

<0.015

0.03

0.5

0.5

0.25

ND

FLTLSLRDA

DWIRRYTL

N86

C.
parapsilosis

G1

0.25

<0.015

0.03

0.25

0.5

0.5

ND

FLTLSLRDA

DWIRRYTL

N87

C.
parapsilosis

G1

1

0.03

0.25

0.5

1

0.5

WT

FLTLSLRDA

DWIRRYTL

N88

C.
parapsilosis

G1

1

0.06

0.25

1

0.5

1

ND

FLTLSLRDA

DWIRRYTL

N89

C.
parapsilosis

G1

0.25

<0.015

0.06

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

N103

C.
parapsilosis

G1

0.25

0.015

0.06

0.5

0.5

0.25

ND

FLTLSLRDA

DWIRRYTL

N105

C.
parapsilosis

G1

0.5

<0.015

0.06

0.5

1

0.25

ND

FLTLSLRDA

DWIRRYTL

N106

C.
parapsilosis

G1

0.5

0.015

0.125

0.5

1

0.5

ND

FLTLSLRDA

DWIRRYTL

N110

C.
parapsilosis

G1

0.125

<0.015

0.03

0.5

1

0.125

ND

FLTLSLRDA

DWIRRYTL

N114

C.
orthopsilosis

G1Orth

0.25

0.06

0.03

0.5

2

0.06

ND

FLTLSLRDA

DWVRRYTL

N117

C.
parapsilosis

G1

0.25

0.015

0.03

2

1

0.125

ND

FLTLSLRDA

DWIRRYTL

N119

C.
parapsilosis

G1

2

0.06

0.125

1

2

0.5

WT

FLTLSLRDA

DWIRRYTL

N120

C.
parapsilosis

G1

0.25

<0.015

0.25

0.5

1

0.125

C168T

ND

FLTLSLRDA

DWIRRYTL

N124

C.
parapsilosis

G1

0.5

0.06

0.125

1

0.5

0.25

G327C
(L109F)

ND

FLTLSLRDA

DWIRRYTL

N133

C.
parapsilosis

G1

0.5

<0.015

0.03

0.5

0.5

0.25

ND

FLTLSLRDA

DWIRRYTL

N134

C.
parapsilosis

G1

0.25

<0.015

0.03

1

1

0.5

ND

FLTLSLRDA

DWIRRYTL

N135

C.
parapsilosis

G1

0.06

<0.015

0.5

1

4

0.03

C168T

ND

FLTLSLRDA

DWIRRYTL

N137

C.
parapsilosis

G1

0.25

<0.015

0.03

0.5

1

0.5

C168T

ND

FLTLSLRDA

DWIRRYTL

N138

C.
parapsilosis

G1

0.125

<0.015

0.03

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

N139

C.
parapsilosis

G1

0.125

<0.015

0.06

0.5

1

2

WT

FLTLSLRDA

DWIRRYTL

N148

C.
parapsilosis

G1

0.25

0.015

0.06

0.5

1

0.5

ND

FLTLSLRDA

DWIRRYTL

C1217A
(P406Q)

G1193T
(R398I)
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Table 1. Continued
MIC values (µg/ml)
Patient

Species

Genotype
FLZ

VRZ

ITZ

MFG

AFG

AMB

ERG11

MRR1

HS1 FKS1

HS2 FKS2

C168T

ND

FLTLSLRDA

DWIRRYTL

ND

FLTLSLRDA

DWIRRYTL

N158

C.
parapsilosis

G3

0.25

<0.015

0.03

0.25

0.25

0.5

N166

C.
parapsilosis

G1

0.25

<0.015

0.25

2

2

0.25

N174

C.
parapsilosis

G1

0.25

<0.015

0.03

0.5

0.5

0.5

C168T

ND

FLTLSLRDA

DWIRRYTL

N175

C.
parapsilosis

G1

0.25

<0.015

0.03

0.5

1

0.25

C168T

ND

FLTLSLRDA

DWIRRYTL

N176

C.
parapsilosis

G2

0.25

<0.015

0.25

0.5

2

0.5

G1193T
(R398I)

ND

FLTLSLRDA

DWIRRYTL

N180

C.
parapsilosis

G1

0.5

0.015

0.03

0.5

2

0.25

ND

FLTLSLRDA

DWIRRYTL

N183

C.
parapsilosis

G2

0.25

0.015

0.125

1

1

0.125

G1193T
(R398I)

ND

FLTLSLRDA

DWIRRYTL

N184

C.
parapsilosis

G2

0.25

0.015

0.06

1

2

0.125

G1193T
(R398I)

ND

FLTLSLRDA

DWIRRYTL

N185

C.
parapsilosis

G2

0.5

0.015

0.06

1

1

0.125

ND

FLTLSLRDA

DWIRRYTL

N187

C.
parapsilosis

G1

0.25

<0.015

0.03

0.5

1

0.25

ND

FLTLSLRDA

DWIRRYTL

N193

C.
parapsilosis

G2

0.25

0.03

0.03

0.5

2

0.125

ND

FLTLSLRDA

DWIRRYTL

N207

C.
parapsilosis

G3

0.25

<0.015

0.03

0.5

1

0.5

N209

C.
parapsilosis

G3

0.06

<0.015

0.25

1

0.25

0.25

C168T

ND

FLTLSLRDA

DWIRRYTL

N212

C.
parapsilosis

G1

0.125

<0.015

0.06

0.5

1

0.25

C168T

ND

FLTLSLRDA

DWIRRYTL

N213

C.
parapsilosis

G1

0.125

<0.015

0.125

0.5

1

0.06

C168T

ND

FLTLSLRDA

DWIRRYTL

N214

C.
parapsilosis

G1

0.25

0.015

0.06

1

1

0.25

ND

FLTLSLRDA

DWIRRYTL

N215

C.
parapsilosis

G2

0.25

<0.015

0.03

0.5

1

0.125

G327C
(L109F)

ND

FLTLSLRDA

DWIRRYTL

N217

C.
parapsilosis

G1

0.25

<0.015

0.03

0.5

1

1

C168T

ND

FLTLSLRDA

DWIRRYTL

N220

C.
parapsilosis

G1

0.25

<0.015

0.03

0.5

1

0.5

ND

FLTLSLRDA

DWIRRYTL

N221

C.
parapsilosis

G1

0.25

<0.015

0.03

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

N222

C.
parapsilosis

G1

0.5

0.015

0.125

0.5

1

1

ND

FLTLSLRDA

DWIRRYTL

N223

C.
parapsilosis

G1

0.5

0.015

0.125

1

1

1

ND

FLTLSLRDA

DWIRRYTL

N225

C.
parapsilosis

G1

0.125

0.015

0.25

1

0.5

0.25

ND

FLTLSLRDA

DWIRRYTL

N226

C.
parapsilosis

G3

0.5

<0.015

0.03

1

1

0.25

ND

FLTLSLRDA

DWIRRYTL

33AZ

C.
parapsilosis

G3

0.5

0.015

0.25

0.5

1

2

33063307
Insertion
of T

FLTLSLRDA

DWIRRYTL

G1193T
(R398I)

ND

C168T

C168T

G1193T
(R398I)

FLTLSLRDA

DWIRRYTL

All of the ERG11 sequences harbored the silent mutation of T591C
NA; Not assigned, ND; Not determined, WT; Wild-type, G; Genotype, FLZ; Fluconazole, VRZ; Voriconazole, ITZ; Itraconazole, MFG;
Micafungin, AFG; Anidulafungin, and AMB; Amphotericin B .
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Sequencing of ERG11, MRR1, and FKS1 HS1 and HS2
None of isolates harbored any silent or nonsynonymous mutations in the FKS1 HS1 and HS2
(Table 1). However, in ERG11 the silent mutations T591C, C168T, and G747C were detected in
94, 17, and one isolate(s), respectively (Table I). As for non-synonymous mutations in ERG11,
G1193T (R398I) (n=9; 9.5%), A740R (D247G) (n=4; 4.2%), G327C (L109F) (n=2; 2.1%) were
the most frequently encountered mutations, followed by G266T (G89V) and C1217A (P406Q)
which each occurred in one isolate (Tables 1 and 3). None of these mutations were encountered
in FLZ-R (≥8 µg/ml) and ITZ-R isolates (>0.5µg/ml) (Tables 1, 3, and 4). As Y132F was not
found in FLZ-R ERG11, the CpMRR1 was sequenced for this isolate (131BC) and 11 randomly
selected FLZ-S isolates from all three cities (Tables 1 and 4). The FLZ-R isolate did no harbor
any mutations in MRR1, while for FLZ-S isolates a silent mutation (A231G) occurred in two
isolates, a nonsynonymous mutation (A3080R (Q1027R)) and insertion of a T nucleotide in the
position of 3306-3307 were detected in respective isolates (Tables 1 and 4).

Table 2. Antifungal susceptibility data derived from C. parapsilosis species complex isolates in this study.
Antifungal
drugs

MIC Values (µg/ml)
≤0.015

FLZ

0.03

0.06

0.125

0.25

0.5

1

2

1

2

9

49

27

7

3

VRZ

75

12

7

2

3

ITZ

1

30

19

25

17

6

MCF

5

56

25

12

ANF

1

15

53

25

32

27

22

2

AMB

1

5

10

4

8

16
1

1
1
5

32

≥64

Range

GM

MIC
50

MIC
90

0.0625-16
µg/ml

0.3425

0.25

1

<0.015-0.5
µg/ml

0.0154

0.0156

0.0625

0.0156-2
µg/ml

0.0903

0.125

0.25

0.25-8
µg/ml

0.7095

0.5

2

0.25-4
µg/ml

1.1263

1

2

0.0312-2
µg/ml

0.3674

0.5

1

GM; Geometric mean value, FLZ; fluconazole, VRZ; Voriconazole, ITZ; Itraconazole, MCF; Micafungin, ANF;
Anidulafungin, AMB; Amphotericin B, and MIC; Minimum inhibitory concentration.
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Table 3. Frequency of encountered non-synonymous mutations in ERG11 along with the wild-type and the
fluconazole MIC values for corresponding C. parapsilosis isolates.
Fluconazole MIC values (µg/ml)
ERG11
Mutation
Wild-type

S%

R%

≤0.125

0.25

0.5

1

2

98.8%

1.2%

10

36

23

6

3

G266T (G89V)

100%

0.00%

G327C (L109F)

100%

0.00%

A740R (D247G)

100%

G1193T (R398I)
C1217A (P406Q)

4

8

16

32

64

Total #

1

79

1

1

1

1

2

0.00%

3

1

4

100%

0.00%

8

100%

0.00%

8
1

1

Table 4. Frequency of C. parapsilosis isolates along with mutations in ERG11 and MRR1 and the MIC values in
corresponding strains carrying those mutations.
ERG11

MRR1

Voriconazole MIC values (µg/ml)
≥0.015 0.03 0.06 0.125 0.25

G266T
(G89V)

1

G327C
(L109F)

1

A740R
(D247G)

4

G1193T
(R398I)

6

G1193T
(R398I)

3306-3307 1
Insertion
of T

C1217A
(P406Q)
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0.5

≥0.015 0.03 0.06

0.125 0.25

0.5

1
1

1

1

1

1

1

2

2

1
2

1

1
1

1
A3080R
(Q1027R)

Itraconazole MIC values (µg/ml)

1

1
1
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Genotyping diversity evaluation using AFLP
AFLP analysis clustered the C. parapsilosis isolates (n=94) into five genotypes (G) (Figure
1 and Table 1). G1 was the most abundant genotype (n=59, 62.7%), followed by G2 (n=17,
18%), G3 (n=17, 16.8%), G4 (n=1, 1.06%), and G5 (n=1, 1.06%) (Figure 1 and Table 1). The
vast majority of isolates recovered from Mashhad (n=43, 72.8%) and Shiraz (n=8, 61.5%)
grouped in G1, while G2 accommodated almost 35% of isolates (n=8) from Tehran (Figure 1
and Table 1). Multiple isolates recovered from patients were scattered over two or even three
genotypes (Figure 1 and Table 1). All C. orthopsilosis isolates showed a distinct genotype,
except for one isolate that did not show a good visible fragment pattern (SU236) (Figure 1,
Table 1, Supplementary Table 2). Chi-square analysis did not show any significant association
between genotypes and clinical outcome (P>0.2; Supplementary Table 2). Moreover, KruskalWallis Test analysis did not exhibit a significant association between hospitalization duration
and genotypes (P>0.489; Supplementary Table 2).
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Figure 1. AFLP fingerprinting revealed five distinct genotypes, each color-coded. Reference strains C. parapsilosis,
C. orthopsilosis, and C. metapsilosis denoted with CBS numbers were included in AFLP analysis.
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Discussion
The prevalence of Candida parapsilosis in this retrospective study (2015-2019) showed a
city-dependent pattern. In Mashhad the prevalence of C. parapsilosis (36%) was even higher
than that of C. albicans (32%) (data not shown and part of ongoing regional epidemiologic
studies), while in Tehran and Shiraz this species accounted for the third most common cause
of candidemia. Although an Iranian meta-analysis study speculated that C. parapsilosis is the
leading agent of candidemia (38), another prospective single-center study from Tehran, Iran,
showed that this species accounted for the second agent of candidemia in children (39). Lack
of sufficient number of candidemia studies in Iran prevents the establishment of a national
understanding of candidemia epidemiology separately for children and adults. Similar to other
studies (40), utilization of broad-spectrum antibiotics, CVC insertion, surgeries (especially
abdominal surgeries), mechanical ventilation, and parenteral nutrition were the most important
risk factors. Unaffordability of echinocandins in developing countries (3,33,41) was the main
reason for the extensive use of FLZ in this study, deviating from the international guidelines
that recommend utilization of echinocandins for treatment of candidemia in adults (42,43) and
AMB (42,43) and/or echinocandins for children (43). The lack of adherence to international
guidelines is illustrated by the huge observed variation of administered antifungal drug and
the dosages used, treatment with topical non-systemic antifungals in 9.8% of the cases, and
that almost 50% of cases were left untreated (42,43). The observed high mortality rate of 46%
reported in this study is close to values reported in Brazil (44,45), the USA (46), Portugal (47),
and Italy (48) with a mortality range of 30-46%, which are in contrast with observations from
Taiwan (49) and Maryland (50) with a mortality rate of 14%.
Adaptation of C. parapsilosis to harsh environments (51), being ubiquitously found in manmade and natural environments (51), and the fact this yeast species is predominantly isolated
from the hands of HCWs (52) emphasizes the importance of genotyping techniques to find
the source of infections and to confine its clonal spread. In this study, AFLP fingerprinting
revealed that G1 accounted for almost 60% of candidemia cases. We did not find any significant
association between genotypes and mortality and hospitalization duration, whilst mortality was
significantly associated with city (P 0.02) as Mashhad with the highest mortality rate (56.8%)
had the highest number of isolates that showed the least genetic diversity as inferred from
AFLP data. The clonal expansion of G1 in Iran in general, and in Mashhad in particular, might
be explained by a) lack of efficient strict hygiene and infection control strategies (4), b) strainlevel variation in adhesion and biofilm production abilities leading to survival of a specific
tenacious genotype (53), and c) the lack of true mating type loci in C. parapsilosis (54). A high
degree of clonality using AFLP (25) and microsatellite typing was reported in other studies
(4). Interestingly, serial isolates obtained from four patients showed distinct genotypes which
might have resulted from chromosomal changes that are thought to be accompanied by the
emergence of drug resistance (55–57) and/or a better adaptation to the host environment led
to higher virulence abilities (58). Additionally, in some cases a given patient might be infected
with strains belonging to different genotypes. C. orthopsilosis isolates were recovered from all
centers involved (n=4) and varied in AFLP fingerprint profiles and showed a higher degree of
heterogeneity that could be due to the hybrid nature of this species (59). Positivity of one blood
samples for both C. parapsilosis and C. orthopsilosis was extensively discussed in our previous
study (60) and confirmed earlier findings (61) that almost 9.5% of blood isolates contained
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both species. As these two species share a similar phenotypic profile, it might be likely that this
phenomenon has been undetected in other studies.
Although one isolate was MFG-R (>8µg/ml), none of our isolates harbored any silent and/or
non-synonymous mutations in the FKS1 HS1 and HS2. This phenomenon might be explained by
the fact that phenotypic AFST was developed in a way to identify 95-99% of susceptible isolates
and/or other unknown mechanism of echinocandin resistance in addition to the occurrence of
FKS1 HS1 and HS2 mutations may occur. We found five non-synonymous mutations in ERG11,
four of them were new (G89V, L109F, D247G, and P406Q) and one (R398I) was previously
described from Kuwait (11) and Korea (9). They were not associated with triazole resistance as
those mutations were far away from the active site of the enzyme and heme cofactor (62). The
previously accountable mutations Y132F and K143R occurring in C. parapsilosis (4) were not
detected in the single FLZ-R isolate (16µg/ml). In the next step, sequencing of another main
target gene, MRR1 (9,13), for the FLZ-R and 11 randomly selected FLZ-S strains showed that
while FLZ-R was WT for this gene, the FLZ-S isolates harbored a new missense mutation and
(Q1027R) a thymine insertion at position 3306-3307. Unlike C. albicans, the upregulation of
MDR1, CDR1, and ERG11 in C. parapsilosis are not merely controlled by gain of function
(GOF) mutations in their regulating proteins, i.e. MRR1, TAC1, and UPC2, respectively (54),
which further shows the complexity of regulatory networks governing azole resistance in this
species. Additionally, other studies supported this concept and observed that insertion of a
mutated ERG11 sequence (A395T) in a wild-type background isolate showed a FLZ MIC value
lower than the original mutated strain (16) and not all FLZ-R isolates harbored this accountable
non-sense mutation (11,12,15).
The overall antifungal resistance rate for Iranian C. parapsilosis species complex isolates was
relatively low, which is similar to what is observed in several European (Austria, Italy, and Spain)
and Asia Pacific countries (63–66), but quite different from studies conducted in the USA, South
Africa, and India with surprisingly high rates of azole resistance (4,67,68). Alarmingly, in the
candidemia studies conducted in South Africa (68) and Turkey (69) almost half of FLZ-R isolates
were cross-resistant to VRZ. Similar to South Africa (68), Turkey (69), Qatar (70), Asia-Pacific
countries (63), Spain and Italy (65,66), and Austria (64) that showed low levels of echinocandin
resistance (except for one MCF-R isolate), our isolates were susceptible to this antifungal class.
We assume that such a low level of antifungal resistance in our study might be explained by
the lack of previous and prolonged antifungal exposure (71,72) and the fact that prophylactic
antifungal therapy is not well-exercised in many Iranian hospitals. Surprisingly, as discussed
earlier (60), some patients infected with azole/echinocandin susceptible C. parapsilosis and
C. orthopsilosis isolates died despite the use of antifungal therapy, which is in agreement with
other studies showing that in both species in-vitro susceptibility does not always correlate with
clinical outcome (17,20,22,73). This could be viewed as a multifaceted controversial concept
that might arise from the underlying condition of the patients, the potent sequestration of azole
and echinocandins by biofilm (74), colonization in tissues inhibiting efficient drug penetration
(75), and the synergistic antifungal activity of the immune system (73).
We admit that this study could have benefited from the assessment of biofilm production as a
mortality predictor and assessment of the expression profiles of CDR1, ERG11, and MDR1.
Although, the application of AFLP fingerprinting in different studies showed species-dependent
variations in genotyping (23–26), conducting whole genome sequencing studies (WGS), as the
most resolutive typing technique, for a randomly-selected number of C. parapsilosis isolates
will be beneficial to observe the resolution of AFLP when compared to WGS. Alternatively,
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comparing the genotyping resolution of AFLP, MLST, and microsatellite typing, as the most
widely used typing techniques, will result in the selection of the most resolutive and economic
molecular typing technique affordable to be used in the hospital settings for infection control
purposes.

Conclusion
Herein, for the first time we reported the molecular epidemiology, antifungal susceptibility
testing, and clinical outcomes of Iranian patients suffering from C. parapsilosis candidemia.
AFLP revealed a high degree of genetic similarity, at least in Mashhad as C. parapsilosis
was the first cause candidemia in this city, which may reinforce the importance of application
of proper and effective infection control strategies. Moreover, huge variability observed for
antifungal drug type and dosages used among the patients studied revealed deviation and lack
of compliance with international guidelines.

