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Abstract The species belonging to the genus Fonsecaea are the main causative agents of chromoblastomycosis. The invasive potential of Fonsecaea
differs significantly among its various sibling species.
Moreover, the lack of clarity on the virulence and
availability of precise markers to distinguish and
detect Fonsecaea species is attributed to the different
ways of dissemination and pathogenicity. Therefore,
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the present study aimed to propose new molecular
tools to differentiate between sibling species causing
chromoblastomycosis. We used an infection model of
chromoblastomycosis in BALB/c to study speciesspecific molecular markers for the in vivo detection of
Fonsecaea species in biological samples. Specific
primers based on the CBF5 gene were developed for
Fonsecaea pedrosoi, Fonsecaea monophora, Fonsecaea nubica, and Fonsecaea pugnacius. In addition, a
padlock probe was designed for F. pugnacius based on
ITS sequences. We also assessed the specificity of
Fonsecaea species using in silico, in vitro, and in vivo
assays. The results showed that markers and probes
could effectively discriminate the species in both
clinical and environmental samples, enabling
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bioprospecting of agents of chromoblastomycosis,
thereby elucidating the infection route of the disease.
Keywords Chromoblastomycosis  Molecular
detection  RCA  Padlock probe  CBF5 gene 
Fonsecaea

Introduction
Human chromoblastomycosis (CBM) is a skin disease
that is exclusively caused by the members of order
Chaetothyriales (black yeasts and relatives). The
infection occurs through inoculation of the pathogen
by a trauma or injury caused by sharp natural
materials, such as plant thorns or wooden splinters
that carry the respective opportunistic pathogen. The
agents of the disease may be morphologically indistinguishable from their environmental counterparts.
The disease is one of the most prevalent implantation
mycoses in the world and occurs particularly in the
(sub)tropical regions of South America, Africa, and
China [1]. The genus Fonsecaea comprises cryptic
species related to the disease, known as F. pedrosoi, F.
monophora, and F. nubica [2]. All these species are
found in the environment and infect humans, and F.
pugnacius is a recently described agent of CBM [3].
The invasive potential of Fonsecaea differs significantly among the species [3, 4]. Species such as F.
pedrosoi, F. nubica, and Cladophialophora carrionii
are exclusively associated with skin diseases caused
by implantation, whereas F. monophora and
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Cladophialophora bantiana may also cause primary
brain infection by implantation and inhalation, respectively. The single strain known as F. pugnacius
behaved differently, as it causes a chronic condition
of CBM that finally leads to secondary cerebritis by
dissemination to the brain, despite the apparent intact
immunity of the patient [3]. This type of dissemination
and the apparent conversion to another invasive
morphology has not been observed in F. monophora
and C. bantiana, and the question arises whether this
virulent ability is characteristic of F. pugnacius [2, 3].
The traditional methods for the identification of
pathogenic fungi are based on morphological characteristics and antigen detection. However, these methods are time-consuming and have low specificity [5].
In general, rapid and accurate recognition of fungal
pathogens to the species or strain level is essential for
disease surveillance and implementation of disease
management strategies, especially for deep and disseminated infections. The development of direct
detection assays is challenging because fungal pathogens and opportunists may be present in human and
natural environments at a very low density [6]. In this
regard, Abliz et al. [7, 8] and Andrade et al. [9]
reported certain specific primers based on the rDNA
ITS spacer region of the CBM agents F. pedrosoi and
C. carrionii. Likewise, padlock probes have been used
in rolling circle amplification (RCA) to supplement
the diagnosis of several mycotic diseases [10]. These
methods demonstrated good reproducibility and sensitivity with CBM agents such as F. monophora, F.
nubica, F. pedrosoi, Cladophialophora, and Exophiala [11–13]. Moreover, the method has also been
applied for the diagnosis of infections caused by
Candida, Penicillium, Aspergillus, Scedosporium,
Cryptococcus, and Trichophyton [14–17].
The present study aims to propose new molecular
tools for discriminating the Fonsecaea sibling species
related to chromoblastomycosis. Novel specific primers using variations in the centromere microtubulebinding gene (CBF5) were developed for pathogenic
members of the genus Fonsecaea. In addition, a probe
based on the ITS sequence variations was proposed for
a rapid and sensitive assay using RCA to detect F.
pugnacius, a recently described species causing CBM
that took a fatal turn.
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GenBank Accession Numbers for the CBF5 Gene
and Species-Specific PCR Primers Design
for Fonsecaea Species

Materials and Methods
Fungal Strains and DNA Extraction

In order to design specific primers, the gene for
centromere/microtubule-binding protein cbf5 (CBF5)
of the species was used. The sequences were deposited
in GenBank (NCBI) as follows: F. erecta
(XM_018834995), F. nubica (XM_022646888), F.
monophora
(XM_022652626),
F.
pedrosoi
(XM_013424470), F. pugnacius (in progress), and
C. carrionii (KB822705) (Table 2). The sequences
were aligned using MAFFT v7 [20] (a multiple
sequence alignment program) and were used for in
silico screening. Based on the nucleotide polymorphisms, short informative regions with variations of
18–25 nucleotides were selected manually. The software Primer3 [21] was used to evaluate melting
temperatures, %GC contents, dimer sequences, and
mismatches in the sequences. Subsequently, the
primers were evaluated using the Mfold software
[22] for potential secondary structures, which could
reduce the amplification efficiency. The primers that
could generate products of different sizes for each
species to facilitate visualization via electrophoresis
were selected.

Fonsecaea and related species associated with CBM
that were used as references are presented in Table 1.
The following clinical strains were used for in vitro
assay: F. monophora (CBS 269.37), F. nubica (CBS
269.64), F. pedrosoi (CBS 271.37), F. pugnacius
(CBS 139214), F. brasiliensis (CMRP 2382), F.
multimorphosa (CBS 980.96), C. carrionii (CBS
160.54), Exophiala dermatitidis (CMRP 2768),
Cyphellophora ludoviensis (CMRP 1317), Sporothrix
brasiliensis (CMRP 1171), Histoplasma capsulatum
[18], Candida albicans (CMRP 3416); environmental
strains: Cladophialophora immunda (CMRP 2693), F.
erecta (CMRP 1635), and Penicillium sp. (CMRP
2968), Cladosporium sp. (CMRP 2959). For in vivo
assay F. pugnacius (CBS