References
1. Sanglard D. Finding the needle in a haystack: Mapping antifungal drug resistance in fungal
pathogen by genomic approaches. PLoS Pathog. 2019;15:e1007478. doi:10.1371/journal.
ppat.1007478.
2. Colombo AL, Júnior JNA GJ. Emerging multidrug-resistant Candida species. Curr Opin
Chem Biol. 2017;30:528–38.
3. Chakrabarti A, Sood P, Rudramurthy SM, et al. Incidence, characteristics and outcome of
ICU-acquired candidemia in India. Intensive Care Med. 2015;41:285–95. doi:10.1007/
s00134-014-3603-2.
4. Singh A, Singh PK, de Groot T, et al. Emergence of clonal fluconazole-resistant Candida
parapsilosis clinical isolates in a multicentre laboratory-based surveillance study in India.
J Antimicrob Chemother. 2019. doi:10.1093/jac/dkz029.
5. Chan S, Baley ED, Hossain J, et al. Candida species bloodstream infections in hospitalised
children: A 10-year experience. J Paediatr Child Health. 2015;51:857–60; quiz 861.
doi:10.1111/jpc.12905.
6. da Matta DA, Souza ACR, Colombo AL. Revisiting Species Distribution and Antifungal
Susceptibility of Candida Bloodstream Isolates from Latin American Medical Centers. J
Fungi (Basel). 2017;3. doi:10.3390/jof3020024.
7. Sun M, Chen C, Xiao W, et al. Increase in Candida Parapsilosis Candidemia in Cancer
Patients. Mediterr J Hematol Infect Dis. 2019;11:e2019012. doi:10.4084/MJHID.2019.012.
8. Larkin EL, Dharmaiah S, Ghannoum MA. Biofilms and beyond: expanding echinocandin
utility. J Antimicrob Chemother. 2018;73:i73–81. doi:10.1093/jac/dkx451.
9. Choi YJ, Kim Y-J, Yong D, et al. Fluconazole-Resistant Candida parapsilosis Bloodstream
Isolates with Y132F Mutation in ERG11 Gene, South Korea. Emerg Infect Dis. 2018;24:1768–
70. doi:10.3201/eid2409.180625.
10. Garcia-Effron G, Katiyar SK, Park S, et al. A naturally occurring proline-to-alanine amino
acid change in Fks1p in Candida parapsilosis, Candida orthopsilosis, and Candida
metapsilosis accounts for reduced echinocandin susceptibility. Antimicrob Agents
Chemother. 2008;52:2305–12. doi:10.1128/AAC.00262-08.
221

13

Chapter 13

11. Asadzadeh M, Ahmad S, Al-Sweih N, et al. Epidemiology and Molecular Basis of Resistance
to Fluconazole Among Clinical Candida parapsilosis Isolates in Kuwait. Microb Drug
Resist. 2017;23:966–72. doi:10.1089/mdr.2016.0336.
12. Grossman NT, Pham CD, Cleveland AA, et al. Molecular Mechanisms of Fluconazole
Resistance in Candida parapsilosis Isolates from a U.S. Surveillance System. Antimicrob
Agents Chemother. 2015;59:1030 LP – 1037. doi:10.1128/AAC.04613-14.
13. Berkow EL, Manigaba K, Parker JE, et al. Multidrug Transporters and Alterations in
Sterol Biosynthesis Contribute to Azole Antifungal Resistance in Candida parapsilosis.
Antimicrob Agents Chemother. 2015;59:5942 LP – 5950. doi:10.1128/AAC.01358-15.
14. Souza ACR, Fuchs BB, Pinhati HMS, et al. Candida parapsilosis Resistance to Fluconazole:
Molecular Mechanisms and In Vivo Impact in Infected Galleria mellonella Larvae.
Antimicrob Agents Chemother. 2015;59:6581 LP – 6587. doi:10.1128/AAC.01177-15.
15. Thomaz DY, de Almeida JNJ, Lima GME, et al. An Azole-Resistant Candida parapsilosis
Outbreak: Clonal Persistence in the Intensive Care Unit of a Brazilian Teaching Hospital.
Front Microbiol. 2018;9:2997. doi:10.3389/fmicb.2018.02997.
16. Rizzato C, Poma N, Zoppo M, et al. CoERG11 A395T mutation confers azole resistance
in Candida orthopsilosis clinical isolates. J Antimicrob Chemother. 2018;73:1815–22.
doi:10.1093/jac/dky122.
17. Wessel JM, Bachmann BO, Meiller R, et al. Fungal interface keratitis by Candida
orthopsilosis following deep anterior lamellar keratoplasty. BMJ Case Rep. 2013;2013.
doi:10.1136/bcr-2012-008361.
18. Heslop OD, De Ceulaer K, Rainford L, et al. A case of Candida orthopsilosis associated
septic arthritis in a patient with Systemic Lupus Erythematosus (SLE). Med Mycol Case
Rep. 2015;7:1–3. doi:10.1016/j.mmcr.2014.11.001.
19. Charsizadeh A, Mirhendi H, Nikmanesh B, et al. Candidemia in Children Caused by
Uncommon Species of Candida. Arch Pediatr Infect Dis. 2018;6:e11895.
20. Oliveira VKP, Paula CR, Colombo AL, et al. Candidemia and death by Candida orthopsilosis
and Candida metapsilosis in neonates and children. Pediatr Neonatol. 2014;55:75–6.
doi:10.1016/j.pedneo.2013.07.006.
21. Feng X, Ling B, Yang G, et al. Prevalence and distribution profiles of Candida parapsilosis,
Candida orthopsilosis and Candida metapsilosis responsible for superficial candidiasis in a
Chinese university hospital. Mycopathologia. 2012;173:229–34. doi:10.1007/s11046-0119496-5.
22. Choi HJ, Shin JH, Park KH, et al. A Fatal Case of Candida orthopsilosis Fungemia. Korean
J Clin Microbiol. 2010;13:140–3.
23. Asadzadeh M, Ahmad S, Al-Sweih N, et al. Molecular Fingerprinting Studies Do Not
Support Intrahospital Transmission of Candida albicans among Candidemia Patients in
Kuwait. Front Microbiol. 2017;8:247. doi:10.3389/fmicb.2017.00247.
24. Prakash A, Sharma C, Singh A, et al. Evidence of genotypic diversity among Candida auris
isolates by multilocus sequence typing, matrix-assisted laser desorption ionization timeof-flight mass spectrometry and amplified fragment length polymorphism. Clin Microbiol
Infect. 2016;22:277.e1-9. doi:10.1016/j.cmi.2015.10.022.
25. Tavanti A, Hensgens LAM, Mogavero S, et al. Genotypic and phenotypic properties of
Candida parapsilosis sensu strictu strains isolated from different geographic regions and
body sites. BMC Microbiol. 2010;10:203. doi:10.1186/1471-2180-10-203.
26. Restrepo CM, Llanes A, Lleonart R. Use of AFLP for the study of eukaryotic pathogens
affecting humans. Infect Genet Evol. 2018;63:360–9. doi:10.1016/j.meegid.2017.09.017.
222

A high degree of genetic similarity using AFLP and high mortality rate of Iranian Candida parapsilosis

27. De Pauw B, Walsh TJ, Donnelly JP, et al. Revised definitions of invasive fungal disease
from 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) Consensus Group. Clin Infect Dis. 2008;46:1813–
21. doi:10.1086/588660.
28. Blyth CC, Chen SCA, Slavin MA, et al. Not just little adults: candidemia epidemiology,
molecular characterization, and antifungal susceptibility in neonatal and pediatric patients.
Pediatrics 2009;123:1360–8. doi:10.1542/peds.2008-2055.
29. Cassagne C, Cella AL, Suchon P, et al. Evaluation of four pretreatment procedures for
MALDI-TOF MS yeast identification in the routine clinical laboratory. Med Mycol.
2013;51:371–7. doi:10.3109/13693786.2012.720720.
30. Stielow JB, Levesque CA, Seifert KA, et al. One fungus, which genes? Development and
assessment of universal primers for potential secondary fungal DNA barcodes. Persoonia.
2015;35:242–63. doi:10.3767/003158515X689135.
31. Theelen B, Silvestri M, Gueho E, et al. Identification and typing of Malassezia yeasts using
amplified fragment length polymorphism (AFLP), random amplified polymorphic DNA
(RAPD) and denaturing gradient gel electrophoresis (DGGE). FEMS Yeast Res. 2001;1:79–
86.
32. Kumar S, Stecher G TK. Molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Mol Biol Evol. 2016;33:1870–4.
33. Arastehfar A, Daneshnia F, Zomorodian K, et al. Low level of antifungal resistance in Iranian
isolates of Candida glabrata recovered from blood samples from multicenter (2015-2018):
Potential prognostic values of genotyping and sequencing of PDR1. Antimicrob Agents
Chemother. 2019. doi:10.1128/AAC.02503-18.
34. Clinical and Laboratory Standards Institute. Reference Method for Broth Dilution Antifungal
Susceptibility Testing of Yeasts: Fourth Informational SupplementM27-S4. CLSI,Wayne,
PA, USA, 2012. n.d.
35. Clinical and Laboratory Standards Institute. Reference Method for Broth Dilution
Antifungal Susceptibility Testing of Yeasts; Approved Standard—Third Edition:M27-A3.
CLSI,Wayne,PA, USA, 2008. n.d.
36. Espinel-Ingroff A, Arendrup MC, Pfaller MA, et al. Interlaboratory variability of Caspofungin
MICs for Candida spp. Using CLSI and EUCAST methods: should the clinical laboratory
be testing this agent? Antimicrob Agents Chemother. 2013;57:5836–42. doi:10.1128/
AAC.01519-13.
37. Pfaller MA, Diekema DJ. Progress in antifungal susceptibility testing of Candida spp. by
use of Clinical and Laboratory Standards Institute broth microdilution methods, 2010 to
2012. J Clin Microbiol. 2012;50:2846–56. doi:10.1128/JCM.00937-12.
38. Vaezi A, Fakhim H, Khodavaisy S, et al. Epidemiological and mycological characteristics
of candidemia in Iran: A systematic review and meta-analysis. J Mycol Med. 2017;27:146–
52. doi:10.1016/j.mycmed.2017.02.007.
39. Charsizadeh A, Mirhendi H, Nikmanesh B, et al. Microbial epidemiology of candidaemia
in neonatal and paediatric intensive care units at the Children’s Medical Center, Tehran.
Mycoses. 2018;61:22–9. doi:10.1111/myc.12698.
40. McCarty TP, Pappas PG. Invasive Candidiasis. Infect Dis Clin North Am. 2016;30:103–24.
doi:10.1016/j.idc.2015.10.013.
41. Singh A, Healey KR, Yadav P, et al. Absence of Azole or Echinocandin Resistance in
Candida glabrata Isolates in India despite Background Prevalence of Strains with Defects in
223

13

Chapter 13

the DNA Mismatch Repair Pathway. Antimicrob Agents Chemother. 2018;62. doi:10.1128/
AAC.00195-18.
42. Hope WW, Castagnola E, Groll AH, et al. ESCMID* guideline for the diagnosis and
management of Candida diseases 2012: prevention and management of invasive infections
in neonates and children caused by Candida spp. Clin Microbiol Infect. 2012;18 Suppl
7:38–52. doi:10.1111/1469-0691.12040.
43. Pappas PG, Kauffman CA, Andes DR, et al. Clinical Practice Guideline for the Management
of Candidiasis: 2016 Update by the Infectious Diseases Society of America. Clin Infect Dis.
2016;62:e1-50. doi:10.1093/cid/civ933.
44. Colombo AL, Nucci M, Park BJ, et al. Epidemiology of candidemia in Brazil: a
nationwide sentinel surveillance of candidemia in eleven medical centers. J Clin Microbiol.
2006;44:2816–23. doi:10.1128/JCM.00773-06.
45. Brito LR, Guimaraes T, Nucci M, et al. Clinical and microbiological aspects of candidemia
due to Candida parapsilosis in Brazilian tertiary care hospitals. Med Mycol. 2006;44:261–
6. doi:10.1080/13693780500421476.
46. Gudlaugsson O, Gillespie S, Lee K, et al. Attributable mortality of nosocomial candidemia,
revisited. Clin Infect Dis. 2003;37:1172–7. doi:10.1086/378745.
47. Costa-de-Oliveira S, Pina-Vaz C, Mendonca D, et al. A first Portuguese epidemiological
survey of fungaemia in a university hospital. Eur J Clin Microbiol Infect Dis. 2008;27:365–
74. doi:10.1007/s10096-007-0448-4.
48. Tumbarello M, Posteraro B, Trecarichi EM, et al. Biofilm production by Candida species
and inadequate antifungal therapy as predictors of mortality for patients with candidemia. J
Clin Microbiol. 2007;45:1843–50. doi:10.1128/JCM.00131-07.
49. Wu P-F, Liu W-L, Hsieh M-H, et al. Epidemiology and antifungal susceptibility of
candidemia isolates of non-albicans Candida species from cancer patients. Emerg Microbes
Infect. 2017;6:e87. doi:10.1038/emi.2017.74.
50. Sofair AN, Lyon GM, Huie-White S, et al. Epidemiology of community-onset candidemia
in Connecticut and Maryland. Clin Infect Dis. 2006;43:32–9. doi:10.1086/504807.
51. Dogen A, Sav H, Gonca S, et al. Candida parapsilosis in domestic laundry machines. Med
Mycol. 2017;55:813–9. doi:10.1093/mmy/myx008.
52. Delfino D, Scordino F, Pernice I, et al. Potential association of specific Candida parapsilosis
genotypes, bloodstream infections and colonization of health workers’ hands. Clin Microbiol
Infect. 2014;20:O946-51. doi:10.1111/1469-0691.12685.
53. Silva-Dias A, Miranda IM, Branco J, et al. Adhesion, biofilm formation, cell surface
hydrophobicity, and antifungal planktonic susceptibility: relationship among Candida spp.
Front Microbiol. 2015;6:205. doi:10.3389/fmicb.2015.00205.
54. Toth R, Nosek J, Mora-Montes HM, et al. Candida parapsilosis: from Genes to the Bedside.
Clin Microbiol Rev. 2019;32. doi:10.1128/CMR.00111-18.
55. Muller H, Thierry A, Coppee J-Y, et al. Genomic polymorphism in the population of
Candida glabrata: gene copy-number variation and chromosomal translocations. Fungal
Genet Biol. 2009;46:264–76. doi:10.1016/j.fgb.2008.11.006.
56. Polakova S, Blume C, Zarate JA, et al. Formation of new chromosomes as a virulence
mechanism in yeast Candida glabrata. Proc Natl Acad Sci U S A. 2009;106:2688–93.
doi:10.1073/pnas.0809793106.
57. Healey KR, Jimenez Ortigosa C, Shor E, et al. Genetic Drivers of Multidrug Resistance in
Candida glabrata. Front Microbiol. 2016;7:1995. doi:10.3389/fmicb.2016.01995.
58. Carrete L, Ksiezopolska E, Gomez-Molero E, et al. Genome Comparisons of Candida
224

A high degree of genetic similarity using AFLP and high mortality rate of Iranian Candida parapsilosis

glabrata Serial Clinical Isolates Reveal Patterns of Genetic Variation in Infecting Clonal
Populations. Front Microbiol 2019;10:112. doi:10.3389/fmicb.2019.00112.
59. Pryszcz LP, Nemeth T, Gacser A, et al. Genome comparison of Candida orthopsilosis
clinical strains reveals the existence of hybrids between two distinct subspecies. Genome
Biol Evol. 2014;6:1069–78. doi:10.1093/gbe/evu082.
60. Arastehfar A, Khodavaisy S, Daneshnia F, et al. Molecular Identification, Genotypic
Diversity, Antifungal Susceptibility, and Clinical Outcomes of Infections Caused by
Clinically Underrated Yeasts, Candida orthopsilosis, and Candida metapsilosis: An
Iranian Multicenter Study (2014-2019). Front Cell Infect Microbiol. 2019. doi:10.3389/
fcimb.2019.00264.
61. Barbedo LS, Vaz C, Pais C, et al. Different scenarios for Candida parapsilosis fungaemia
reveal high numbers of mixed C. parapsilosis and Candida orthopsilosis infections. J Med
Microbiol. 2015;64:7–17. doi:10.1099/jmm.0.080655-0.
62. Sagatova AA, Keniya MV, Tyndall JDA MB. Impact of homologous resistance mutations
from pathogenic yeast on Saccharomyces cerevisiae lanosterol 14 alpha-demethylase.
Antimicrob Agents Chemother. 2018;62:e02242-17.
63. Tan TY, Hsu LY, Alejandria MM, et al. Antifungal susceptibility of invasive Candida
bloodstream isolates from the Asia-Pacific region. Med Mycol. 2016;54:471–7. doi:10.1093/
mmy/myv114.
64. Beyer R, Spettel K, Zeller I, et al. Antifungal susceptibility of yeast bloodstream isolates
collected during a 10-year period in Austria. Mycoses. 2019. doi:10.1111/myc.12892.
65. Tortorano AM, Prigitano A, Lazzarini C, et al. A 1-year prospective survey of candidemia in
Italy and changing epidemiology over one decade. Infection. 2013;41:655–62. doi:10.1007/
s15010-013-0455-6.
66. Bassetti M, Merelli M, Righi E, et al. Epidemiology, Species Distribution, Antifungal
Susceptibility, and Outcome of Candidemia across Five Sites in Italy and Spain. J Clin
Microbiol. 2013;51:4167 LP – 4172. doi:10.1128/JCM.01998-13.
67. Raghuram A, Restrepo A, Safadjou S, et al. Invasive fungal infections following liver
transplantation: incidence, risk factors, survival, and impact of fluconazole-resistant
Candida parapsilosis (2003-2007). Liver Transpl. 2012;18:1100–9. doi:10.1002/lt.23467.
68. Govender NP, Patel J, Magobo RE, et al. Emergence of azole-resistant Candida parapsilosis
causing bloodstream infection: results from laboratory-based sentinel surveillance in South
Africa. J Antimicrob Chemother. 2016;71:1994–2004. doi:10.1093/jac/dkw091.
69. Hilmioglu-Polat S, Sharifynia S, Oz Y, et al. Genetic Diversity and Antifungal Susceptibility
of Candida parapsilosis Sensu Stricto Isolated from Bloodstream Infections in Turkish
Patients. Mycopathologia. 2018;183:701–8. doi:10.1007/s11046-018-0261-x.
70. Taj-Aldeen SJ, Salah H, Perez WB, et al. Molecular analysis of resistance and detection
of non-wild-type strains using E-test epidemiological cutoff values for amphotericin B
and echinocandins for bloodstream Candida infections from a tertiary Hospital in Qatar.
Antimicrob Agents Chemother. 2018;62:e00214-18.
71. Ii JSL, Wiederhold NP, Wickes BL, et al. Rapid Emergence of Echinocandin Resistance
in Candida glabrata Resulting in Clinical and Microbiologic Failure. Antimicrob Agents
Chemother. 2013;57:4559–61. doi:10.1128/AAC.01144-13.
72. Perlin DS. Echinocandin Resistance in Candida. Clin Infect Dis. 2015;61:612–7.
doi:10.1093/cid/civ791.
73. Dimopoulou D, Hamilos G, Tzardi M, et al. Anidulafungin versus caspofungin in a mouse
model of candidiasis caused by anidulafungin-susceptible Candida parapsilosis isolates
225

13

Chapter 13

with different degrees of caspofungin susceptibility. Antimicrob Agents Chemother.
2014;58:229–36. doi:10.1128/AAC.01025-13.
74. Soldini S, Posteraro B, Vella A, et al. Microbiologic and clinical characteristics of biofilmforming Candida parapsilosis isolates associated with fungaemia and their impact on
mortality. Clin Microbiol Infect. 2018;24:771–7. doi:10.1016/j.cmi.2017.11.005.
75. Zhao Y, Prideaux B, Nagasaki Y, et al. Unraveling drug penetration of echinocandin
entifungals at the site of infection in an intra-abdominal abscess model. Antimicrob Agents
Chemother. 2017;61:e01009-17.

Supplementary files can be retrieved using the following link,
http://www.westerdijkinstitute.nl/download/SupplementaryFilesAmir.rar

226

CHAPTER

14

Molecular
identification,
genotypic
diversity, antifungal susceptibility, and
clinical outcomes of infections caused
by clinically underrated yeasts, Candida
orthopsilosis and Candida metapsilosis: An
Iranian multicenter study (2014-2019)

This chapter was published as,
A. Arastehfar, S. Khodavaisy, F. Daneshnia, MJ. Najafzadeh, S. Mahmoudi,
A. Charsizadeh, MR Salehi, Hossein Zarrinfar, A. Raeisabadi, S. Dolatabadi,
Z. Zare Shahrabadi, K. Zomorodian, W. Pan, F. Hagen, T. Boekhout. (2019)
Molecular identification, genotypic diversity, antifungal susceptibility,
and clinical outcomes of infections caused by clinically underrated yeasts,
Candida orthopsilosis and Candida metapsilosis: An Iranian multicenter
study (2014-2019). Frontiers in Cellular and Infection Microbiology. 9:264.
doi: 10.3389/fcimb.2019.00264.
Authors’ contributions
AA, KZ, WP, and TB designed the study. MJN, HZ, KZ, SK, AC, AR, and
ZZS provided the clinical isolates. MJN, HZ, KZ, AC, and SK obtained the
ethical approval. MRS, MJN, HZ, KZ, SK, AR, SD, and ZZS collected the
clinical data. SK AA and FD designed primers and performed sequencing.
AA, FD, and FH performed the AFLP. MRS, ES, ZZS, MJN, and HZ provided
the clinical data. AA, SK, FD, MRS, and FH performed the data analysis. AA
prepared the first draft. All authors contributed in draft revision.

Chapter 14

Abstract
Despite the increasing occurrence of Candida orthopsilosis and Candida metapsilosis in
clinical settings, little is known about their microbiological and clinical properties. Herein, we
conducted a national retrospective study (2014–2019) from multiple centers in Iran. Among
the 1,770 Candida isolates collected, we identified 600 Candida parapsilosis species complex
isolates. Isolate identification was performed by 9-plex PCR, matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF MS), and rDNA sequencing, and
antifungal susceptibility testing (AFST) followed CLSI M27-A3/S4; genotyping was performed
by amplified fragment length polymorphism (AFLP) analysis; and clinical information was
mined. Thirty-one isolates of C. orthopsilosis from various clinical sources, one mixed sample
(blood) concurrently containing C. orthopsilosis and C. parapsilosis, and one isolate of C.
metapsilosis from a nail sample were identified. Although both 9-plex PCR and MALDI-TOF
successfully identified all isolates, only 9-plex PCR could identify the agents in a mixed sample.
For the C. orthopsilosis isolates, resistance (non-wild type) was noted only for itraconazole
(n=4; 12.5%). Anidulafungin and fluconazole showed the highest and voriconazole had the
lowest geometric mean values. AFLP analysis showed three main and four minor genotypes.
Interestingly, 90% of nail isolates clustered with 80% of the blood isolates within two clusters,
and four blood isolates recovered from four patients admitted to a hospital clustered into two
genotypes and showed a high degree of similarity (>99.2%), which suggests that C. orthopsilosis
disseminates horizontally. Supported by our data and published case studies, C. orthopsilosis
and C. metapsilosis can be linked to challenging clinical failures, and successful outcomes
are not always mirrored by in vitro susceptibility. Accordingly, conducting nationwide studies
may provide more comprehensive data, which is required for a better prognosis and clinical
management of patients.
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Introduction
With advancements in identification tools and changes in clinical practices, a distinct trend
of an increasing prevalence of non-Candida albicans Candida (NCAC) species in clinical
settings has been revealed (1). The recent arrival and increase in the amount of azole-resistant
Candida parapsilosis isolates (2-6), and the ability of this species to be horizontally transmitted
from the hands of healthcare workers (HCWs) (5) emphasize the importance of surveillance
studies to limit its spread in healthcare settings. Additionally, if left undetected, this yeast can
be the source of fatal candidemia outbreaks, and it can persist in the hospital environment for
a long period of time (7). Phylogenetic analysis performed by Tavanti et al. (8) showed that C.
parapsilosis is a species complex comprising C. parapsilosis sensu stricto, C. orthopsilosis,
and C. metapsilosis (8). Although C. orthopsilosis and C. metapsilosis are less virulent than
C. parapsilosis, they have the ability to cause a wide range of clinical manifestations ranging
from superficial (9) to fatal invasive bloodstream infections (10). Besides, clinical failure for
infections caused by C. orthopsilosis and C. metapsilosis have been reported in some studies,
while infected patients underwent prolonged administration of antifungals (11-15). On the other
hand, a survey conducted in Italy (Pisa and Rome) showed that 40% of C. orthopsilosis isolates
were resistant to fluconazole (FLZ), and among them, 100% and 68.7% of FLZ-resistant C.
orthopsilosis isolates were cross-resistant to two and three most commonly used azoles (16).
Lines of evidence show that azole resistance in the C. parapsilosis complex species is mainly
mediated by a specific mutation in ERG11 (A395T) (16, 17), and unlike other Candida species,
efflux pumps might not play a main role in azole resistance (18). Moreover, it has been shown
that mutations in hotspot 1 (HS1) and HS2 of FKS1 are linked to echinocandin resistance
in the C. parapsilosis species complex (19). Variability in virulence factors and antifungal
susceptibility patterns among members of the C. parapsilosis species complex points to the
importance of correct species-level identification (20). Phenotypic assays, such as biochemical
assays, are unable to differentiate species within the C. parapsilosis species complex (21),
while PCR-based molecular assays (22-24), matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) (25), and sequencing of so-called barcoding genes
(8) allow correct species-level identification. Genomic studies have led to the discovery that
C. orthopsilosis and C. metapsilosis were derived from the hybridization of species with nonpathogenic lineages (26). As a result, genotyping techniques may provide a better understanding
of the evolution of the mechanism of pathogenicity in this complex. Moreover, the application
of typing techniques may not only aid in detecting the source of infection but may also broaden
our knowledge of the biological niches of the species of interest. Amplified fragment length
polymorphism (AFLP) analysis is regarded as the preferred typing choice for members of the C.
parapsilosis species complex (22), C. albicans (27), C. auris (28), and Aspergillus terreus (29).
Herein, we conducted a multicenter study and collected all presumptively identified isolates of
C. parapsilosis from three main metropolitan cities of Iran (Tehran, Shiraz, and Mashhad) from
2014 to 2019. Isolates were identified by MALDI-TOF MS, a previously described 9-plex PCR
(24) and sequencing of rDNA. Moreover, isolates were genotyped by AFLP, their antifungal
susceptibility pattern was determined, and genes conferring resistance to FLZ (ERG11) and
echinocandins (HS1 and HS2 of FKS1) were sequenced.
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Materials and methods
Study Design, Ethical Approval, and Growth Conditions
In total, we collected 600 presumptively identified C. parapsilosis species complex isolates
among 1,770 isolates of Candida species isolates recovered (2014–2019) from three major
clinical centers in Iran, namely Tehran, Shiraz, and Mashhad (Table 1). C. parapsilosis
species complex isolates constituted 33.8% of all Candida species isolates recovered from the
aforementioned centers. C. parapsilosis species complex strains were mainly isolated from
blood (n=167) and other non-sterile sites (n=433; Table 1). Studies undertaken by the centers
included in this study were individually reviewed and approved by ethical committee members
in each center (IR.SUMS.REC.1397.365, IR MUMS fm REC.1397.268, IR. TUMS.SPH.
REC.1396.4195). To ensure anonymity, patients were assigned numerical codes. All patients
gave written informed consent in accordance with the ethical permit of the centers involved in
this study. Strains were grown on Sabouraud dextrose agar (SDA) and incubated at 37 ºC for
24–48 h. To ensure that samples with mixed species were identified, all clinical samples were
struck on CHROMagar (Candiselect, Bio-Rad, USA), and incubated at 37 ºC for 48 h.
Table 1. Presumptively identified C. parapsilosis species complex isolates collected from clinical centers.
Source

City

Blood (n=167)

Tehran, Shiraz, and Mashhad

Vagina (n=100)

Tehran, Shiraz, and Mashhad

Urine (n=80)

Tehran, Shiraz, and Mashhad

Nail (n=80)

Tehran, Shiraz, and Mashhad

Stool (n=40)
Trachea (n=30)
CVC (n=26)
Sputum (n=20)

Shiraz, and Mashhad
Tehran, Shiraz, and Mashhad
Tehran, Isfahan, and Shiraz
Tehran, Shiraz, and Mashhad

Throat (n=20)

Tehran, Shiraz, and Mashhad

Skin (n=20)

Tehran, Shiraz, and Mashhad

Ear (n=10)

Tehran, Isfahan, and Mashhad

BALF (n=5)
Interdigital (n=1)

Isfahan, Shiraz, and Mashhad
Tehran

Groin (n=1)

Tehran

CVC, Central venous catheter; BALF, Bronchoalveolar lavage fluid.

DNA extraction and identification strategy
A previously CTAB-based DNA extraction protocol was used to extract DNA samples (30).
Primarily, isolated strains were identified by MALDI-TOF MS (MicroFlex LTD, Bruker,
Bremen, Germany) using a full-extraction method (31) and a 9-plex PCR differentiating nine
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species within the C. albicans, Candida glabrata, and C. parapsilosis species complexes (24).
Strains identified as C. orthopsilosis and C. metapsilosis were further identified by sequencing
of the large subunit (LSU) and internal transcribed spacer sequences (ITS) of the rDNA domain
using LR5 and ITS5 primers (32).

Genotypic diversity using AFLP
To assess the genotypic diversity of C. orthopsilosis and C. metapsilosis, a previously defined
AFLP protocol was used (33). In brief, 5µl of a DNA sample was mixed with restriction-ligation
reactions containing HpyCH4 IV and MseI adapters and restriction enzymes and T4 ligase and
incubated at room temperature for 90min. Subsequently, the ligation-restriction reactions were
stopped by the addition of 80µl of 10mM Tris-HCl (pH 8.3), and diluted products were added to
PCRs containing HpyCH4 IV and MseI primers. In the next stage, PCR products were purified
using Sephadex (Sigma Aldrich, St. Louis, Missouri, USA) and diluted 50 times with MilliQwater; 1µl of PCR product was mixed with master mixes containing standard ladder size,
incubated for 1min at 100ºC, and finally subjected to an ABI 3730XL DNA analyzer (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). BioNumerics software V7.6 (Applied Math
Inc., Sint-Martens-Latem, Belgium) was used to analyze the AFLP data. Reference and type
strains of C. metapsilosis (CBS 2315, CBS 2916, and CBS 10907) and C. orthopsilosis (CBS
10906) were used for comparative purposes.

Antifungal susceptibility testing (AFST)
CLSI M27-A3/S4 broth micro dilution (BMD) was used for the AFST of the C. orthopsilosis
and C. metapsilosis isolates (34, 35). AFST included the following drugs: fluconazole (FLZ)
(Pfizer, New York, USA), voriconazole (VRZ) (Pfizer, New York, USA), itraconazole (ITZ)
(Santa Cruz Biotech, Dallas, USA), amphotericin B (AMB) (Sigma Chemical Corporation,
St. Louis, MO), micafungin (MFG) (Astellas Pharma Inc., Japan), and anidulafungin (AFG)
(Pfizer A/S, Ballerup, Denmark). Reference strains of C. parapsilosis (CBS 604) and Candida
krusei (CBS 5147) were used for quality control purposes. The MIC values were visually
determined after incubating the plates for 24 h at 37ºC. Due to the lack of a species-specific
clinical breakpoint and epidemiological cut-off values for C. orthopsilosis and C. metapsilosis,
the obtained MIC values were compared with those of C. parapsilosis. Moreover, due to the
interlaboratory variation and unreliability of caspofungin (36), this drug was not investigated
in the current study. Isolates showing MIC values ≥8µg/ml for FLZ, MFG, and ANF and those
showing MIC values ≥1 for VRZ were regarded as resistant (37). Due to the lack of clinical
breakpoints for AMB and ITZ, their corresponding MIC values were interpreted based on
epidemiological cut-off values (ECV) and non-wild type (NWT) values when the MIC values
were >2 and >0.5µg/ml, respectively (37).

PCR and sequencing of ERG11 and HS1 and HS2 of FKS1
As resistance to azoles in C. orthopsilosis is mainly mediated by a specific point mutation
(A395T) that resulted in a missense mutation of Y132F (16, 18), primers targeting this region
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were used (Table 2). Moreover, C. parapsilosis species complex universal primers (from
unpublished data) targeting HS1 and HS2 of FKS1 (Table 2) were included to explore the
potential non-synonymous mutations conferring resistance to echinocandins. PCRs contained
the following ingredients: 5µl of PCR buffer (10X NH4 without MgCl2), 2mM MgCl2, 10
picomole target primers (ERG11F/R and HS1F/R and HS2F/R), 0.2mM mixed dNTPs (dNTP
mix, 100mM, Bioline), and 1.25 units of Taq polymerase (BioTaq DNA Polymerase, Bioline).
Milli-Q water was used to adjust the volume to 50µl. PCR reactions were subjected to Applied
Biosystem 2720 Thermal Cycler (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
with the following program: one cycle of 95ºC for 5min; followed by 35 cycles of 95ºC for 30
s, 52ºC for 30 s, and 72ºC for 30 s; and finally, one cycle of 72ºC for 8 min. The dideoxy-chain
termination sequencing protocol was used for sequencing of target genes, and the generated
contigs were curated, assembled and edited by SeqMan Pro (DNASTAR, Madison, USA).
Curated sequences were aligned using MEGA v7.0 (Temple University, Philadelphia, USA).
The obtained sequences of ERG11 were compared with the corresponding reference sequences
of XM_003870254.1 (146, 38), and the sequences of HS1 and HS2 were compared with those
presented by Garcia-Effron et al. (19).

Deposition of C. orthopsilosis and C. metapsilosis strains and corresponding
accession numbers
The C. orthopsilosis and C. metapsilosis strains obtained from this study were deposited in the
culture collection of Westerdijk Fungal Biodiversity Institute, and their corresponding sequences
of ITS and LSU rDNA, HS1 and HS2 of FKS1, and ERG11 were deposited in GenBank (https://
www.ncbi.nlm.nih.gov/genbank/) (Supplementary Table 1).
Table 2. List of primers used for PCR amplification and sequencing of target genes.
PCR
product
sizes

Reference

Oligo Name

Sequence

Target gene/
Purpose

FKS1-HS1-F

CATACRTTTACTGCAAACTTTGT

CpFKS1/PCR
and sequencing

417bps

Unpublished
data

FKS1-HS1-R

GATTTCCATTTCGGTGGT

CpFKS1/PCR
and sequencing

417bps

Unpublished
data

FKS1-HS2-F

TGCATRTGAACGAAGATATTTA

CpFKS1/PCR
and sequencing

568bps

Unpublished
data

FKS1-HS2-R

GCAACAAARACTTCAAACAT

CpFKS1/PCR
and sequencing

568bps

Unpublished
data

ERG11-F

ATGGCATTAGTTGACTTA

CpFKS1/PCR
and sequencing

495bps

This study

ERG11-R

TCTCCTCTAATCAACGGA

CpFKS1/PCR
and sequencing

495bps

This study
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Results
Clinical Profiles
In total, 32 C. orthopsilosis isolates were recovered from 31 patients, with a median age of 39
years old (1 month-90 years) and one C. metapsilosis isolate from a 30-year-old man (Table
3). Women constituted the vast majority of patients (n = 22; 68.7%). Tehran had the highest
number of C. orthopsilosis isolates (n=19; 57.6%), followed by Mashhad (n=13; 39.4%), and
Shiraz (n=1; 3%). C. orthopsilosis isolates were mainly isolated from blood (n=10; 31.2%) and
nail (n=10; 31.2%) samples, followed by urine (n=5; 15.6%), vaginal (n=3; 9.3%), tracheal
(n=2; 6.2%), and groin and interdigital (each n=1; 3.2%) samples (Table 3). The only isolate of
C. metapsilosis was recovered from a nail sample. Diabetes (n=5), hematological malignancies
(n=4), and pneumonia (n=2) were the most encountered underlying conditions. Note that the
majority of samples were obtained from outpatients and the underlying conditions were not
available for some patients. All patients with invasive candidiasis due to C. orthopsilosis were
treated with broad spectrum antibiotics. In total, 10 patients were treated with antifungals and
AMB was the most widely used antifungal (n=7; 70%), followed by the combination of CSP,
FLZ, and AMB (each n=3; 30%; Table 3). Four patients infected with C. orthopsilosis died and
the corresponding isolates were recovered from blood (n=2), vagina (n=1), and trachea (n=1).
For comparison purposes, case report studies describing microbiological and clinical outcomes
are presented in Supplementary Table 2.
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C. orthopsilosis 3/F

C. orthopsilosis 3/F

C. orthopsilosis 8/M

C. orthopsilosis 1MA/M

C. orthopsilosis 1/F

C. orthopsilosis 7/M

C. orthopsilosis 16/M

C. orthopsilosis 40/M
C. orthopsilosis 48/M
C. orthopsilosis 1/F

Mir 147

Mir 187

Mir 496

Mir 606

Mir 617

Mir 618

48BC

N1R
N114
SU-236

Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Tehran/outpatient
Mashhad/22 Bahman/outpatient
Mashhad/Jihad/ND
Mashhad/Rajaee/ND
Mashhad/22Bahman/ICU
Mashhad/22 Bahman/ICU
Mashhad/Jihad 2/outpatient
Mashhad/Fajr/outpatient
Mashhad/Rajaee/outpatient
Mashhad/Jihad/outpatient
Mashhad/Arya/outpatient
Mashhad/Imam Reza/outpatient
Tehran/Children’s Medical Center/
NICU
Tehran/Children’s Medical Center/
PICU
Tehran/Children’s Medical Center/
PICU
Tehran/Children’s Medical Center/
NICU
Tehran/Children’s Medical Center/
Immunology NICU
Tehran/Children’s Medical Center/
PICU
Tehran/Imam Khomeini/
Endocrinology
Mashhad/22 Bahman/ICU
Mashhad/Imam Reza/ICU
Shiraz/Namazi/ICU

City/hospital/unit

Diabetes
PTE
Bowel obstruction

T Cell ALL, AML

Lymphoma

Immunodeficiency

Prematurity

Hyper-IgM syndrome

ALL

ALL

Healthy
Healthy
Healthy
Healthy
Healthy
Healthy
ND
Healthy
Healthy
Healthy
Healthy
Healthy
Pregnant/UTI
Diabetes/UTI
Vaginitis
Diabetes/Pneumonia
Diabetes/Pneumonia
Vaginitis
Diabetes/UTI
UTI
UTI
Vaginitis
Healthy

Underlying conditions

2017/12/16
2017/02/08
2017/08/06

2018/05/13

2016/06/20

2016/06/15

2016/06/01

2015/11/21

2014/12/24

2015/01/27

2015/04/03
2014/02/22
2016/12/17
2013/09/15
2015/02/05
2015/11/06
2015/02/03
2016/10/23
2014/10/20
2015/09/06
2015/02/19
2016/12/01
2018/02/23
2018/01/26
2018/03/03
2017/11/01
2018/12/22
2018/04/22
2018/05/05
2018/02/23
2017/12/01
2018/01/01
2017/01/05

Isolation date

Blood
Blood
Blood

Blood

Blood

Blood

Blood

Blood

Blood

Blood

Yes
Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Antibiotic
used
Nail
ND
Nail
ND
Nail
ND
Nail
ND
Nail
ND
Nail
ND
Interdigital ND
Nail
ND
Nail
ND
Nail
ND
Nail
ND
Nail
ND
Urine
ND
Urine
ND
Trachea
ND
Trachea
Yes
Vagina
Yes
Urine
ND
Urine
ND
Urine
ND
Vagina
ND
Nail
ND
Nail
ND
Source

Survived

Survived

Survived

Survived

Survived

Survived

Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Survived
Died
Died
Survived
Survived
Survived
Survived
Survived
Survived

Outcome

FLZ
None
None

Died
Died
Survived

FLZ+AMB+CAS Survived

AMB+FLZ

AMB

AMB+FLZ

AMB+CAS

AMB+CAS

AMB

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
AMB
AMB
ND
ND
ND
ND
ND
ND

Antifungal used

ND, No data; ALL, Acute lymphocytic leukemia; AML, Acute myeloid leukemia; PTE, Pulmonary thromboembolism; F, Female; M, Male; IgM, Immunoglobulin M; AMB, Amphotericin B; FLZ, Fluconazole;
CAS, Caspofungin; UTI, Urinary tract infection. A, M, Month.

24/F
52/F
49/M
58/F
24/F
16/F
54/M
39/F
51/F
74/F
33/M
50/F
35/F
60/F
34/F
70/F
90/M
40/F
45/F
33/F
39/F
40/F
30/M

C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. orthopsilosis
C. metapsilosis

TMML385
TMML397
TMML399
TMML406
TMML407
TMML414
TMML415
TMML430
TMML443
TMML454
TMML456
TMML464
N2
N5
N9
N13
N14
N19
N20
N27
N30
N31
N232

Age/sex

Species

Isolate #

Table 3. Clinical data obtained from patients positive for C. orthopsilosis or C. metapsilosis.
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Identification
C. orthopsilosis and C. metapsilosis comprised 1.8 and 0.05% of all Candida species isolates
and 5.3 and 0.17% of all C. parapsilosis species complex isolates, respectively. Both 9-plex
PCR and MALDI-TOF MS were consistent with ITS and LSU rDNA sequencing and
successfully identified all C. orthopsilosis, C. metapsilosis, and C. parapsilosis isolates. One
of the blood samples concurrently harbored both C. orthopsilosis and C. parapsilosis, which
were identified based on colony morphology (wrinkled colonies for C. parapsilosis and round
colonies for C. orthopsilosis). Sequencing and MALDI-TOF MS identified this mixed sample
as C. parapsilosis, while the 9-plex PCR successfully identified both C. parapsilosis and C.
orthopsilosis (Figure 1).

Figure 1. Successful differentiation of the C. parapsilosis species complex and mixed isolates of C. parapsilosis
and C. orthopsilosis (N1 with double bands representing both species). CBS10906=Candida orthopsilosis,
CBS2315=Candida metapsilosis, and CBS604=Candida parapsilosis.

Genotypic diversity using AFLP
AFLP was employed to explore the genotypic diversity of C. orthopsilosis and C. metapsilosis
isolates included in this study (Figure 2). In total, three major genotypes, namely G1 (n =
12), G2 (n=6), and G3 (n=10), along with four minor genotypes each containing one strain,
were detected. Isolates of G1 were mainly obtained from nail samples (66.6%), and 80%
of blood isolates (n=8) belonged to G1 and G2 clustered with isolates recovered from nail
samples (n=10; 90%; Figure 2). Isolates grouped in G3 were from a diverse range of clinical
sources, including nails, blood, urine, vagina, trachea, and interdigital. A geographical trend
was observed for the clustering of some genotypes, where G1 and G3 isolates came mainly
from Tehran and Mashhad, respectively. Moreover, four blood isolates distributed in G1 and
G2 (each containing two isolates) recovered from a neonatal ICU ward in Tehran (Children’s
Medical Center) showed a clonal pattern with a similarity of >99.2% (Figure 2).
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Figure 2. AFLP fingerprint profile of Candida orthopsilosis and Candida metapsilosis isolates included in this study. Each genotype is assigned a distinct color.
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Antifungal susceptibility pattern
Antifungal susceptibility data for all isolates of C. orthopsilosis and C. metapsilosis are
presented in Tables 4 and 5. All isolates were susceptible to ANF (≤8µg/ml) and MFG (≤8µg/
ml) and had a wild-type (WT) phenotype in the presence of AMB (<2µg/ml). FLZ-susceptible
dose-dependent (SDD) (=4µg/ml) and VRZ intermediate (I) (0.25–0.5µg/ml) were noted in
3.12 and 6.25% of isolates, respectively. For ITZ, 12.5% of isolates showed a NWT phenotype
against this drug (>0.5µg/ml). ANF and FLZ showed the highest geometric mean values (∼1.0),
followed by MFG (0.68), ITZ and AMB (0.31), and VRZ (0.02) (Table 4).
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2

3

1

3

1

0.125

8

7

6

9

1

10

0.25

6

9

11

8

1

8

0.5

MIC Values

2

11

5

2

5

1

1

2

8

2
1

4

8

16

32

≥64

1.05
0.312

≤0.0.151

0.68

0.06-2

0.03-1

0.31

0.02

≤0.0.150.5
0.03-2

1.03

GM

0.125-4

Range

0.125

0.5

0.5

0.25

0.03

0.5

MIC 50

0.5

1

1

1

0.06

2

MIC 90

inhibitory concentration.

GM; Geometric mean value, FLZ; Fluconazole, VRZ; Voriconazole, ITZ; Itraconazole, MFG; Micafungin, ANF; Anidulafungin, AMB; Amphotericin B, and MIC; Minimum

8

2

AMB

5

2

4

5

6

0.06

ANF

6

MFG

10

0.03

4

15

≤0.015

ITZ

VRZ

FLZ

Antifungal
drugs

Table 4. Antifungal susceptibility data derived from C. orthopsilosis isolates in this study.
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PCR and sequencing of ERG11 and HS1 and HS2 of FKS1
Although successful PCR amplification and sequencing results were obtained for all target
genes of C. orthopsilosis, sequences of acceptable quality were not obtained for ERG11 of C.
metapsilosis. All isolates harbored WT ERG11 and HS1 and HS2 of FKS1 (Table 5).
Table 5. Antifungal susceptibility testing data and genotypic diversity of C. orthopsilosis and C. metapsilosis
isolates explored in this study.
Patient #

Species

Genotype

TMML385 C. orthopsilosis

G2

FLZ
1

VRZ
0.015

ITZ
0.125

TMML397 C. orthopsilosis

G3

2

0.03

0.5

TMML399 C. orthopsilosis

G1

2

0.03

TMML406 C. orthopsilosis

G2

2

0.03

TMML407 C. orthopsilosis

G1

2

TMML414 C. orthopsilosis

G1

TMML415 C. orthopsilosis

SG

TMML430 C. orthopsilosis

MIC values
MCF
0.03

ANF
0.06

AMB
0.015

0.25

0.25

0.015

0.25

0.03

0.25

0.015

0.5

0.06

0.125

0.06

0.03

0.25

0.03

0.25

0.06

2

0.03

0.5

0.03

0.25

0.25

1

0.015

0.25

0.06

0.5

0.06

G1

2

0.015

0.5

0.06

0.25

0.015

TMML443 C. orthopsilosis

G1

4

0.015

2

0.03

0.06

0.03

TMML454 C. orthopsilosis

G1

2

0.015

1

0.125

0.125

0.03

TMML456 C. orthopsilosis

G1

1

0.015

1

0.03

0.125

0.06

TMML464 C. orthopsilosis

G1

2

0.015

2

0.06

0.25

0.015

N1R

C. orthopsilosis

G3

0.25

0.015

0.5

1

1

0.5

N2

C. orthopsilosis

G3

1

0.5

0.5

1

1

1

N5

C. orthopsilosis

G3

0.25

0.015

0.06

0.5

0.5

0.06

N9

C. orthopsilosis

G3

0.5

<0.015

0.03

0.5

0.5

0.25

N13

C. orthopsilosis

G3

0.25

<0.015

0.03

0.5

1

0.125

N14

C. orthopsilosis

G3

0.25

0.015

0.25

1

1

0.125

N19

C. orthopsilosis

SG

0.25

0.03

0.125

1

0.5

0.5

N20

C. orthopsilosis

SG

0.5

0.06

0.5

0.5

0.25

0.25

N27

C. orthopsilosis

G3

0.25

<0.015

0.03

0.5

1

1

N30

C. orthopsilosis

G3

0.25

0.015

0.125

0.5

1

0.06

N31

C. orthopsilosis

G3

0.5

0.06

0.06

0.5

0.5

0.25

N114

C. orthopsilosis

G1

0.25

0.06

0.03

0.5

2

0.06

N232

C. metapsilosis

SG

1

<0.015

0.06

1

1

0.5

Mir147

C. orthopsilosis

G2

0.25

0.06

0.25

0.25

0.5

0.5

Mir187

C. orthopsilosis

G2

0.5

0.03

0.25

0.25

0.5

0.5

Mir496

C. orthopsilosis

G2

0.5

0.06

0.25

0.25

0.5

0.5

Mir606

C. orthopsilosis

G1

0.5

0.06

0.5

0.5

1

0.5

Mir617

C. orthopsilosis

G1

0.5

0.03

0.5

0.25

0.5

0.25

Mir618

C. orthopsilosis

G1

0.5

0.25

0.25

1

1

0.06

48BC

C. orthopsilosis

G2

0.25

0.03

0.06

0.5

1

0.25

SU-236

C. orthopsilosis

SG

0.125

<0.015

0.25

0.5

1

0.25

14
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Discussion
In this study, we present the largest collection of C. orthopsilosis (n=32) and the first case of
C. metapsilosis recovered from Iranian patients. In a previous study, Mohammadi et al. (39)
explored the antifungal susceptibility of different and smaller sets of Iranian C. orthopsilosis
(n=18) isolates, but the association of genotypic diversity and clinical data, mechanism of
resistance via sequencing of ERG11 and HS1 and HS2 of FKS1, and comparison of MALDITOF MS and 9-plex PCR in the context of sequencing were not assessed.

Geographical-dependent variation in prevalence is Associated with
strain-dependent virulence attributes and commensal and environmental
microbiome communities
In our study, C. orthopsilosis and C. metapsilosis were responsible for 5.3 and 0.17% of C.
parapsilosis species complex infections, respectively. The low prevalence of C. metapsilosis
in this study is similar to observations from other studies conducted in Iran (39), Italy (40-42),
and Kuwait (43) but, contrasts the observations reported for East China (44). In contrast, other
studies from Africa (21), Latin America (45), Europe (46), and other Asian countries (47, 48)
isolated both C. orthopsilosis and C. metapsilosis from blood samples, although with varying
prevalences. The low prevalence of C. metapsilosis could be related to the reduced virulence
and biofilm-production ability of this emerging pathogen (49), but this substantial variability
might be indicative of the involvement of other factors, such as variation in the microbiome
structure observed in different populations and environments. For instance, in East China, it
was noted that C. metapsilosis was responsible for 60% of the C. parapsilosis species complex
infections in one of the centers included in the study, and these isolates were mainly obtained
from cutaneous samples of dermatological outpatients (44). The authors attributed this unusual
C. metapsilosis prevalence to a different microbiome population of infected patients who might
have shared the same working environment (44). This might be a plausible explanation, as
C. metapsilosis has been found in the commensal (50) and environmental (51) microbiomes.
Additionally, it has been shown that drinking water (52) and specific lifestyle (53) might have an
impact on the microbiome structure, and this finding may further justify this observed marked
difference in the epidemiology of this species complex.

Probable clonal expansion of C. orthopsilosis in healthcare settings
Although C. parapsilosis is one of the most prominent Candida species to cause clonal outbreaks
(6, 7), this phenomenon has not been observed for C. orthopsilosis and C. metapsilosis.
Interestingly, we noted that four isolates of C. orthopsilosis obtained from four patients in a
neonatal ICU ward (Tehran) clustered in two genotypes with a high degree of genetic similarity
(>99.2%), which is in contrast to the observation that clinical C. orthopsilosis isolates showed
a high level of genetic diversity (22). The hybrid nature of C. orthopsilosis isolates (54) and
the fact that those isolates were recovered from various health care settings located in different
countries (22) might explain the high level of genetic diversity observed in that study. On
the other hand, we noticed that 80% of C. orthopsilosis blood isolates clustered with 90%
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of C. orthopsilosis isolates obtained from nail samples. This finding, along with the possible
clonality of C. orthopsilosis isolates and the simultaneous isolation of this species from both
central venous catheter (CVC) and blood samples reported previously (10), might imply that
C. orthopsilosis, similar to C. parapsilosis, could be horizontally transferred from the hands of
healthcare workers.

MALDI-TOF MS and sequencing failed to identify mixed isolates containing
C. parapsilosis and C. orthopsilosis
MALDI-TOF MS and Sanger sequencing are the most accurate means of identification in clinical
settings. However, in this study, we observed that both MALDI-TOF MS and sequencing of
ITS and LSU rDNA failed to identify C. parapsilosis and C. orthopsilosis from a mixed isolate
obtained from blood, while the 9-plex PCR yielded two bands representing both species. A
study from Portugal showed that 9.5% of C. parapsilosis blood isolates were a mixture of C.
parapsilosis and C. orthopsilosis (10). Because polyfungal infections are associated with a high
rate of mortality (55), it seems relevant to utilize sensitive and specific assays to identify the
causative agents of mixed samples. Moreover, the application of such techniques can reveal
a possible mixed sample to technicians and, as a result, might prevent the underestimation
of these emerging yeast species; consequently, this may lead to a better epidemiological,
microbiological, and clinical understanding.

High rate of ITZ-NWT phenotype for C. orthopsilosis isolates
Except for 3.12% FLZ-SDD, 6.25% VRZ-I, and 12.5% ITZ-NWT phenotypes, our C.
orthopsilosis isolates together with a single C. metapsilosis isolate were susceptible to all
major antifungal drugs tested. The lack of FLZ and echinocandin resistance was further
proven by sequencing ERG11 and HS1 and HS2 of FKS1. Although antifungal resistance for
C. orthopsilosis (39, 56) and C. metapsilosis (48) is considered a rare phenomenon, a study
conducted in Italy revealed that almost 40% of C. orthopsilosis isolates were resistant to FLZ,
and among them, almost all of isolates were cross-resistant to at least two azole drugs (16).
Given that some FLZ-R genotypes of C. parapsilosis can persist in hospital settings for several
years (17) in addition to the possible clonality of C. orthopsilosis presented in this study, this
finding emphasizes the paramount importance of typing studies to limit the spread and to find
the source of a given C. orthopsilosis FLZ-R genotype.

High rate of clinical failure and discrepancy between in vitro susceptibility
testing and clinical outcome
Candida orthopsilosis followed by C. metapsilosis are considered the least virulent and benign
species within the C. parapsilosis species complex, while studies dealing with clinical cases
proved otherwise and showed that these two species can be linked to challenging septic arthritis
(14), keratitis (12), and blood-borne infections (11, 13, 15). In our study, almost 33% of patients
admitted to the ICU (n=4) died, despite three of them received AMB or FLZ. Surprisingly, the
MIC values of those C. orthopsilosis isolates derived from treated patients were susceptible to
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all antifungals used (except for one ITZ-R isolate). This discrepancy between clinical outcome
and in vitro AFST has been noted in a keratitis case caused by C. orthopsilosis (12). In that study,
the recovered C. orthopsilosis isolate was susceptible to FLZ, VRZ, and AMB, and despite
prolonged treatment with topical or systemic VRZ along with AMB, the patient manifested
clinical failure, and surgical intervention finally alleviated the symptoms (12). Surprisingly,
apart from one study that showed the efficacy of FLZ (57), the remaining studies unanimously
showed the fatality of C. orthopsilosis infection (11, 13, 15) along with the lack of efficacy of
FLZ and CSP (11), FLZ and AMB (13), FLZ (14), and AMB (15). This variability in clinical
outcome is shown even for the two C. metapsilosis fungemia cases, where one study showed
successful treatment via only CVC removal without antifungal drug intervention (58), while the
other study showed FLZ and AMB treatment failure (13). In addition to host-related underlying
conditions and variability in tissue penetration of antifungal drugs (59), these discrepancies
between in vitro AFST and clinical outcome and the relatively high rate of clinical failure
in case studies could be a strain dependent phenomenon and may be explained by variation
in microbiological factors, such as biofilm formation. Moreover, a recent study disclosed
that this discrepancy between clinical outcome and MIC data might be due to the presence
of a distinguished category of cells called tolerant cells that typically are miscategorized as
susceptible via in vitro antifungal susceptibility protocols, while these cells can slowly grow in
the presence of antifungal (60).

Conclusion
The discrepancy between in vitro AFST and the clinical failure of infections caused by both
C. orthopsilosis and C. metapsilosis underscores the importance of the implementation of
appropriate identification tools. Although MALDI-TOF MS and Sanger sequencing are the
most accurate means of identification currently used in medical mycology, the application of
molecular assays for laboratories lacking these tools is recommended to broaden our knowledge
about the epidemiology, clinical profile, and microbiological features of these two underrated
Candida species. However, the application of molecular assays, such as 9-plex PCR, can be a
supplementary tool to guide the identification of causative agents of mixed samples that are not
identifiable via CHROMagar and even MALDI-TOF MS and rDNA sequencing. Moreover, the
possible clonal transmission of C. orthopsilosis noted in this study warrants further analysis to
reinforce our findings and may reveal that employing resolutive typing techniques may have
infection control implications in the case of outbreaks caused by C. orthopsilosis. Unfortunately,
the lack of isolates derived from environmental samples and hands of healthcare workers from
hospitals where C. orthopsilosis blood isolates were obtained and the lack of assessment of the
biofilm production ability of C. orthopsilosis isolates are the main limitations of this study.

Ethics statement
Studies undertaken by involved centers were individually reviewed and approved by ethical
committee members in each center (IR.SUMS.REC.1397.365, IRMUMS fmREC.1397.268,
IR. TUMS.SPH.REC.1396.4195). In order to ensure the anonymity, patients were assigned
with numerical codes. All patients gave written informed consent as in accordance with the
ethical committee of centers involved.
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Abstract
Background: Candida tropicalis is one of the major candidemia agents, associated with the
highest mortality rates among Candida species, and developing resistance to azoles.
Objectives: Little is known about the molecular mechanisms of azole resistance, genotypic
diversity, and the clinical background of C. tropicalis infections. Consequently, this study was
designed to address those questions.
Methods: Sixty-four C. tropicalis bloodstream isolates from 62 patients from three cities in
Iran (2014–2019) were analyzed. Strain identification, antifungal susceptibility testing, and
genotypic diversity analysis were performed by MALDI-TOF MS, CLSI-M27 A3/S4 protocol,
and amplified fragment length polymorphism (AFLP) fingerprinting, respectively. Genes
related to drug resistance (ERG11, MRR1, TAC1, UPC2, and FKS1 hotspots) were sequenced.
Results: The overall mortality rate was 59.6% (37/62) and sepsis was the main clinical
manifestation. Strains were resistant to micafungin [minimum inhibitory concentration (MIC)
≥1µg/ml, 2/64], itraconazole (MIC >0.5 µg/ml, 2/64), fluconazole (FLZ; MIC ≥8 µg/ml, 4/64),
and voriconazole (MIC ≥1 µg/ml, 7/64). Pan-azole and FLZ+VRZ resistance were observed in
one and two isolates, respectively, while none of the patients were exposed to azoles. MRR1
(T255P, 647S), TAC1 (N164I, R47Q), and UPC2 (T241A, Q340H, T381S) mutations were
exclusively identified in FLZ-resistant isolates. AFLP fingerprinting revealed five major and
seven minor genotypes; genotype G4 was predominant in all centers.
Conclusions: The increasing number of FLZ-R C. tropicalis blood isolates and acquiring
FLZ-R in FLZ-naïve patients limit the efficiency of FLZ, especially in developing countries.
High rate of mortality warrants reaching a consensus regarding the nosocomial mode of C.
tropicalis transmission.
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Introduction
Candida tropicalis is the first or second common cause of candidemia in developing countries
such as India (1) and Brazil (2) where the vast majority of cases are treated with fluconazole
(FLZ) because of the high cost of echinocandins (1,3). However, an increasing number of
candidemia studies have shown a significant increase in azole resistant C. tropicalis blood
isolates (4-6) and some reported pan-azole (7,8) and pan-azole and amphotericin B (AMB)
resistant isolates (9). A comprehensive candidemia study conducted in India revealed that
multi-drug resistance (MDR) trait was equally seen for C. tropicalis and Candida auris isolates
(1). The isolation of azole-resistant C. tropicalis in azole-naïve patients (4,8) will further limit
the available treatment options and jeopardize the lives of patients, especially in developing
countries. Furthermore, patients infected with C. tropicalis experience longer hospitalization
and higher mortality compared to those infected with Candida albicans (10). Surprisingly, over
the course of a seven years surveillance of C. tropicalis candidemia study conducted in Taiwan,
the authors noticed replacement of fluconazole susceptible dose-dependent isolates to those
resistance to all azole drugs tested, including FLZ, voriconazole (VRZ), itraconazole (ITZ),
and posaconazole (PSZ) (8). Collectively, these evidences show that C. tropicalis is not an
innocuous azole-susceptible species and should be targeted by surveillance studies.
The major azole-resistant determinants in C. tropicalis are genes encoding for lanosterol
14-α-demethylase (ERG11), efflux pumps (CDR1 and MDR1) (11,12), and the ERG11
expression regulator (UPC2) (13). In C. albicans, specific gain-of-function mutations in MRR1
and TAC1, i.e. transcription regulators of MDR1 and CDR1, are linked to the overexpression
of the corresponding efflux pump genes and, therefore, azole-resistance (14). However, no data
on the occurrence of mutations in MRR1 and TAC1 in C. tropicalis azole-susceptible, azolesusceptible dose-dependent, and azole-resistant strains are available. In terms of echinocandin
resistance, specific mutations at hotspots (HS) HS1 and HS2 of the FKS1 gene encoding a
1,3-β-glucan synthase component are directly linked to resistance in C. tropicalis (15).
Although outbreaks (16,17) and clonal expansion of C. tropicalis in some clinical settings
have been documented (18) and this species was found as a gut commensal in 46% of healthy
individuals studied (19), the other biological niches of the species yet remained to be discovered.
Typing techniques permit identification of the source of infection, which may be followed by
implementing appropriate preventive strategies, e.g. initiation of antifungal prophylaxis or
infection control, and may also facilitate the identification of genotypes that are associated
with high mortality (3) and virulence (20). While the typing resolution of multi-locus sequence
typing is almost the same as that of microsatellite typing of six loci of C. tropicalis isolates
(21), the resolution of amplified fragment length polymorphisms (AFLP) genotyping is even
better than the MLST when applied to clinical C. albicans isolates (22). Despite the universality
of this technique that obviates the need for previous knowledge about the genome of a target
species (23), AFLP has never been used for typing of C. tropicalis isolates.
Here, we undertook a systematic multi-center study, and retrospectively analyzed 64 C. tropicalis
blood isolates recovered from candidemia patients in Iran during 2014–2019. The isolates
were characterized by MALDI-TOF MS, antifungal susceptibility testing (AFST), sequencing
of drug-resistance genes. AFLP analysis was used to assess their genotypic diversity. Since
neutropenic patients and those suffering from leukemia have a high propensity for developing
C. tropicalis candidemia (10), we also systematically analyzed the clinical data of patients
included in the study.
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Materials and methods
Study design, isolates, and growth conditions
Sixty-four C. tropicalis blood isolates recovered during 2014–2019 from candidemia patients
admitted to 10 hospitals in three major cities of Iran (Mashhad, Shiraz and Tehran) were
included in the study. There was no restriction of age, sex, underlying conditions, and ward.
The blood bottles were incubated in Bactec devices (Becton Dickinson, Franklin Lake, NJ,
USA); 100 µl of positive blood cultures were inoculated onto Sabouraud dextrose agar and
chromogenic media (Candi-select, Bio-Rad, Hercules, CA, USA) to ascertain the homogeneity
of species involved, and incubated at 37°C for 24–48 h. The candidemia studies undertaken at
each center had been approved by the ethical committee of the affiliated university, with the
appropriate ethical approvals granted (approval numbers IR.SUMS.REC.1397.365, IR.MUMS.
REC.1397.268, and IR.TUMS.SPH.REC.1396.4195). Written consent was obtained from
patients, and patient identity was blinded to the personnel performing data analysis.

Isolate identification, DNA extraction, PCR, and sequencing
Strain identification was confirmed by MALDI-TOF MS (MALDI Biotyper; Bruker Daltonik,
Bremen, Germany) using the full extraction method (24). DNA was extracted using a CTABbased extraction method (25). Primers to amplify the full open reading frame of MRR1, TAC1,
UPC2, and ERG11, and HS1 and HS2 of FKS1 were designed (Supplementary Table 1) using
the genome of C. tropicalis MYA-3404 (AAFN00000000.2) (26) as a reference. Amplification
of each gene was performed using the program and conditions specified in Supplementary Table
2. Amplicons were subjected to Sanger sequencing and the obtained sequences were analyzed
by SeqMan Pro (DNASTAR, Madison, WI, USA). The analyzed sequences were aligned
using MEGA v7.0 (27), the mutations were mapped to reference genes, and the corresponding
mutations peaks were rechecked by using SeqMan Pro to assure the accuracy.
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Table 1. Antifungal susceptibility data for Candida tropicalis isolates obtained in the current study.
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Table 2. Sequences of the target genes in all FLZ-R (n=4) and FLZ-SDD isolates (n=7), and randomly selected
FLZ-S isolates (n=15). Underlined boldface amino acid substitutions were only identified in FLZ-R or FLZ-SDD
isolates; asterisk-denoted boldface amino acids were exclusively identified in resistant isolates in previous studies;
boldface italicized amino acids were exclusively found in susceptible isolates in the current and previous studies.
All strains carrythe ERG11 WT sequence, except for SU-239 (K90I) and SU-267 (I25A).
Strain

FLZ
(µg/ml)

VRZ
(µg/ml)

ITZ
(µg/ml)

Fluconazole-control isolates (n=12)
N8
0.5
0.125
0.5
N15
N71

0.5

0.125

0125

0.125

0.016

0.125

1

0.25

0.125

0.5

0.031

0.125

N195

0.25

0.031

0.125

N210

0.125

0.062

0.125

0.25

0.015

0.06

SU-267

0.25

0.125

0.125

10BC

1

0.5

0.5

24BC

0.5

0.5

0.125

115-1BC

0.5

0.125

0.125

N104
N147

SU-221

TAC1

UPC2

A87T, V133A, M1022I,
T1042N, T1044N, I1130M

WT

A251T, Q289L,
G392E

G5

WT

L278S

N98S, L158V

S523F, K757E

L278S, D350N,
F470C, D790N

G392E

G2
MG

M1022I, T1042N, T1044N,
D1092E, I1130M

L278S

WT

G4

M1022I, T1042N, T1044N,
D1092E, I1130M

L278S

S523F, K757E

L278S, D350N,
F470C, D790N

WT

L278S

A87T), V133A, M1022I,
T1042N, T1044N, D1092E,
I1130M

L278S, F470C

WT

L278S, F470C,
S884G

N98S, L119F,
A147T, L158V

MG

I408T, M1022I, T1042N,
T1044N, D1092E, I1130M

L278S, F470C,
D790N, D790N

A251T, Q289L,
A297S*

G6

S523F, K757E

L278S, F470C,
D790N

G392E, T560N

G6

A87T, V133A, M1022I,
T1042N, T1044N, I1130M

WT

A251T, Q289L

G5

A297S*, G392E

G6

Fluconazole-Susceptible isolates (n=3)
S523F, K757E
N26
2
0.5
0.125
SU-235

Genotype

MRR1

L278S, D350N,
F470C, D790N

WT
A297S*, G392E
N98S, L158V,
A251T
WT

G4
G4
G2
G5

L278S

N98S, L158V,
A251T

G2

WT
2
0.25
0.125
85BC
Fluconazole-Susceptible dose-dependent isolates (n=7)
WT
SU-239
4
0.06
0.125

L278S

N98S, L158V

G2

L278S

L158V, N98S,
L158V, F571Y

G2

N17

S523F, K757E, I1130M

L278S, L340*,
D350N, F470C,
D790N

NA

2

0.125

0.125

WT

4

0.5

1

75BC
82BC
107BC

4

0.125

0.25

S523F, K757E, I1130M

L278S

WT

4

1

0.25

I1130M

WT

A263T

4

0.062

0.125

S523F, K757E

L278S, F470C,
D790N

WT

113-1BC
115-2

4

1

0.125

I1130M

L278S, F470C

A251T, Q289L

4

0.5

0.06

A87T, V133A, M1022I,
T1042N, T1044N, I1130M

WT

A251T, Q289L,
G392E
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Fluconazole-resistant isolates (n=4)
99BC

8

1

0.5

113-2BC

8

0.062

0.25

262E

64

4

16

8

1

0.5

527E

V133A, A647S, M1022I,
T1044N, D1092E, I1130M

L278S, F470C

WT

L278S

M1022I, T1042N, T1044N,
D1092E, I1130M

R47Q, N164I,
L278S

Q340H, T381S

T255P

R47Q, N164I,
L278S, F470C,
D790N

A147T, A251T,
Q289L

WT
N98S, L158V,
N230S, T241A

G5
G2
G4
MG

* Stop codon, NA; not amplified.

Antifungal susceptibility testing (AFST)
AFST followed the CLSI M27-A3/S4 protocol (28,29). The six antifungal agents tested were
fluconazole (FLZ), voriconazole (VRZ); itraconazole (ITZ) and amphotericin B (AMB) (all
from Sigma-Aldrich, St. Louis, MO, U.S.A.); micafungin (MFG; Astellas, Munich, Germany);
and anidulafungin (AFG; Pfizer, NY, USA). Caspofungin was not tested because of the reported
inter-laboratory variation (30). Plates were incubated at 37°C for 24 h and visually assessed.
Candida parapsilosis ATCC 22019 and Candida krusei ATCC 6258 were included as quality
controls. Minimum inhibitory concentration (MIC) values of FLZ, VRZ, AFG, and MFG were
interpreted based on the species-specific clinical break points, with MIC ≥8 µg/ml denoting
FLZ-resistance (R); and MIC ≥1 µg/ml denoting VRZ-R, AFG-R, and MFG-R (31); MIC=4
µg/ml and 0.25≤MIC≥0.5 µg/ml to indicate FLZ-susceptible dose-dependent (FLZ-SDD) and
VRZ-intermediate phenotypes (VRZ-I), respectively. Because of the lack of clinical breakpoints,
epidemiological cut-off values (ECV) were used for AMB and ITZ, with MIC values >2 µg/ml
and >0.5 µg/ml considered non-wild type (NWT) for AMB and ITZ, respectively (31).

AFLP genotyping
DNA samples were analyzed using a previously described AFLP protocol (3). Fluorescentlylabelled amplicons were resolved by capillary electrophoresis (ABI 3730xL Genetic Analyzer,
Applied Biosystems, Palo Alto, CA, USA) and the data were analyzed using Bionumerics v7.6
(Applied Math, Sint-Martens-Latem, Belgium). The following reference and type strains were
included in the AFLP analysis for comparative purposes: C. tropicalis CBS 433, CBS 643, CBS
2313, CBS 6862; C. albicans CBS 2704 and CBS 2705; and Candida dubliniensis CBS 7988.

Data availability
All sequences generated in the current study were deposited in GenBank (https://www.ncbi.nlm.
nih.gov/genbank/) under the following accession numbers MK906127–MK906190 (ERG11),
MK906052–MK906076 (MRR1), MK906077–MK906101 (TAC1), MK906102–MK906126
(UPC2), MK906191–MK906254 (HS1 of FKS1), and MK906255–MK906318 (HS2 of FKS1).
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Statistical analysis
All statistical analyses were performed using SPSS v24 (SPSS Inc., Chicago, IL, USA)
(Supplementary Files, statistical analysis section). The associations between genotypes, and
FLZ, VRZ, ITZ, and azole cross-resistance were evaluated using two-tailed Chi-square test.
Since the hospitalization duration data were not normally distributed, the association between
genotypes and duration of hospitalization was evaluated using the Kruskal-Wallis test. To assess
the direct and indirect influence of genotypes on mortality, the logistic multivariate regression
and path analysis was used. P values <0.05 were considered statistically significant.

Results
Clinical characteristics
Sixty-four C. tropicalis isolates were recovered from 62 patients, 42% (n=26) of whom were
male and 58% (n=36) were female, with a median age of 37 years (Supplementary Table 3).
Most isolates were obtained at Mashhad (n=31, 48.4%), followed by Tehran (n=28, 43.7%),
and Shiraz (n=5, 7.8%). Sepsis was the predominant underlying condition (n=31, 50%).
Pre-exposure to antibiotics (n=64, 100%), central venous catheter insertion (n=53, 84.6%),
mechanical ventilation (n=37, 59.7%), surgery [abdominal (n=17, 27.1%) and non-abdominal
(n=8, 12.9%)], parenteral nutrition (n=20, 32.2%), administration of immunosuppressive drugs
(n=14, 22.6%), and neutropenia (n=12, 19.4%) were the major risk factors for the development
of candidemia (Supplementary Tables 3). AMB was the most widely used antifungal (n=28,
45.2%), followed by FLZ (n=16, 25.8%), CSP (n=11, 17.7%), and nystatin (n=4, 6.4%),
while nearly a quarter of patients (n=15) did not receive any antifungals (Supplementary
Tables 3). The overall mortality rate was nearly 60% (n=37). The highest mortality rates were
reported for Mashhad (n=21, 67.7%) followed by Shiraz (n=3, 60%) and Tehran 57.6% (n=15)
(Supplementary Tables 3).

AFST
Resistant to VRZ (MIC≥1 µg/ml), FLZ (MIC≥8 µg/ml), and MFG (MIC≥1 µg/ml) were noted
in 7 (10.93%, 7/64), 4 (6.25%, 4/64), and 2 (3.12%, 2/64) isolates, respectively. Moreover,
some isolates denoted VRZ-I (0.25≤MIC≥0.5 µg/ml, n=18; 18/64) and FLZ-SDD (MIC=4 µg/
ml, n=7; 7/64) (Table 1 and Supplementary Table 4). All isolates were susceptible to AFG and
AMB, while two were NWT for ITZ (MIC>0.5 µg/ml, n=2; 2/64). Three isolates were resistant
to ≥ 2 azole drugs (4.7%); one showed pan-azole resistance to all azole drugs tested (1.6%); and
two were cross-resistance to FLZ and VRZ (3.2%) (Tables 1 and 2, and Supplementary Table
4). Except for two isolates (262E and N186), no multi-azole resistant isolates (to two or three
azoles tested) represented a single genotype.
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Mutation analysis of the isolates
None of the known ERG11 mutations conferring resistance to FLZ were identified in the
isolates tested (11, 12) (non-conferring resistance mutations were noted). Since FLZ MIC
values depend on the heterozygosity and homozygosity status of the MRR1, TAC1, and UPC2
genes (32), 26 isolates were categorised as control (C, MIC<2 µg/ml) (n=12), S (2≥MIC<4
µg/ml) (n=3), SDD (MIC=4 µg/ml) (n=7), and FLZ-R (MIC≥8 µg/ml) (n=4). Subsequently,
the target genes of those 26 isolates were sequenced (Table 2 and Supplementary Table 4).
Of those, T255P and A647S in MRR1, R47Q and N164I in TAC1, and T241A, Q340H, and
T381S in UPC2 were exclusively identified in FLZ-R isolates, while F571Y in UPC2 and
L430* (stop codon) in TAC1 were only identified in an FLZ-SDD isolate (Table 2). The only
pan-azole resistant isolate simultaneously carried FLZ-R specific mutations in both UPC2 and
TAC1 genes. Although, those ITZ-R isolates did not harbor any specific mutations, one of the
VRZ-R isolates showed a unique mutation (A263T) in UPC2. No association between FLZ
exposure and FLZ resistance was observed, as patients carrying FLZ-R strains had never been
administered FLZ (Supplementary Table 4).

AFLP genotyping of the isolates
AFLP analysis revealed five main genotypes (G2–G6) accounting for 89% of the isolates
(n=57) and seven minor genotypes, each represented by a single isolate (Figure 1). Considering
the major genotypes, G4 was the most prevalent (n=25, 38.4%), followed by G6 (n=11, 17.1%),
G2 and G5 (n=9 each, 14%), and G3 (n=3, 4.6%) (Figure 1). The isolates from Shiraz and
a hospital from Tehran did not exhibit conspicuous accumulation of any specific genotype.
However, 58% (n=18) of Mashhad isolates represented G4, and 61% (n=11) of those isolates
were from different wards of a single hospital (Imam Reza, years 2015–2019). Furthermore,
37.5% (n=6) of isolates from the Children’s Medical Centre in Tehran represented G6 and
all originated from the intensive unit wards (years 2015–2016). In case of three patients with
duplicate isolates, except for 115-1 and 115-2BC clustering in the same genotype, the isolates
represented different genotypes (368 and 369E, and 113-1 and 113-2BC). Multivariate logistic
regression, path analysis, and Kruskal-Wallis test did not indicate any association between the
genotypes and patient mortality (P=0.47), or genotypes and duration of hospitalization (P=0.6)
(Supplementary Files, Statistical analysis section). Further, as determined by using the twotailed Chi-square test, the genotypes and azole resistance were not significantly associated
(Supplementary Files, Statistical analysis section).

15

257

Figure 1. AFLP fingerprinting of Iranian Candida tropicalis blood isolates showed five major and seven minor genotypes.
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Discussion
Candida tropicalis is significantly associated with the most severe acute physiology and
chronic health evaluation (APACHE) II scores and causes the highest rate of mortality and
strongest poor prognostic when compared to the other NAC species (33). Despite this clear
clinical relevance, detailed data on the microbiological and clinical profiles of Iranian patients
are lacking. Consequently, we undertook the first Iranian study, and extensively analyzed the
clinical data and microbiological profiles of C. tropicalis isolates.
The patients included in the current study had common risk factors for the development of
candidemia, such as central venous catheter insertion, pre-exposure to antibiotics, mechanical
ventilation, and abdominal surgery (1). Even though leukemic patients show a high propensity
for developing C. tropicalis candidemia (10), we found that, similar to a study from Italy
(18), other complications (here: sepsis) were the most prevalent underlying condition. This
discrepancy could be explained by the differences in target populations examined. The mortality
reported in the current study was even higher than that reported for C. glabrata (60% vs. 37.5%)
(3), which is consistent with studies from Italy (34) and the USA (35) and corroborates the
highly virulent nature of C. tropicalis (36).
Among the azoles tested in this study, we found the highest level of resistance to VRZ (n=7,
7/64), followed by FLZ (n=4, 4/64) and ITZ (n=2, 2/64). In the current study, the observed low
level of resistance to major antifungal drugs (except for ITZ) was comparable with that reported
for Asian (1) and Middle Eastern countries (37), and Italy and Spain (38) and contrasted with
the high reported resistance rates to FLZ and VRZ in China (5) and Taiwan (8). The discrepancy
between these studies might have arisen from the differences of antifungal interventions used.
Of note, clinicians should not be misled by the common azole-susceptible non-blood isolates
(39,40), as C. tropicalis blood isolates obtained from various candidemia studies showed that
over time this species significantly acquire resistance to azoles (4–6,8). Although, previous
and prolonged exposure is the main driving factor for emerging antifungal resistant isolates
(41,42), surprisingly, we did not find any association between FLZ-R and previous exposure
with triazoles, as patients infected with FLZ-R isolates were never administered with FLZ. This
is in agreement with a previous study conducted in Japan (4) and Taiwan (8) where almost 50%
of patients infected with azole-resistant strains were never treated with azoles. Apparently, this
phenomenon is a relatively common feature observed for C. tropicalis isolates and unraveling
the mechanism behind will carry significant clinical implication. We speculate that either
host conditions triggered alternative pathways leading to resistance (43) or the strains were
acquired from the hands of healthcare workers (HCWs) (44), in addition to the possible link
between antibiotic prophylaxis and FLZ-R (45). Alternatively, a study in Taiwan noticed that a
fruit-related azole resistant C. tropicalis isolate clustered with the fluconazole non-susceptible
(FNS) blood isolates and this coincided with 4-fold increase in use of fungicide in agricultural
application in this country (8). Therefore, the authors assumed that azole-naïve patients might
acquire these FNS isolates from the environment (8), similar to what has been observed for
Aspergillus fumigatus (46).
Mechanistically, we did not identify any accountable mutations in the ERG11 gene, but several
suggestive mutations in MRR1 (T255P, 647S), TAC1 (N164I, R47Q), and UPC2 (Q340H,
T381S) were exclusively identified in FLZ-resistant isolates. Furthermore, unlike a previous
report of A297S amino acid substitution found only in FLZ-R isolates (13), we here identified
this mutation exclusively in FLZ-S isolates. Although, susceptible isolates were included in that
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study, the authors did not explore the occurrence of mutations in MRR1 and TAC1, therefore,
they might have been biased and other accountable mutations in those genes might have been
overlooked. In our study, one VRZ-R isolate carried a unique mutation in UPC2 (A263T), while
this mutation was previously found in VRZ-S isolates (13), hence it may not drive resistance
to VRZ.
AFLP revealed that isolates from all the analyzed centers represented the predominant genotype
G4, which might be an indication for intra-hospital and/or clonal transmission of C. tropicalis.
As 80% of yeasts isolated from the hands of HCWs are C. tropicalis (44), a specific genotype
was found to be enriched in Taiwan (17) and Italy (18), and the same clone of C. tropicalis
blood isolates was identified in a unit environment and on hands of HCWs (18), this likely
suggest that indeed transmission may have occurred via the hands of HCWs. Interestingly,
implementation of routine infection control strategies led to termination of an on-going C.
tropicalis outbreak (18), which in view of the high mortality rate posed by this species further
highlights the importance of application of typing techniques to assess the genotypic diversity
of C. tropicalis in healthcare settings. The notable difference in typing protocols, study design,
and patient size and isolates numbers hinder drawing a clear conclusion regarding the mode of
transmission of C. tropicalis in the hospital settings and the current knowledge in this regard
remains speculative. Therefore, application of standardized and resolutive typing techniques,
such as whole genome sequencing, might address this question.
Although other studies reported a link between genotype and mortality (3), we did not find such
a link in the current study. Similarly, we did not find links between the genotype and duration of
hospitalisation, and genotype and azole susceptibility. Interestingly, two duplicate isolates from
two patient belonged to different genotypes than the original isolate, which could be explained
by either host and/or antifungal-triggered stress followed by minimal to gross chromosomal
changes (47), or introduction of a new isolate into the bloodstream.
The current study has some limitations. For example, we did not analyse the expression of efflux
pump genes, such as CDR1 and MDR1, as an alternative azole resistance mechanism. Further,
mutations identified in FLZ-R isolates are purely suggestive and heterologous expression in a
susceptible C. tropicalis isolate is required to confirm their involvement in FLZ-resistance.
The high mortality rate noted in the current study might be alleviated if resolutive typing
techniques become part of a routine clinical procedure, considering the speculation that this
species might be horizontally transferred. Furthermore, the presented data suggested that a full
picture should be considered, including MRR1, TAC1, and UPC2 sequencing, to understand the
underlying molecular azole-resistance mechanisms. Finally, the increasing risk of non-azole
resistant C. tropicalis from blood isolates and FLZ-R isolates without previous exposure to this
drug highlight the importance of species-specific candidemia studies to extensively explore and
highlight the clinical and microbiological differences between various Candida species, leading
to better patient management strategies.
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Chapter 16

Abstract
Aim: Presenting the first clinical case of Wickerhamomyces myanmarensis.
Patients & methods: Yeast cells were isolated from blood and central venous catheter of a
5.5-year old male subject. API 20C AUX, MALDI-TOF MS, ITS and LSU rDNA sequencing,
and our qPCR assay were used for identification and the MIC values were determined by CLSI
M27-A3.
Results: ITS and LSU rDNA sequencing identified both isolates as W. myanmarensis, while
API 20C AUX and MALDI-TOF MS did not identify them correctly. Our qPCR specifically
distinguished W. myanmarensis from W. anomalus. The isolate obtained from blood showed a
higher MIC value for fluconazole, voriconazole and posaconazole when compared to the isolate
recovered from central venous catheter.
Conclusion: Utilization of reliable identification tools might reveal the genuine spectrum of
opportunistic yeast species.
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Introduction
The number of patients who are at risk for candidemia continues to escalate (1). Moreover,
misuse of antifungals including fluconazole, and the emergence of rare yeast species posed a
challenge for treatment of bloodstream infections (2). For instance, nowadays Candida auris
due to being a multidrug resistant and persistent colonizer in ICU wards causing a high mortality
rate of 30–60% created a challenge for public health agencies (3).
Wickerhamomyces (Pichia) myanmarensis was isolated for the first time from sugar palm in
2005 (4). Due to its high level of similarity of LSU rDNA with W. anomalus, it was thought
to be either W. anomalu or its sister species (4). However, its ability to grow at 37 and 40ºC,
assimilation of D-arabinose, detection by specific DNA hybridization probes, the production of
hat-shaped ascospores, and the presence of Q7-ubiquinone convinced investigators to consider
it as a new species, Pichia myanmarensis (4). Recent study renamed P. myanmarensis as W.
myanmarensis (5). Herein, we reported W. myanmarensis as a novel opportunist yeast species
that for the first time has been isolated from blood and central venous catheter samples.

Case
A 5.5-year-old boy who presented with recurrent GI tract bleeding and abnormal liver function
was admitted to the pediatric surgery ward at Namazi Hospital, Shiraz, Iran on 26 October 2017.
The patient lived in a rural area in the Northern part of Iran in a middle-class family (Babol,
Mazandaran, Iran). The clinical history of the patient showed that he experienced esophageal
and gastric fundal varices and splenectomy. Endoscopic documentation suggested diffuse
erosion and convulsion in the stomach. His international normalized ratio test (INR) of 3.9 and
prothrombin time (PT) of 45 along with sudden hemoglobin drop suggested portal hypertension
and gastrointestinal hemorrhage. In order to compensate blood loss, the patient was supplied
with several blood transfusions. Sonography examination revealed a small-sized liver with
mild coarse parenchymal echogenicity. One day after admission (27 October 2017), in order to
control gastroesophageal reflux disorder, the patient was treated orally with omeprazole twice
a day. On 1 November 2017, patient underwent laparotomy and distal splenorenal shunt and he
was intravenously (RT jugular triple lumen) prescribed with prophylactic treatment of 200mg
of vancomycin once a day, 400mg of meropenem, and 40mg of cefazolin three-times a day.
From 1 to 17 November 2017, the patient manifested several fever episodes, hence, frequent
blood, urine and abdominal fluid samples were taken, which all yielded microbiologically
negative results. However, one blood sample taken on 17 November 2017 and one doublelumen catheter sample on 18 November yielded growth after 48 h of incubation in a BD Bactec
Bacton device (MD, USA). Streaking 100μl of positive blood bottles on blood agar, EMB,
Sabouraud dextrose agar and CHROMagar (24–48 h, 37ºC) yielded yeast colonies. Presence
of yeast cells in the blood sample (positive blood bottle) was confirmed by direct smear testing
and germ tube testing was negative. On December 2, 2017, the patient was discharged with
omeprazole treatment, while he did not receive any antifungal treatments. According to the
latest follow-up of the patient on 24 January 2018 due to gastrointestinal bleeding, he was
referred to the same hospital and on 16 February 2018 a distal splenectomy shunt was inserted
to control his hematemesis (vomiting blood). His family members mentioned that, since then,
he was not referred to the hospital and his general health condition was satisfactory.
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Transferring single colonies obtained from CVC and blood samples on CHROMagar (24–48 h
at 37ºC) yielded small pinkish colonies. Presence of yeast cells was confirmed by direct smear
testing (Figure 1) of the positive blood bottle and the germ tube test was negative. As the first
line of identification, colonies were subjected to API 20C AUX (Biomeriux, France) and the
API strips were read after incubation of 72 h at 30ºC. API 20C AUX identified both isolates as
Wickerhamomyces anomalus.
Using the full extraction method (6), the proteins of clinical strains were extracted and 1μl of
supernatants were evaluated by MALDI-TOF MS using a Bruker device (MicroFlex LT, Bruker
Daltonics, Bremen, Germany). Bruker MALDI-TOF MS device failed to identify these two
isolates and categorized them as not reliable identification with red scores (<1.6) matching with
Kytococcus sedentarius. Repeated full extraction method and identification by MALDI-TOF
MS showed the same results. Consequently, DNA sequencing of large subunit (LSU) using
LROR and LR5 primers and internal transcribed sequence (ITS) domains of ribosomal DNA
(rDNA) using ITS1 and ITS4 primers were performed (7).

Figure 1. Direct microscopy revealed presence of yeast cells in positive blood bottle sample. Pictures were taken
with 40X lens. Arrows clearly indicate yeast cells.

The obtained sequences were searched by BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and
LSU showed 100% similarity with W. myanmarensis, 99% with W. anomalus and 98% with W.
edaphicus, while ITS showed 100% similarity with W. myanmarensis and 98% with W. anomalus.
For further confirmation, using concatenated sequences of LSU and ITS, a phylogenetic tree
was constructed (Figure 2). Subsequently, relevant sequences of the other closely related yeast
species were retrieved from NCBI and aligned using MEGA v7.0. Phylogenetic trees using
neighbor-joining method and 1000 bootstraps with MEGA clustered our clinical isolates of
W. myanmarensis with the environmental isolate of W. myanmarensis (CBS 9786 and BCRC
23287) and both isolates (one from CVC and the other one from blood) were placed in the
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same clade. Obtained sequences of LSU and ITS rDNA for both strains were deposited in the
GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) and they were designated with the
following accession numbers, MH236218, MH236219, MH236220 and MH236221. Due to
a high degree of similarity with the rDNA gene of W. anomalus and the fact that there is no
specific and rapid molecular test for identification of W. myanmarensis, a SYBR-Green I-based
qPCR was developed (Table 1).

Figure 2. Phylogenetic tree based on concatenated sequences of ITS and LSU D1/D2 domains of rDNA. The tree
was constructed using neighbor-joining method and 1000 bootstraps. Bar shows one nucleotide substitution in 100
nucleotides. Phylogenetic tree obviously placed our clinical isolates within the cluster of environmental strains of
P. myanmarensis (CBS 9786 and BCRC 23287).

Table 1. List of primers utilized in this study.
Primer
name

Primer sequence

Target
Loci
ITS

Target species

Melting
temperature
◦
( C)

PCR
product
size

W.
anomalus/W.
myanmarensis

NA

NA

PFUniversal

GAAATAATGTATTAGGTTCTTCCAAC

PRAnomala

GCCGAGCCTAAAATACTTCT

ITS

W. anomalus

73.04±0.23

71bps

PRmyanmar

ACTTTGTGTATATGTTATTGGGC

ITS

W.
myanmarensis

74.91±0.31

93bps
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Our multiplex PCR based on melting temperature of PCR products unequivocally distinguished
W. myanmarensis (74.91±0.3ºC) from W. anomalus (73.04 ± 0.23◦C) (Figure 3A,B and 3C).
When subjected to our multiplex qPCR, W. edaphicus yielded high Ct values (Ct = 39) (Figure
3A), which further confirmed that our isolates were W. myanmarensis. Specificity testing with
27 various opportunistic yeast species (Table 2) resulted in 100% specificity (Figure 3A). Yeast
species that were the most common cause of yeast infections or those that were both clinically
important and genetically closely-related to the target species were included in the specificity
testing. Obtaining average R2 value of 0.99 indicated a high degree of reproducibility of our
qPCR assay (Figure 3D). CBS-type strains of W. myanmarensis (CBS 9786; n=1), W. edaphicus
(CBS 10408; n=1) and W. anomalus (n=13 CBS reference strains mentioned in Table 2) were
subjected to API 20C AUX, MALDI-TOF MS, ITS and LSU rDNA sequencing, and our realtime PCR assay.

Figure 3. Properties of designed qPCR are depicted for identification of W. myanmarensis and W. anomalus. (A)
Ct values for target species and nontarget species, (B) Tm distribution for W. myanmarensis and W. anomalus in
triplicate, (C) Individual melting curve for W. anomalus and W. myanmarensis, and (D) obtained standard curves
for target species.
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Table 2. Reference strains of various opportunistic yeast species used for specificity testing.
Species
Candida albicans
Candida tropicalis
Candida parapsilosis
Candida glabrata
Pichia kudriavzevii
Pichia norvegensis
Clavispora lusitaniae
Debaromyces hansenii
Candida dubliniensis
Pichia guilliermondii
Kluyvermyces marxianus
Candida rugosa
Yarrowia lipolytica
Pichia fermentans
Pichia kluyveri
Pichia membranifaciens
Kluyveromyces marxianus
Lodderomyces elongisporus
Magnusiomyces capitatus
Meyerozyma caribbica
Cryptococcus neoformans
Cryptococcus gattii
Rhodotorula mucilaginosa
Saccharomyces cerevisiae
Trichosporon asahii
Trichosporon inkin
Wickerhamomyces edaphicus
Wickerhamomyces myanmarensis
Wickerhamomyces anomalus

Origin
CBS 2704
CBS 2313
CBS 11045
CBS 138
CBS 5147
CBS 6564
CBS 6936
CBS 767
CLF 10
CBS 7099
STA 63
CBS 613
CBS 6124
CBS 187
CBS 188
CBS 107
CBS 712
CBS 2605
CBS 162.8
CBS 9966
CBS 8710
CBS 7229
CBS 316
CBS 1171
CBS 2479
CBS 5585
CBS 10408
CBS 9786
CBS 5759; CBS 6417; CBS 110; CBS 2870; CBS 7338; CBS
2871; CBS 260; CBS 5702; CBS 262; CBS 263; CBS 257; CBS
605; CBS 6407

Regarding antifungal susceptibility testing, five antifungal drugs, including posaconazole
(Sigma-Aldrich, Switzerland), itraconazole (Janssen Research Foundation, Beerse, Belgium),
voriconazole (Pfizer, Central Re- search, UK), fluconazole (Pfizer, CT, USA), and amphotericin
B (AMB, Sigma–Aldrich, MO, USA) were utilized using the broth microdilution method as
instructed by CLSI M27-A3 (8). The strain isolated from CVC showed a high MIC value for
AMB (MIC=2), while it was susceptible to ITC (MIC=0.06), FLU (MIC=0.5), PSC (MIC=0.125)
and VRC (MIC=0.06). Surprisingly, the isolate from blood showed only low MIC value for ITC
(MIC=0.06), while high MIC values were exhibited for FLU (MIC=16), PSC (MIC=0.5), VRC
(MIC=1) and AMB (MIC=2). Unfortunately, due to financial constraints and unavailability,
the main echinocandin agents, namely micafungin and anidulafungin, were not included for
antifungal susceptibility testing. In addition, interlaboratory variability shown by caspofungin
convinced us not to use this agent in our antifungal susceptibility testing (9).
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Discussion
Advances in the medical and therapeutic options, such as surgeries and utilization of a diverse
range of immunosuppressant drugs aided in increase in frequency and spectrum of isolation
of yeast species in clinical settings (10). In this study, for the first time we have recovered
two isolates of W. myanmarensis from blood and CVC samples. W. anomalus (also known as
Candida pelliculosa), is one of the most prominent species in this genus that can constitute up
to 4.4% of total clinical isolates of non-Candida albicans Candida species (11) and even can
cause fungemia outbreaks (12).
Our patient was a 5.5-year-old boy with several underlying conditions, including surgery, CVC
placement, parenteral nutrition, broad-spectrum antibiotic therapy, thymic hyperplasia, mucosal
erosion of GI tract and liver abnormalities. In agreement with previous studies, surgery, broadspectrum antibiotic therapy, and utilization of CVC that are associated with the development
of candidemia (1). Besides, our patient underwent splenectomy operation and spleen is an
important lymphoid tissue home to macrophages and involved in clearance of infections (13).
As both CVC and blood samples yielded the same species, it could have been transmitted
through the hands of healthcare workers, but no samples were taken from the hands of healthcare
workers and environmental sampling was not performed to prove this assumption. Moreover,
studies have shown that W. anomalus as a close relative of W. myanmarensis is a member
of human gut microbiota (14) and inflamed epithelial tissues correlated positively with the
proportion of W. anomalus in the gut of patients suffering from ulcerative colitis (14). As a
result, probably W. myanmarensis could be either among the human microbiota or is transient
inhabitant delivered by food components and inflamed mucosa has encouraged its colonization
and outgrowth followed by invasion. Hence, we investigated the daily diet of the patient and
his parents acknowledged that he did not consume dates (as the main biological niches of this
species primarily was found to be sugar palm). However, he regularly ate honey, from which the
causative agent has never been isolated. Additionally, the patient was treated with omeprazole
(proton pump inhibitor) for a long period of time, which decreases the acidity of the stomach
providing a more favorable environment for growth and colonization of microorganisms in
the GI tract (15,16). Consequently, utilization of omeprazole, in combination with erosions of
mucosal barriers of GI tract and the possibility of taking foods containing W. myanmarensis
(4,17), may have allowed the fungus to find its way from the GI tract into the bloodstream. As
there is scarcity in the global isolation of this yeast and there is no evidence supporting the fact
that it was isolated from environmental samples in Iran, we speculate that considering these
isolates as an environmental contaminant is less unlikely. Despite of antibiotic therapy and lack
of isolation of any other etiological agents, the patient presented with persistent fever, which is
one of the possible signs of infection (18).
Wikerhamomyces myanmarensis does not form germ tubes and, like W. anomalus, yielded colonies
with a pink coloration on CHROMagar. Application of API 20C AUX identified both isolates as
W. anomalus. Repeated experimentation of MALDI-TOF MS even using full extraction method
resulted in failed identification, which is due to the lack of the reference spectrum of this species
in the MALDI-TOF MS library. However, DNA sequencing of ITS and LSU D1/D2 rDNA and
the subsequent constructed phylogenetic tree, definitively clustered our clinical strains with
the environmentally obtained isolates of W. myanmarensis and differentiated them from W.
anomalus and W. edaphicus. In addition, as MALDI-TOF MS failed in identification of this
species, biochemical and phenotypic assays wrongly identified both isolates as W. anomalus and
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due to the close genetic background between W. myanmarensis and W. anomalus, we developed
a rapid multiplex qPCR that reliably and specifically can distinguish these two species in less
than 4 h (including DNA extraction step). Although, the application of our multiplex PCR
will be restricted to rare cases, it could be a rapid and reliable alternative to time-consuming
and inaccurate phenotypic and biochemical assays, where they have identified an isolate as W.
anomalus. There is only one study that using DNA hybridization probe could distinguish W.
myanmarensis from W. anomalus by molecular means (4).
Antifungal susceptibility testing of the isolate of W. myanmarensis obtained from blood
showed high MIC values for fluconazole, voriconazole, posaconazole and AMB, while it was
susceptible to itraconazole. However, the isolate obtained from CVC showed high MIC value
only for AMB. The observed difference in antifungal susceptibility patterns of the two isolates
might be due to the fact that they belonged to two distinctive clones. Although, the patient was
not treated with antifungal, the follow-up of blood samples remained negative and this infection
was manifested as a self-limiting and transient one. We suppose that this phenomenon could be
linked to a combination of multiple factors, including an active immune system, low virulence
attributes of W. myanmarensis as a not fully established and adapted opportunistic yeast species,
and low sensitivity of culture to capture low quantity of fungal cells. There are studies that
showed that blood samples of 50% of patients suffering from candidemia contain 1 CFU/ml and
the rest of the 50% harbor less than or equal to 1 CFU/ml (19). As a result, we estimated that
the active immune system has thwarted the multiplication of the low virulent W. myanmarensis
strains and the low sensitivity of culture showed false-negative results. Secondary to insufficient
sensitivity of the culture as the gold standard method, unlucky timing of blood withdrawal is
another factor playing a role in transient candidemia cases (20).
Unfortunately, we could not trace the source of infection whether if the etiologic agent was
acquired from the hands of healthcare workers or it was acquired through ingestion of specific
fermented foods. However, as shown in other studies, conducting environmental screening does
not always guarantee solving the source of infection (21) and in some cases finding source of
infection requires huge efforts and is quite time consuming (22). Moreover, due to the lack of
authority for offering intervention and the research-based nature of the study, our patient was
left untreated with antifungal drugs. As a result, we were deprived from observing the efficacy
of appropriate antifungal for clearance of infection.

Conclusion
As the number of yeast species causing infection in human is on the rise and the majority
of rare and emerging yeast species are less susceptible to routinely prescribed antifungal
drugs, it is highly important to create species-specific breakpoints to acquire a clear idea about
their susceptibility patterns. Unfortunately, clinical breakpoints and epidemiological cut-off
values are just restricted to a handful number of Candida species. Moreover, MALDI-TOF
MS should accommodate the spectra of emerging and rare yeast species to identify them
correctly. Advances in nucleic acid-based technologies such as real-time PCR and utilization
of appropriate pan-fungal, pan-yeasts and pan-filamentous fungi will aid in timely prescription
of appropriate antifungal drugs, and hence, reducing mortality rate associated with fungal
infections. Utilization of metagenomics technologies could revolutionize our understanding
about the human microbiome, which is followed by ease of tacking of the sources of newly
emerged infectious yeast species.
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In the introduction, the hurdles of identification of fungal species in developing countries
were discussed and comparison of various identification platforms showed that PCR is an
useful alternative in this regard. Moreover, we showed the importance of typing techniques
and the advantages of AFLP typing plus antifungal susceptibility testing. We also addressed
the mechanisms of antifungal resistance in various Candida species. Here, our studies will be
discussed and compared with other studies to show how the target challenges were overcome.
In the beginning, we showed the desirable performance of our PCR assays when applied in the
context of identification of fungal species in developing countries. The low cost, comprehension,
specificity, sensitivity, and/or direct detection of causative agents directly from clinical
samples, in some cases, were amongst the most important features of our PCR-based assays.
Next to that, the clinical relevance and significance of epidemiological candidemia studies was
demonstrated including details on the clinical outcomes and microbiological profiles of various
yeasts and non-albicans Candida (NAC) species in Iran. The discussion section is continued
by a candidemia case caused by an environmental yeast, Wickerhamomyces myanmarensis, as
an example of the ongoing expanding spectrum of fungal species that caused candidemia in an
immunocompetent individual. Finally, I will close this thesis discussion by summarizing the
highlighted data followed by some future perspectives.

Comprehensive PCR-based assays for the identification of opportunistic
yeast species and its proof-of-concept in Iran, as a developing country
Based on estimations the number of fungal species on the planet may vary from 2,000,0003,500,000 species (1,2), and among them 600 species have been associated with infection in
human (2). In general, yeasts species, especially species of Candida and Cryptococcus, and
molds, like Aspergillus species, are the most prominent cause of invasive fungal infections
(IFIs) (http://www.life-worldwide.org/fungal-diseases/invasive). Nowadays globalization
facilitates the transfer of opportunistic fungal species from one country to another (3) and IFIs
are regarded as a problematic public health concern worldwide (https://www.gaffi.org/why/
burden-of-disease-maps). Evidences showed that the most frightening and problematic fungal
infections cases mostly occur in developing countries, such as high rate of C. auris candidemia
in India (4), the high rate of dimorphic fungi in Latin American countries (5), the high rate of
cryptococcal meningitis in Sub-Saharan and African countries (6), and mycetoma occurring
in endemic areas, such as Sudan (7). The rarity of echinocandin availability in developing
countries for treating IFIs (4), together with an almost lack of accurate and expensive means
of fungal identifications in these regions, such as MALDI-TOF MS and sequencing (8), pose a
threat to public healthcare in developing countries. Among IFIs, yeast species are a major cause
of infections (9). The vast majority of the pathogenic yeast species belong to the Ascomycota
(95.2%) and less to the Basidiomycota (4.8%) (10). Some yeast species, such as Geotrichum
spp., were not found in worldwide-scale studies (ARTEMIS-DISK), but this species comprised
4.5-10% of the clinically isolated yeast species in USA, Denmark, and France (11). Moreover,
infections caused by the renowned, multidrug resistant C. auris continue to involve patients in
many countries worldwide (12) and this species is considered one of the top five candidemia
agents in India (4). Affordability and reproducibility of PCR allowed this technique to be
widely used in diagnostic laboratories, even in developing countries, where MALDI-TOF MS
and sequencing are much less-used (13). Given the importance of extensive epidemiological
information and the scarcity of MALDI-TOF MS and Sanger sequencing methods in developing
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and resource-limited countries we developed three multiplex PCR assays, called Yeast Panel
Multiplex PCR (YPMP) that in a stepwise manner can identify the causative agents of 99.6%
and 95% of candidiasis and yeasts infections, respectively. Subjecting YPMP to two extensive
blinded test sets and including a comparison with Bruker MALDI-TOF MS and sequencing
of large subunit (LSU) rDNA loci, showed 100% specificity and sensitivity. Rapidity,
sensitivity, and specificity of YPMP showed that this assay could be used as an useful and
reliable alternative strategy to identify yeast isolates, until other precise identification tools as
MALDI-TOF MS will become available in those countries. As shown in the introduction, the
vast majority of candidemia studies performed in Iran either used phenotypic assays (14–17)
or PCR-RFLP (16,18) to identify the causative yeast agents. A PCR-RFLP-based assay is able
to identify six clinically important Candida species (19), but the need to visualize the results
twice by gel electrophoresis and the needed digestion with restriction enzymes, increases the
contamination risk, turn-around time, and expenses, which were overcome by the application
of the YPMP assay. One of the shortages of YPMP was the misidentification of Candida
zeylanoides and Meyerozyma caribbica. Moreover, members of the cryptic species complexes
of C. albicans, C. glabrata, and C. parapsilosis, multidrug resistant Candida species, C.
haemulonii, C. duobushaemulonii, and C. pseudohaemulonii, and Cyberlindnera fabianii and
its close relatives, i.e. W. anomalus and Cy. jadinii, could not be identified by YPMP. As
YPMP is intended to be used in developing countries we conducted another study, where
a wide range of yeast isolates (n=301) belonging to both Ascomycota and Basidiomycota
were subjected to YPMP (21-plex PCR), API-20 C AUX, and MALDI-TOF MS and the
identification results were compared with the sequencing of LSU rDNA loci. Yeast isolates
prepared in a duplicate blinded test sets were identified by API 20 C AUX, MALDI-TOF MS
in Netherlands, and LSU rDNA sequencing in China, whereas YPMP was performed in Iran.
As expected, API 20C AUX showed the highest rate of misidentification (16.3%), followed
by PCR and MALDI-TOF MS (each 1.32%), while MALDI-TOF MS was the most accurate
platform (98.33%), followed by YPMP (88.7%) and API 20 C AUX (83.7%). YPMP could
not identify almost 10% of yeast isolates tested, as some species included in the blind test sets
were not in the target list of this assay, while MALDI-TOF MS did not identify one isolates
(0.33%) and API-20 C AUX reported an identity for all the isolates tested with 16.27% of
the isolates being misidentified. One of the most notable misidentification examples of using
API 20 C AUX were the misidentification of C. auris and Cy. fabianii isolates, which was in
agreement with other studies (20,21), underscoring the importance of updating the bioMerieux
API database for emerging rare yeast species, especially C. auris. Another main finding of this
study was the observed increase in performance of identification (92%) when YPMP and API
20C AUX were used together. Therefore, we suggest to use YPMP as a first line identification
tool in microbiological laboratories of developing countries and isolates that could not be
identified unequivocally by YPMP could then be subjected to API 20C AUX. Additionally,
this combinatory identification strategy is less expensive and more rapid when compared to
API 20C AUX, alone. Finally, read-outs offered by biochemical assays are subjective, e.g.
confusing growth pattern in some cases, and require further testing, such as germ tube testing,
complicating the identification strategy.
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Single multiplex PCR to identify members of the cryptic complexes of C.
albicans, C. parapsilosis, and C. glabrata
One of the shortages of YPMP is that it cannot differentiate between the nine members of the three
cryptic complexes of C. albicans (C. albicans, C. dubliniensis, C. africana), C. glabrata, (C.
glabrata, C. nivariensis, C. bracarensis), and C. parapsilosis (C. parapsilosis, C. orthopsilosis,
and C. metapsilosis) in a single PCR reaction. Therefore, we attempted to develop a 9-plex PCR
assay to overcome this drawback of YPMP. When challenged with 167 CBS reference strains
and 280 clinical isolates, our 9-plex PCR showed 100% specificity and sensitivity and all target
species were correctly recognized as distinct representative bands. Prior to the availability of
the 9-plex PCR development, three parallel PCR reactions were required to identify all these
agents and biochemical assays mostly misidentify these yeasts as their main representatives, i.e.
C. albicans, C. glabrata, and C. parapsilosis (22–24). Identification of the members of those
cryptic species complexes using Bruker MALDI-TOF MS is superior over that of their Vitek
counterpart (25–27), yet C. africana still requires extension and improvement of the databases
of both platforms. At the rDNA sequence level, C. africana exhibit a high degree of similarity
with C. albicans (>99%) (28), thus sole reliance on sequencing and MALDI-TOF MS assays
might be misleading and C. africana might be misidentified as C. albicans. In contrast, a pair
of primers targeting hyphal wall protein-1 (HWP1), can readily distinguish members of C.
albicans cryptic species complex, which is known as the most reliable marker in this regard
(29). Our 9-plex PCR used the same marker but different primers to ensure that target species
have enough difference in the length of PCR products facilitating their identification when
applied to gel electrophoresis. The nine-plex PCR circumvents the shortcomings of the YPMP
assay and can inexpensively identify all nine cryptic Candida species (0.75-1 Euro/reaction)
within 2-3 hours.

Multiplex PCR assays to identify C. auris and its relatives from pure
culture
Candida auris was one of the species identified by YPMP, but its three relatives, C. haemulonii,
C. duobushaemulonii, and C. pseudohaemulonii, were not included in the target list of this
assay. These species are increasingly found in clinical settings and known as multidrug resistant
species with elevated MIC values to major antifungal drugs (30–32). Accordingly, several
studies attempted to develop species-specific and multiplex PCR assays using various PCR
chemistries, ranging from conventional and SYBR-Green I to probe-based assays (33–36).
However, none of these assays identified all target species in a single PCR reaction. Therefore,
we developed a tetraplex PCR that identifies all target species using a conventional multiplex
PCR assay. When subjected to 172 target species isolates and 192 other isolates belonging to
distantly and closely related yeasts, filamentous fungi, and human DNA samples, the tetraplex
PCR proved to be 100% specific and sensitive. Moreover, our assay was successfully integrated
in prospective and retrospective studies in Iran and China. Consistent with barcode sequencing,
we identified the first isolates of C. pseudohaemulonii and C. haemulonii in China and Iran,
respectively. To assess the clinical applicability of our assay, it was subjected to blood and tissue
samples obtained from mice infected with C. auris (n=7), C. haemulonii (n=7), C. albicans
(n=7) and compared to culturing on SDA plates as the gold standard (for positivity or negativity
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of blood and tissue samples). Blood samples of infected mice were poorly diagnosed using
both culturing (1/14, 7.1%) and our tetra-plex PCR (4/14, 28.5%), but both techniques showed
a very good degree of sensitivity when applied to samples obtained from tissue samples (each
13/14, 92.8% (n=7 C. haemulonii and n=7 C. auris). This discrepancy between blood and
tissue isolates might be due to, a) the presence of a lower number of yeasts in circulation
(37) and/or a higher quantity of yeast cells in the tissue samples as showed by colony counts,
b) a low volume of blood samples used for DNA extraction (100µl) (38), and c) being noncomplaint to the European Aspergillus PCR Initiative (EAPCRI) DNA extraction protocol
(39). As it was shown by EAPCRI, whole blood volume and breaking the hard cell wall of
fungal species using bead beating are the most two important DNA extraction steps to be
considered when extracting DNA from whole blood samples (40). Moreover, the low rate of
culture positivity might be due to several factors, including a) utilization of solid SDA plate
rather than broth/blood bottles that can greatly impact the positivity rate (38), and b) use of a
low volume of blood samples (100µl) to culture on the SDA plates (38).

Multiplex PCR assays to identify C. auris and its relatives from spiked
serum samples
Most infections caused by C. auris are candidemia (77.1%) (41), but an increasing number of
studies reported candidemia due to its three relatives, i.e. C. haemulonii, C. duobushaemulonii,
and C. pseudohaemulonii (30–32). Absence of a PCR assay that reliably detects these species
from blood fractions, i.e. whole blood or serum, prompted us to develop a SYBR-Green I-based
PCR assay. Although, a previous study used the same approach as we did, the close Tm value
between the target species and the subsequent risk of misidentification along with the lack of
C. pseudohaemulonii among the target species were obvious shortages of that study (35). Our
real-time tetraplex PCR (RTTP) showed a high degree of sensitivity, namely ten genomes of
all target species, a reproducibility of 99%, and 100% specificity when tested on the DNA
samples obtained from closely and distantly related fungal species and human DNA, as well
as a large Tm difference (at least 1ºC) among the target species. In the second step, cells and
DNA of the target species were spiked into blood and serum samples, respectively. Serum
samples proved to be the best blood fraction for the identification of the target species and
we found that up 10 genomes of C. auris and one genome of the other three related species
could be detected when tested on 500µl spiked serum samples. Ease of the DNA extraction
procedure from serum samples, utility for downstream applications, such as serology assays,
and showing promising results when used for identification of Candida agents in candidemia
studies (42–45) are the advantages of using serum instead of whole blood samples. RTTP
could be a useful supplement circumventing the imperfection of the previous conventionalbased tetraplex PCR assay and its clinical utility warrants its application in future candidemia
studies and even screening studies testing environmental swab samples. Lack of optimal
sensitivity on spiked whole blood samples was one of the main drawbacks of this assay and
future improvements and standardizations of DNA extraction from whole blood samples may
enhance the sensitivity of our assay.
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Underestimation of Cyberlindnera fabianii and overcoming this issue by
developing a multiplex PCR
Cyberlindnera fabianii is an emerging yeast species causing fatal neonatal outbreaks (21).
Since its first clinical description in 1991 (46) it has been repeatedly misidentified using various
biochemical assays (21) as its closely related species Cy. jadinii or W. anomalus. As such,
misidentifications might lead to erroneous epidemiological data, and hence, we conducted a six
months prospective study in Iran. The yeast isolates were collected from Tehran, Shiraz, and
Fasa (July 1, 2017 to December 31, 2017) and identified by internal transcribed spacer (ITS)
and LSU of rDNA sequencing. Interestingly, we found six isolates of Cy. fabianii (two from
central venous catheter and four from vaginal swabs), one Cy. jadinii isolate (from vaginal
swab), and no W. anomalus. Our epidemiologic finding was similar to a previous report from
Czech Republic (47), as both studies showed a higher prevalence of Cy. fabianii compared to
the two relatives (see following for details). Interestingly in the same study (47), the authors
noticed that API misidentified 222 Cy. fabianii isolates as the two relatives and the prevalence
of Cy. fabianii was 11 and 37 times more than that of W. anomalus (n=20) or Cy. jadinii (n=6),
respectively (47). In agreement with other studies, our isolates showed elevated MIC values
for fluconazole (FLZ) and amphotericin B (AMB) (48). We developed a dual-function PCR
to differentiate Cy. fabianii from its close relatives, and the same primers were efficiently
employed in both conventional and real-time PCR to successfully differentiate the target species.
Utilization of this PCR circumvents the long-lasting identification challenge of the biochemical
assays, especially for small routine laboratories that have no access to MALDI-TOF MS and
sequencing technologies. Eventually this may result in a better understanding of the occurrence
of this species in clinical settings. Of note, our assay was not tested on clinical samples and its
use is limited to DNA samples obtained from pure cultures.
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Identification of Yeast species explored in this thesis
• Identifying 96% of yeast species
causing infection in Humans (1).

Yeast Panel Multiplex PCR

Candida cryptic species complexes
9-plex PCR

• Identifying 99.6% of Candida
species causing infection in
humans (1).

• Cauinsg fatal and/or persistent outbreaks (2).
• Challenging identification and being
misidentified as other yeast species by routine
biochemical assays (2).

Negative ID

• Multi/drug resistatnt, 90% fluconaozle
resistsnat, 30% amphotericin B resistnat, and
5% echinocandin resistnat (2).
• Bloodstream infections constitute the vast
majority of infections caused by Candida auris
(3).

Candida auris and close relatives

Environmental samples

Conventional PCR

Culture samples

Real-Time PCR

Clinical samples
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Schematic Figure of yeast-related identification tools developed in this study. Unknown yeast isolates are subjected
to YPMP, which can identify the almost 99% of Candida species. If the yeast isolate is not identified by YPMP,
it could be subjected to C. auris conventional or real-time PCR assays. If not identified, the yeast isolate could be
subjected to the Cy. fabianii tetraplex PCR or Wickerhamomyces duplex PCR.

Culture-independent detection of the main Madurella species from clinical
samples using multiplex PCR assays
Identification is not only challenging for yeast species, but also for the main agents of
eumycetoma, i.e. Madurella mycetomatis, M. fahalii, M. pseudomycetomatis, and M. tropicana,
that are associated with a huge socioeconomic burden (49). These species are mainly identified
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by time-consuming and non-specific phenotypic assays in developing countries (49). Given the
deficiencies of culturing as a gold standard technique, namely lack of sensitivity and specificity
(50), there is currently not a single assay that directly identifies the main Madurella species
from clinical samples. More importantly, laboratories located in the endemic countries, e.g.
Sudan, are rarely equipped with sophisticated means of identification, while PCR (conventional
and real-time PCR) can be found in reference laboratories, if not in regional small diagnostic
laboratories. Therefore, we developed a multiplex real-time PCR using the most basic chemistry,
SYBR-Green I, that identifies and differentiates all target species. The PCR was challenged
with DNA samples of two blinded test sets, including one obtained from pure cultures of target
and non-target species, and the other one from histopathologically proven tissues of mycetoma
samples. This test showed 100% sensitivity, specificity, and negative and positive predictive
values of our real-time PCR. Mycetoma contains solid and hard grains of fungal materials,
therefore the DNA extraction used was taken from other studies (51,52) and used metal beads to
break these solid fungal structures. When our assay was compared to results from a PCR-RFLP
(53), it was found that our assay can identify all four main agents directly from clinical samples
without digestion with restriction enzymes (PCR-RFLP) (53). Ahmed et al. (2015) developed
an easy-to-use isothermal-based assay useful for identification/detection of M. mycetomatis
directly from clinical samples (51). However, like PCR-RFLP it can only detect one species
when applied on gel, the occasional presence of multiple bands might be confusing (51). Lastly,
unlike MALDI-TOF MS and sequencing (54), our real-time PCR is culture-independent and
results can be obtained in almost half a day, including DNA extraction from clinical samples to
run the PCR reactions. Altogether, these features reveal the potential clinical utility of our assay
and future studies in endemic areas are warranted to reveal its actual clinical use.

Inefficiency of nystatin for treatment of oral candidiasis?
Using the developed molecular assays, we initiated epidemiological studies in Iran as an example
of a developing country. We extensively explored the clinical and microbiological properties of
fungal infections caused by various yeast species. As the first epidemiologic study, we explored
the clinical outcome and microbiological profile of yeast species isolated from the oral cavity of
patients suffering from hematological disorders (chapter 10). A number of studies have explored
oral candidiasis (OC) in Iranian patients, but none of these assessed the clinical outcome and
the vast majority of those studies focused on patients with HIV and different cancer types
(55–58). Among 150 patients recruited into our study, 56.6% (n=85) presented OC. All isolates
were identified by YPMP and the results showed 98.9% agreement with the results obtained by
MALDI-TOF MS. Interestingly, after C. albicans, Kluyveromyces marxianus (= Candida kefyr)
was the most prevalent yeast species isolated, which suggests that patients with hematological
disorders for unknown reasons are prone to acquire infection due to this dairy products related
yeast (59). Additionally, after Eddouzi et al. (60) we presented the second clinical case of
Hanseniaspora opuntiae. All C. albicans isolates clustered into 15 AFLP genotypes, whereas
all Kl. marxianus isolates grouped into the same genotype. Apart from the occurrence of this
species from dairy products, such as kefir (61), the biological niches of this species are yet to be
defined (59) and whole genome studies are required to delineate the genotypic biodiversity of
the isolates found in our study. Moreover, we could not prove that the infected patients acquired
this species from the same source, as we did not find a common source of dairy products
used by patients recruited in our study. The number of isolates showing antifungal resistance
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was low with only two C. albicans isolates being fluconazole resistant, which may be due to
prophylactic treating of patients with nystatin and/or episodic FLZ treatment. Primarily all
patients were treated with nystatin and 70% (n=57) showed clinical failure and recurrent OC
(ROC). Patients presenting ROC were further prescribed with a combination of FLZ (150mg)
and nystatin and yet ROC occurred in 70% of them. Importantly, prescription of nystatin and the
previous history of OC were significantly associated with clinical failure (P= 0.005, α<0.05).
These findings were in agreement with a previous study indicating the inefficiency of topical
antifungal drugs for treatment of OC (62,63). Therefore, some studies even recommended
treating OC cases with systemic antifungal drugs, such as FLZ (64), other azole drugs (65),
and micafungin (MCF) (66). Moreover, considering the emergence of NAC species it makes
sense to preserve the limited FDA-approved systemic antifungal drugs for treatment of invasive
fungal infections and evaluate the efficacy of other efficient CYP51 inhibitor antifungal drugs
(equivalent of ERG11 (67)), such as VT-1198, as a possible alternative for treatment of OC (68).
Observing this marked rate of clinical failure encouraged us to evaluate the clinical outcomes
and microbiological profile of NAC species isolated from blood samples at a nationwide scale.

Clinical and microbiological properties of Iranian Candida glabrata species
complex isolates from blood
Candida glabrata is considered as one of the most important NAC species because this species
is usually less susceptible to fluconazole, acquires rapid resistance to echinocandins, and can
develop multidrug resistant phenotype (MDR) (69). Conventional taxonomic and whole genome
studies revealed that C. glabrata along with its two closely-related siblings, C. nivariensis and
C. bracarensis, belong to the Nakaseomyces clade (70–72). Thus, these species have a distant
phylogenetic relationship to other clinically obtained Candida species that mostly belong to
the CTG-clade (73). The clinical significance of C. nivariensis and C. bracarensis has been
addressed in various studies (74) and some of these noted that clinical isolates of C. nivariensis
show higher MIC values toward triazoles and flucytosine when compared to 13 randomly
selected clinical isolates of C. glabrata (71). Unlike C. glabrata (72,75), the biological niches
of C. nivarensis and C. bracarensis remain to be elucidated and some researchers speculated that
infections caused by C. nivariensis might be acquired from flowers (71). This notion is consistent
with comparative whole genome studies in which it was shown that the two siblings compared
to C. glabrata contained less EPA cluster genes known to be involved in the attachment of
fungal cells to epithelial cells (72). As a result, they have a lower capacity to colonize the human
gut (72), and probably plants might be their preferred primary niches (72). A comprehensive
study exploring the molecular epidemiology, mechanism of resistance, and clinical outcome
of infections due to members of the C. glabrata cryptic species complex from blood isolates
of Iranian patients was lacking. Therefore, we conducted a comprehensive national study, in
which we determined the prevalence of these cryptic species and explored the microbiological
and clinical properties of infections caused by members of the C. glabrata species complex.
Central venous catheter (CVC) insertion, extensive use of antibiotics, surgery, and cancer were
among the most prominent risk factors for the development of candidemia due to C. glabrata
species complex (76,77). In our study there was no difference between males and female for
the acquirement of candidemia due to members of the C. glabrata species complex, while
similar to other studies, those infected with C. glabrata were mainly older individuals (76,77).
Regarding mortality, 66.6% and 35% of those infected with C. nivariensis and C. glabrata died,
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respectively. The mortality rate of C. glabrata reported in this study was similar to that of the
USA (76), but lower than the mortality rate of 58 to 61% reported from Germany and Austria
(78). Because of the limited number of candidemia cases with details on clinical outcome,
the mortality rate of patients infected with C. nivariensis remained inconclusive. In total, 74
isolates were identified as belonging to the C. glabrata species complex using YPMP, followed
by application of the 9-plex PCR to distinguish the respective cryptic species. Consistent with
MALDI-TOF MS and rDNA sequencing, the 9-plex PCR successfully identified all C. glabrata
(n=70, 94.6% from 65 patients) and C. nivariensis (n=4, 4.4% from three patients) isolates.
While we did not find any C. bracarensis isolates from the blood samples, a candidemia study
conducted in Spain found no C. nivarensis, while 2% of isolates in that study were identifiedas
C. bracarensis (79). Such contradictory epidemiologic findings might stem from differences
in geography, climate, clinical practices, as well as the rarity of clinical manifestation due to
these two species (79). The C. glabrata isolates showed higher MIC values for all antifungal
drugs tested, which is different from what has been observed for the British C. glabrata species
complex isolate collection (71). This difference may be due to a limited number of randomly
selected C. glabrata isolates (n=13) included in the British study (71). C. nivariensis isolates
were susceptible to all antifungal drugs tested and a high MIC value to fluconazole was noted
in only one C. glabrata isolate (1.4%), which is similar to observations reported from some
Asian and South American countries (80–84). Sequencing of PDR1 and ERG11 did not show
any specific mutations linked to fluconazole resistance, while some mutations in PDR1 were
found only in voriconazole-non-wild type (NWT) isolates. Together with a previous study
conducted in Poland (85), our data may further suggest that mutations in ERG11 do not play a
significant role in azole resistance in C. glabrata and these observations reinforce that PDR1
might be a main player in this regard (86). As the mechanisms of azole resistance have not
been clarified for C. nivariensis and C. bracarensis and all of our C. nivariensis isolates were
found to be susceptible to azoles, we did not investigate the profiling of PDR1 and ERG11
sequences for these isolates. Almost 60% of the Iranian C. glabrata isolates showed a NWT
phenotype for caspofungin, which was the only echinocandin drug tested in our study, but
we did not observe any non-synonymous mutations in the hotspot (HS1) of the FKS1 and
FKS2 genes, which corroborates the unreliability of antifungal susceptibility testing reported
for this drug (87). We sequenced the HS1 of FKS1 and FKS2 of the C. nivariensis isolates for
the first time and consistent with their anidulafungin and micafungin susceptible profiles, we
did not find any nonsynonymous mutations. The Iranian C. nivariensis isolates clustered into
two AFLP genotypes (G) and three of the isolates from Tehran and Mashhad grouped in the
same cluster, while C. glabrata isolates showed a higher degree of variation and clustered
into nine AFLP genotypes. Due to its haploid genome and the possible high mutation rate
of C. glabrata, caused by defects in DNA mismatch repair (MSH2) pathway and extensive
chromosomal rearrangements (88), this species is among the most genetically heterogeneous
Candida species (89). The limited genotypic variation observed for the Iranian C. nivariensis
isolates might be because we could study only a limited number of isolates of this species
(n=4). Surprisingly, genotypes G1 and G2 of Iranian C. glabrata were significantly associated
with a higher mortality rate and a similar observation was reported for C. glabrata isolates
from South Korea (84). Interestingly, the nonsynonymous mutation T745A in PDR1 was found
in six patients and five of them died despite being treated with antifungal drugs. This specific
mutation in PDR1 might be linked to increased virulence (86) and verifying this requires further
in-vitro and in-vivo studies.
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Clinical and microbiological properties of Iranian Candida parapsilosis
species complex isolates from blood
Candida parapsilosis is the third most prevalent yeast species inhabiting the human gut (75),
while the environmental niches of the two closely-related species, Candida orthopsilosis and
C. metapsilosis, is still unknown. A nationwide study was performed to obtain information on
the molecular epidemiology, antifungal susceptibility patterns, and clinical outcome of Iranian
isolates of the C. parapsilosis species complex from blood. All isolates of C. parapsilosis (n=94,
from blood samples of 89 patients), C. orthopsilosis (n=32, from various clinical sources of 31
patients) and C. metapsilosis (n=1, from nail of one patient) were collected. The vast majority
of infections caused by C. orthopsilosis isolates were acquired by women, mainly vaginitis,
but no difference between males and females was observed when only bloodstream infections
due to C. parapsilosis and C. orthopsilosis were considered. Fluconazole was the most widely
used antifungal to treat candidemia cases due to C. parapsilosis, almost half of the patients
were left untreated, and almost 10% were treated with the topical antifungal drugs nystatin
and clotrimazole, which is an obvious deviation from the international antifungal treatment
guidelines recommended by European (90) and American societies of infectious diseases
(91). The mortality rate for those suffering from candidemia due to C. parapsilosis (n=39,
44.3%) was almost twice that with candidemia cases infected with C. orthopsilosis (n=2, 2/9).
This variation in mortality rate might be due to difference in virulence attributes of the two
species (92). The high mortality observed for C. parapsilosis in our study was similar to values
observed in Brazil (93), USA (94), Portugal (95), and Italy (30-46%)(96), whereas a study from
Taiwan (97) reported a mortality rate of 14%. The 9-plex PCR not only correctly identified all
C. parapsilposis species complex isolates, but also performed better in the analysis of a mixed
blood sample concurrently infected with C. parapsilosis and C. orthopsilosis when compared
to MALDI-TOF MS and rDNA barcode sequencing. As a previous study showed that 9.5% of
blood isolates contained these two mentioned species (98) and the fact that phenotypic assays
are not capable to differentiate isolates of the C. parapsilosis species complex, application
of resolutive techniques, such as the 9-plex PCR, might result in a better epidemiological
knowledge and appreciation of these cryptic species in clinical settings. C. parapsilosis isolates
showed higher MIC values for all antifungals tested when compared to C. orthopsilosis and C.
metapsilosis isolates. Only 1.2% of C. parapsilosis isolates and none of C. orthopsilosis and C.
metapsilosis isolates showed high MIC values to fluconazole, anidulafungin, and micafungin. On
the other hand, 12.5% of C. orthopsilosis isolates were NWT for itraconazole, while the NWT/
resistance phenotype was observed for one isolate of the C. parapsilosis. Moreover, sequencing
of ERG11 and HS1 and HS2 of FKS1 did not show any specific mutation related to azole or
echinocandin resistance. As a previous study showed that FLZ-R specific mutations occurred
more frequently in MRR1 when compared to TAC1 and UPC2 (99), sequencing of the entire
MRR1 gene was considered as the next target for the only fluconazole-resistant (FLZ-R) and
11 randomly-selected fluconazole-susceptible (FLZ-S) C. parapsilosis isolates. While FLZ-S
isolates harbored mutations in MRR1, the only isolate of FLZ-R showed a WT MRR1 sequence.
Resistance to azole is a complicated regulatory network involving many principal regulators
and downstream genes, therefore it is likely that other azole resistant determinant, such as TAC1
or UPC2, might be involved in fluconazole resistance (99). AFLP typing revealed a high degree
of genetic similarity for the C. parapsilosis isolates. AFLP genotype G1 contained 62.7% of
all isolates and 72.8% of the isolates from Mashhad, where also the highest mortality rate
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was found for patients infected with C. parapsilosis. In concordance with this fact, statistical
analysis revealed a significant association between the geographical location (Mashhad) and
mortality. Although the reason for this significant association between the city of origin and
mortality is not clear, we speculate that lack of implementation of appropriate infection control
strategies may have allowed the persistence of G1 isolates in the studied hospitals. This might
be a rationale reasoning as it is consistent with the epidemiologic profile of this city, where
C. parapsilosis is the main cause of candidemia surpassing that of C. albicans. It is wellknown that C. parapsilosis isolates can be horizontally transferred in clinical settings by the
hands of healthcare workers (99), but here the mode of transmission in healthcare settings
remained enigmatic for the C. orthopsilosis isolates. In the AFLP analysis, 90% of nail and
80% of blood isolates of C. orthopsilosis clustered together and some blood isolates recovered
from the same hospital and unit in Tehran grouped in the same genotypes. Together with the
fact that isolation of C. orthopsilosis CVC isolates preceded the onset of bloodstream infection
due to this species (98), it is hypothesized that this species may be transferred from the hands
of healthcare workers (HCWs) to CVCs followed by translocation to the bloodstream. These
findings may collectively explain why C. orthopsilosis clonally disseminates in clinical settings,
but application of genotyping by whole genome sequencing is warranted to further prove this
concept.

Clinical and microbiological properties of Iranian Candida tropicalis isolates
from blood
Candida tropicalis is the second most predominant yeast species living in the human gut as it
was found in 46% of studies detailing the human mycobiome composition (75). Moreover, as
C. tropicalis is an osmotolerant Candida species, it has been widely used for biotechnological
applications (100). The species is clinically and microbiologically one of the most challenging
and intriguing NAC species. C. tropicalis is the first to second common cause of candidemia in
India (101) and Brazil (102), respectively. Many candidemia studies have shown an increasing
trend of azole resistance for this species (103,104). When compared to the other NAC species,
infections due to C. tropicalis are associated with the highest mortality rate and poorest prognosis
and most severe acute physiology and chronic health evaluation score II (APACHE II) (105).
While azole resistance mechanisms are extensively studied in C. albicans and C. parapsilosis,
a study evaluating the role of mutations in TAC1 and MRR1 for a set of FLZ-R and FLZ-S C.
tropicalis is still lacking. Moreover, only a single study linked the occurrence of mutations in
UPC2 and FLZ-R in this species (106). Some studies showed that C. tropicalis constituted 80%
of yeast species isolated from HCWs (107) and molecular epidemiological studies in Italy (108)
and Taiwan (109) using MLST suggested a clonal expansion of this species. Yet little is known
about the mode of transmission of C. tropicalis in healthcare settings. We collected C. tropicalis
blood isolates at a nationwide scale from Iran (i.e. Tehran, Shiraz, and Mashhad), performed AFLP
genotyping to reveal the genetic relatedness between the isolates, and did AFST to characterize
the profile of mutations occurring in ERG11, UPC2, TAC1, and MRR1 for a set of FLZ-R and
randomly-selected FLZ-S isolates. In total 64 isolates were recovered from 62 patients. Unlike
other studies showing that neutropenic patients and those with hematologic disorders have the
highest propensity for the development of candidemia due to C. tropicalis (110), in our study
patients with sepsis mostly acquired candidemia caused by this species. The mortality rate
was high (60%) which is in agreement with other studies (105). Resistance to micafungin,
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FLZ, and VRZ was noted for 3.1%, 6.3%, and 10.9% of the isolates, respectively, and 3.1% of
isolates were NWT for ITZ. Moreover, pan-azole resistance and resistance to two azole drugs
were observed for 1.6% (n=1) and 3.1% (n=2) of the isolates. The AFST data obtained in our
study were comparable with results obtained from other Asian (101), Middle Eastern (111), and
some European countries (112), but different from observations reported in China (104). Iranian
patients infected with FLZ-R C. tropicalis isolates were never treated with this drug and similar
observations were reported in Japan (113) and Taiwan (114). This phenomenon might be due
to a) host factors-induced resistance as seen for Clavispora lusitaniae (115) and/or b) extensive
exposure with antibiotics (116). Alternatively, a candidemia study in Taiwan (114) showed that
FLZ-R isolates clustered with a FLZ-R C. tropicalis isolate recovered from fruits. Because the
use of agricultural fungicides in this country increased over 10 years, the authors speculated
that the patients may have been colonized with such environmental FLZ-R isolate (114).
Sequencing of FLZ-R determinants other than ERG11 revealed FLZ-R specific mutations in
MRR1 (T255P, 647S), TAC1 (N164I, R47Q), and UPC2 (T241A, Q340H, T381S). Interestingly,
the A297S mutation in UPC2 was solely found in FLZ-S isolates, while in a previous study
this mutation was found exclusively in FLZ-R isolates (106). These paradoxical results stress
the importance of sequencing more FLZ-R and FLZ-S isolates of C. tropicalis in order to
better characterize mutations occurring in FLZ-R conferring genes followed by their in–vitro
assessment to decipher their function toward fluconazole resistance. AFLP identified five major
and seven minor genotypes and genotype G4 was the most predominant one recovered from all
centers studied. Isolation of C. tropicalis as the major yeast species from the hands of HCWs
(107) and identifying clonal enrichment in clinical settings (108,109) along with typing results
of our study may indicate that this species could be acquired from the hospital environment
and/or hands of HCWs. Termination of a C. tropicalis outbreak following infection control
practice (108) further reinforces this notion. However, variation in typing methodology, number
of patients included, and different isolate numbers hinder drawing a definitive conclusion on the
transmission mode of C. tropicalis. Thus, reaching a consensus in this regard requires detailed
sampling and the application of whole genome studies of isolates recovered from nosocomial,
hospital environments, and environmental, including agricultural habitats.

The environmental yeast Wickerhamomyces myanmarensis may cause
candidemia
As discussed before, the increasing number of immunocompromised patients provide an
opportunity for a wide range of fungal species to cause infections in humans (2,117). The
initial isolation of C. auris from the external ear discharge of a Japanese patient (118) followed
by rapidly expanding fatal outbreaks throughout the world (41), highlight the paramount
importance of identifying and reporting new fungal species that can cause infection in humans.
While identifying the yeast species isolated from blood samples of Iranian patients, we identified
a new environmental yeast species, Wickerhamomyces myanmarensis, from CVC and blood
samples of a 5.5 year old boy. Being isolated from palm sugar in 2005 (119), this species shows
a high degree of similarity at the LSU rDNA level with W. anomalus (119), while marked
physiological differences, such as growth at 40ºC and the ability to assimilate D-arabinose, and
dissimilarity in the ITS rDNA locus led to its recognition as a new species (119,120). The patient
studied suffered from gastrointestinal tract bleeding and underwent several surgeries, CV line
insertions, and prophylactic antibiotic therapies to alleviate the symptoms and prevent possible
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bacterial infection, which are well-known risk factors for the acquirement of candidiasis (91).
Although frequent fever presentation prompted to take several blood and urine samples, only
a CVC and blood samples yielded positive growth. Persistent fever despite use of prophylactic
antibiotic therapy may indicate the presence of fungal infections. Moreover, it has been shown
that W. myanmarensis can grow at 40ºC, and hence it may tolerate fever episodes (119). The
patient was discharged with optimal health conditions while not treated with antifungal drugs.
We assumed that the combination of fever, immunocompetence, and low virulence of the
yeast allowed clearance of the bloodstream infection. Of note, the lack of growth observed for
the negative blood samples might be due to the lack of sensitivity of the culturing technique
(121). The yeast colonies were presumptively identified as Kytococcus sedentarius (score <1.6,
unreliable score) and W. anomalus when repeatedly subjected to MALDI-TOF MS and API
20C AUX, respectively. However, they were definitively identified as W. myanmarensis when
subjected to LSU-ITS rDNA sequencing and the identity was further confirmed by phylogenetic
analysis. To further distinguish this species from its close relative, W. anomalus, that also may
cause candidemia in humans (122), we developed a SYBR GreenI-based real-time PCR assay
that successfully differentiated both species from one another. Surprisingly, the blood isolate
showed a marked increase of the fluconazole MIC value (16µg/ml) when compared to the
CVC isolate (1µg/ml), which might be due to either a) infection with two distinct genotypes,
or b) microevolution of the primary genotype inside the host (88). Although, isolation of this
yeast from CVC may imply that it has been acquired from the hands of HCWs or the hospital
environment, the isolation of this species has never been described from environmental studies
conducted in Iran. Alternatively, the bleeding of the GI tract along with chronic omeprazole
intake that reduces the acidity of the stomach may have allowed the fungus to withstand the
less acidic environment of the stomach, followed by colonization of the fungus in the GI
tract and translocation into the bloodstream. The latter may make sense as some studies have
found species of the genus of Wickerhamomyces as part of human microbiota associated with
inflammation of the GI tract epithelium (123). Reaching a consensus in this regard requires
extensive evaluation of the composition of human microbiota of diverse diseased and healthy
cohorts. Despite few environmental cases of W. myanmarensis have been reported up to now,
the closely related species, W. anomalus, is widely used in winemaking and biotechnological
industries (124). Hence, its might be likely that W. myanmarensis can be found in some
special conventional beverages and foods, therefore exploring the microbiological profiles of
beverages and foods might have implications in revealing the agents of foodborne infections.
The expanding spectrum of fungal species causing infection in humans also requires rapid
adjustment of identification tools to improve patient outcome. For instance, MALDI-TOF MS
libraries should be constantly updated with the spectra of new and emerging fungal species that
may subsequently lead to appreciation of these species in other clinical centers.

Conclusion
In conclusion, the lack of accurate and rapid means of identification of opportunistic fungal
species and the broad use of PCR encouraged us to develop several PCR-based identification
and diagnostic tools to aid in a better understanding about yeasts and eumycetoma agents in
developing countries. Moreover, as some of those assays could detect the causative agents
directly from clinical samples, they may have clinical significance allowing timely and
appropriate administration of antifungal drugs. Epidemiological studies highlighted the
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inefficiency of nystatin for treating patients suffering from oral candidiasis. NAC blood isolates
showed a low level of antifungal resistance and different antifungal mechanisms. Moreover, we
found an increasing mortality trend among NAC species, with the highest value caused by C.
tropicalis, followed by C. parapsilosis and C. glabrata. Finally, we reported that environmental
fungal species may exert their opportunistic nature when a proper host condition is established.

Future perspectives
The increasing number of fungal species causing infection in humans and the importance to
detect the causative agents directly from clinical samples necessitates the development of
universal/species-specific and quantitative real-time PCR assays. The application of new and
smart point-of-care detection technologies should be expanded, such as lateral flow devices
that, so far, are mainly used to diagnose cryptococcois and aspergillosis and CRISPR-based
diagnostic assays that have been mainly deployed for viruses. Ease of use, a high rate of
sensitivity and specificity, and lack of requirement for sophisticated devices emphasize the
utility of point-of-care assays for identification of fungal species in developing countries. The
same applies for the limited knowledge of human mycobiome. A myriad of studies extensively
studied the bacterial composition of human microbiota and their involvement in various health
complications, but the characteristics and profile of the human mycobiome composition in
healthy and diseased individuals remains to be elucidated. Knowledge of human mycobiota
along with application of metagenomics studies to screen the hospital environments, including
personnel, clinical devices, beds, etc., may provide further clues regarding the route of infection
followed by devising appropriate antifungal prophylaxis and infection control strategies.
Moreover, comparative typing studies may offer the most economic and resolutive typing
technique as an alternative for the relatively expensive whole genome sequencing. Finally, the
mechanism of antifungal resistance in many fungal species, especially the emerging Candida
and related yeast species, remains unclear. This is further complicated by species/clade-specific
difference in antifungal resistance determinants (125). Therefore, integration of various omics
technologies, such as whole genomics, transcriptomics, and proteomics are required to decipher
the antifungal resistance mechanism in details.
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Summary

The number of invasive fungal infections (IFIs) is increasing because of recent advancements
in pharmacology, i.e. use of immunosuppressant drugs, and medical interventions (surgeries),
overuse of antibiotics and antifungal prophylaxis in clinical settings, and an increasing number
of immunocompromised humans. Among the fungi, yeast species, especially of the form genus
Candida, are attributable for the vast majority of infections. The increase in infections caused
by non-albicans Candida (NAC) species joined by the expanding spectrum of fungal species
causing infections in humans resulted in a worrisome diagnostic challenge, especially in
developing countries. Sequencing of so-called barcodes, the internal transcribed spacers (ITS)
1 and 2 or the D1/D2 domains of the large subunit ribosomal DNA, and matrix-assisted laser
desorption time-of-flight (MALDI-TOF MS) are increasingly used to diagnose fungal infections
in developed countries, but due to being cost-prohibitive such devices are lacking in resource
poor countries. Here, the vast majority of identifications are performed by prone-to-error and
time consuming phenotypic and biochemical assays, potentially leading to misidentifications,
erroneous epidemiological studies, and neglecting the changing spectrum of emerging clinically
challenging yeast species, like C. auris. Fortunately, polymerase chain reaction (PCR) is widely
used in developing countries and it is recommended by the World Health Organization (WHO)
as a reliable and affordable diagnostic tool for such regions.
During our studies, I developed PCR-based diagnostic assays for clinically relevant yeasts and
eumycetoma agents. The yeast-related PCR-based assays were also deployed in conducting
epidemiological studies in a developing country (Iran) in order to address the microbiological
profiles and clinical outcomes of infections caused by yeast species. In the second chapter, we
gave an overview regarding the identification competence of clinical laboratories in developing
countries and showed the importance of molecular assays as a reliable alternative. In order to
identify the clinically most important yeast species, we developed a multiplex PCR assay, termed
YPMP, targeting the most predominant Candida, Cryptococcus, Trichosporon, Rhodotorula,
and Geotrichum species (Chapter 3). In the next study (Chapter 4), YPMP was challenged with
a wide range of yeast species isolates and when the results were compared with those from
sequencing showed 85% diagnostic accuracy and superiority over a widely used API 20 C AUX
assay. The rapidity of YPMP and the higher accuracy suggested that it can be used as a frontline
diagnostic tool and isolates that could not be identified by YPMP can be subsequently subjected
to API 20 C AUX resulting in an enhanced identification performance up to 92%. The persisting
gap of detecting all nine members of cryptic Candida species using a single PCR, prompted
us to develop a 9-plex PCR assay (Chapter 5). Application of this assay not only circumvents
the imperfections of biochemical assays, but also the shortcoming of Bruker MALDI-TOF MS
and sequencing of barcoding loci to identify Candida africana. Lack of reliable identification
tools that identify the widely emerging multidrug resistant Candida auris and its close relatives,
Candida haemulonii, Candida pseudohaemulonii, and Candida duobushaemulonii, encouraged
us to develop a conventional multiplex PCR, called tetraplex PCR (Chapter 6). Application of
our tetraplex PCR resulted in identification of C. pseudohaemulonii and C. haemulonii in China
and Iran for the first time. In the next step we developed another tetraplex real-time PCR to
detect C. auris and its close relatives directly from clinical samples (Chapter 7), which coincided
with the increasing number of studies implicating target species in candidemia. Our assay not
only showed 100% specificity and sensitivity when subjected to DNA samples obtained from
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closely- and distantly-related species, but also it could specifically detect up to 10 genomes of
the C. auris and one genome of close relatives from 500µl of serum samples spiked with the
DNA of the target species. Cyberlindnera fabianii was another yeast species that due to the
broad application of biochemical and phenotypic assays and the lack of a reliable PCR assay
is usually misidentified as Cyberlindnera jadinii or Wickerhamomyces anomalus leading to
underestimation of Cy. fabianii in clinical settings. We showed that using reliable identification
techniques, Cy. fabianii is more predominant in clinical settings than the other two species. We
developed a multiplex PCR that could successfully distinguish (100% specificity and sensitivity)
these species from one another (Chapter 8). In addition, an urgent need for diagnostic assays that
directly detect the most prevalent fungal agents causing eumycetoma prompted us to develop
a multiplex PCR assay (Chapter 9). Our PCR showed 100% specificity and sensitivity when
applied to a blind test sets containing DNA samples obtained from pure cultures of eumycetoma
causing fungi and tissue samples from patients suffering from eumycetoma.
During the second phase, the developed PCRs were used to conduct epidemiological studies
in Iran. First, we conducted an oral candidiasis (OC) study and observed the inefficiency
of nystatin for treatment of OC, the observation of Kluyveromces marxianus as the second
common cause of OC, and >98% of agreement between our PCR assays and MALDI-TOF
MS (Chapter 10). In the next steps, we performed multicenter studies focusing on diagnosing
and characterizing the most prevalent NAC species involved in blood infections in Iran. As
obvious physiological, genetic, and clinical differences were noted among NAC species, our
studies were conducted in a species-specific manner to address their most relevant clinical
and microbiological properties. Iranian Candida glabrata isolates showed a low degree of
antifungal resistance to azoles, but, interestingly, we revealed that genotyping and sequencing
of PDR1 might have prognostic value associated with mortality (Chapter 11). Moreover, we
found four C. nivariensis isolates, the close sibling of C. glabrata, exclusively from blood
samples (Chapter 12). All these four isolates were susceptible to all antifungals tested, but
two third of the infected patients died despite treatment with systemic antifungals. Besides,
application of the 9-plex PCR led to successful identification of all C. nivariensis and C. glabrata
isolates. Candida parapsilosis isolates showed limited resistance to antifungals, a high degree
of genetic similarity when analyzed by amplified fragment length polymorphism (AFLP), and
the city of origin was significantly associated with mortality (Chapter 13). A comprehensive
retrospective study (2014-2019) in a quest for identification of C. parapsilosis siblings resulted
in identification of 32 Candida orthopsilosis and one Candida metapsilosis isolates from various
clinical sources (Chapter 14). The 9-plex PCR not only successfully identified all members of
the C. parapsilosis species complex, but also showed superiority over MALDI-TOF MS and
rDNA sequencing to identify the causative agents of a blood isolate concurrently containing
C. parapsilosis and C. orthopsilosis. C. orthopsilosis and C. metapsilosis isolates were fully
susceptible to fluconazole and echinocandins, and AFLP profiles showed that the majority of
nail and blood isolates of C. orthopsilosis clustered together. Therefore, we hypothesized that
this species might be acquired from the hands of healthcare workers. Candida tropicalis was
the last NAC species studied, and the mortality rate of infections due to this species was high
(almost 60%) (Chapter 15). Unlike C. glabrata and C. parapsilosis, resistance to ≥ 2 azoles
were noted for almost 5% of C. tropicalis isolates and sequence analysis of UPC2, MRR1,
and TAC1 showed resistance-specific mutations. Consistent with some other studies and as
suggested by AFLP genotypes, we hypothesized that C. tropicalis might show clonal expansion
in healthcare settings, but comprehensive typing studies using highly resolutive techniques are
warranted to further verify this. Finally, for the first time we reported an environmental yeast,
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Wickerhamomyces myanmarensis, causing bloodstream infection in an immunocompetent
5.5 years old boy suffering from chronic gastric ulcer (Chapter 16). The blood isolate showed
an elevated fluconazole minimum inhibitory concentration. As this species could not not be
identified by MALDI-TOF MS and showed a high genetic similarity with Wickerhamomyces
anomalus, we developed a multiplex PCR to differentiate these species from each other.

Appendix

Nederlandse samenvatting
Ontwikkeling van identificatie-instrumenten voor fungi en evaluatie van
microbiologische en klinische profielen van Candida-soorten uit Iran
Het aantal invasieve schimmelinfecties (ISI’s) neemt toe vanwege recente ontwikkelingen in
de farmacologie, b.v. het gebruik van immunosuppressiva, medische interventies (operaties),
overmatig gebruik van antibiotica en antischimmelprofylaxe in klinische omgevingen, en een
toenemend aantal mensen met een verzwakt immuunsysteem. Gisten, ééncellige fungi, met
name van het geslacht Candida, veroorzaken de overgrote meerderheid van schimmelinfecties.
De toename van infecties veroorzaakt door Candida-soorten anders dan C. albicans samen
met de toename in de diversiteit van schimmelsoorten die infecties bij mensen veroorzaken,
resulteert in een diagnostische uitdaging, vooral in ontwikkelingslanden. Sequentiebepaling
van zogenaamde barcodes, de Internal Transcribed Spacers (ITS) 1 en 2 of de D1/D2-domeinen
van het grote subunit ribosomaal DNA (LSU rDNA) en Matrix-Assisted Laser Desorption
Time of Flight Massa Spectormetrie (MALDI-TOF MS) worden steeds vaker gebruikt om
schimmelinfecties in ontwikkelde landen te diagnosticeren, maar omdat deze benaderingen
kostbaar zijn ontbreken ze veelal in arme landen. Hier wordt de overgrote meerderheid van
identificaties uitgevoerd door foutgevoelige en tijdrovende fenotypische en biochemische
testen, wat mogelijk kan leiden tot verkeerde identificaties, foutieve epidemiologische studies en
het veronachtzamen van opkomende klinisch belangrijke gistsoorten, zoals C. auris. Gelukkig
wordt de polymerasekettingreactie (PCR) veel gebruikt in ontwikkelingslanden en wordt het
door de Wereldgezondheidsorganisatie (WHO) aanbevolen als een betrouwbaar en betaalbaar
diagnostisch hulpmiddel voor dergelijke regio’s.
Tijdens onze studies heb ik op PCR gebaseerde diagnostische tests ontwikkeld voor klinisch
relevante gisten en schimmels die eumycetoma veroorzaken. De gistgerelateerde PCRgebaseerde testen werden ook ingezet bij het uitvoeren van epidemiologische studies in een
ontwikkelingsland (Iran) om de microbiologische profielen en klinische resultaten van infecties
veroorzaakt door gistsoorten te bestuderen. In het tweede hoofdstuk wordt een overzicht
gegeven van de identificatieproblemen waar klinische laboratoria in ontwikkelingslanden oor
staan en het belang van moleculaire testen als een betrouwbaar alternatief. Om de klinisch
belangrijkste gistsoorten te identificeren, ontwikkelden we een multiplex PCR-test, YPMP
genaamd, gericht op de meest voorkomende Candida-, Cryptococcus-, Trichosporon-,
Rhodotorula- en Geotrichum-soorten (hoofdstuk 3). In de volgende studie (hoofdstuk 4) werd
YPMP getest met een breed scala aan isolaten van gistsoorten en de resultaten vergeleken met
die verkregen uit sequencing. Dit resulteerde in diagnostische nauwkeurigheid van 87% en
superioriteit ten opzichte van de veel gebruikte API 20 C AUX-test. De snelheid van YPMP en
de grote nauwkeurigheid suggereren dat het kan worden gebruikt als een eerstelijns diagnostisch
hulpmiddel en isolaten die niet konden worden geïdentificeerd door YPMP, kunnen vervolgens
worden onderworpen aan API 20 C AUX, wat resulteert in verbeterde identificatieprestaties
tot 92%. Een 9-plex PCR-test werd ontwikkeld om alle 9 cryptische soorten van C. albicans,
C. glabata en C. parapsilosis aan te tonen (hoofdstuk 5). Toepassing van dit assay voorkomt
de imperfecties van biochemische assays, maar ook de tekortkoming van MALDI-TOF MS en
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de sequence-analyse van barcodingsloci om Candida africana te identificeren. Het gebrek aan
betrouwbare identificatiehulpmiddelen om de wijdverspreide multiresistente Candida auris en
zijn verwanten Candida haemulonii, Candida pseudohaemulonii en Candida duobushaemulonii
te identificeren, zijn aanleiding geweest om een conventionele multiplex-PCR te ontwikkelen,
tetraplex-PCR genoemd (hoofdstuk 6). Toepassing van onze tetraplex-PCR resulteerde voor het
eerst in identificatie van C. pseudohaemulonii en C. haemulonii in China en Iran. In de volgende
stap ontwikkelden we nog een tetraplex real-time PCR om C. auris en zijn naaste verwanten
rechtstreeks uit klinische monsters te detecteren (hoofdstuk 7). Onze assay toonde niet alleen
100% specificiteit en gevoeligheid bij blootstelling aan DNA-monsters verkregen van nauwen minder verwante soorten, maar het kon ook specifiek tot 10 genomen van de C. auris en
één genoom van de verwante soorten in 500 µl serum detecteren. Cyberlindnera fabianii was
een andere gistsoort die vanwege de brede toepassing van biochemische en fenotypische tests
en het ontbreken van een betrouwbare PCR-test meestal verkeerd wordt geïdentificeerd als
Cyberlindnera jadinii of Wickerhamomyces anomalus, wat leidt tot onderschatting van Cy.
fabianii in de kliniek. We toonden aan dat met behulp van betrouwbare identificatietechnieken,
Cy. fabianii mer voorkomt in klinische omgevingen dan de andere twee soorten. We ontwikkelden
een multiplex-PCR die deze soorten met succes kon onderscheiden (100% specificiteit en
gevoeligheid) (hoofdstuk 8). De dringende behoefte aan een diagnostische test die direct de
meest voorkomende schimmels die eumycetoma’s veroorzaken kan detecteren en identificeren,
heeft ons ertoe aangezet hiervoor een multiplex-PCR-test te ontwikkelen (hoofdstuk 9). Onze
PCR toonde 100% specificiteit en gevoeligheid bij toepassing op een geblindeerde testset
met DNA-monsters verkregen uit cultures van de belangrijkste eumycetoma-veroorzakende
schimmels en weefselmonsters van patiënten met eumycetoma.
Tijdens de tweede fase werden de ontwikkelde PCR’s gebruikt om epidemiologische studies in
Iran uit te voeren. Eerst hebben we een orale candidiasis (OC) studie uitgevoerd en de inefficiëntie
van nystatine voor de behandeling van OC waargenomen, de observatie dat Kluyveromces
marxianus de tweede voorkomende oorzaak van OC is en dat er > 98% overeenstemming
tussen onze PCR-testen en MALDI-TOF MS is (Hoofdstuk 10). In de volgende stappen hebben
we multicenter-onderzoeken uitgevoerd, gericht op het diagnosticeren en karakteriseren
van de meest voorkomende Candida soorten anders dan C. albicans die betrokken zijn bij
bloedinfecties in Iran. Aangezien er voor de hand liggende fysiologische, genetische en klinische
verschillen tussen deze Candida soorten bestaan, zijn onze studies op een soortspecifieke
manier uitgevoerd om de meest relevante klinische en microbiologische eigenschappen van
deze soorten te bestuderen. Iraanse Candida glabrata isolaten vertoonden weinig resistentie
tegen azolen, maar we vonden dat genotypering en sequencing van PDR1 mogelijk een
prognostische waarde hebben in verband met mortaliteit (hoofdstuk 11). Bovendien vonden we
vier C. nivariensis-isolaten, de nauwe broer of zus van C. glabrata, uitsluitend in bloedmonsters
(hoofdstuk 12). Al deze vier isolaten waren gevoelig voor alle geteste antischimmelmiddelen,
maar twee derde van de geïnfecteerde patiënten stierf ondanks behandeling met systemische
antischimmelmiddelen. Bovendien leidde toepassing van de 9-plex PCR tot succesvolle
identificatie van alle isolaten van C. nivariensis en C. glabrata. Candida parapsilosis isolaten
vertoonden beperkte resistentie tegen antifungale middelen, een hoge mate van genetische
overeenkomst zoals vastgesteld met amplified fragment length polymorphism (AFLP), en de
stad van oorsprong bleek significant geassocieerd te zijn met mortaliteit (hoofdstuk 13). Een
zoektocht naar leden van het C. parapsilosis soorten complex resulteerde in de identificatie
van 32 Candida orthopsilosis isolaten en één Candida metapsilosis isolaat afkomstig van
verschillende klinische materialen (hoofdstuk 14). De 9-plex PCR identificeerde niet alleen met
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succes alle leden van het complex van C. parapsilosis-soorten, maar vertoonde ook superioriteit
ten opzichte van MS- en rDNA-sequenties en MALDI-TOF om de veroorzakers van een infectie
te identificeren veroorzaakt door C. parapsilosis en C. orthopsilosis. C. orthopsilosis en C.
metapsilosis isolaten waren gevoelig voor fluconazol en echinocandines, en AFLP-profielen
toonden aan dat het grootste deel van nagel- en bloedisolaten van C. orthopsilosis geclusterd
waren. Daarom veronderstellen we dat besmetting met deze soort kan worden veroorzaakt
via de handen van gezondheidswerkers. Candida tropicalis was de laatste Candida soort die
werd onderzocht en het sterftecijfer van infecties als gevolg van deze soort was hoog (bijna
60%) (hoofdstuk 15). In tegenstelling tot C. glabrata en C. parapsilosis werd resistentie tegen
≥ 2 azolen waargenomen voor bijna 5% van de isolaten en liet sequentie-analyse van UPC2,
MRR1 en TAC1 resistentie-specifieke mutaties zien. In overeenstemming met sommige andere
studies en zoals gesuggereerd door AFLP-genotypen, hebben we de hypothese dat C. tropicalis
zich klonaal kan verspreiden in gezondheidsinstellingen. Uitgebreide typeringsonderzoek
met hoge resolutie technieken zijn nodig om dit te bevestigen. Tot slot rapporteerden we voor
het eerst Wickerhamomyces myanmarensis die een bloedstroominfectie veroorzaakte bij een
immunocompetente jongen van 5,5 jaar die leed aan chronische maagzweren (hoofdstuk 16).
Het bloedisolaat vertoonde een verhoogde MIC voor fluconazol. Omdat deze soort niet kon
worden geïdentificeerd door MALDI-TOF MS en een hoge genetische overeenkomst vertoonde
met Wickerhamomyces anomalus hebben we een multiplex-PCR ontwikkeld om deze soorten
van elkaar te onderscheiden.
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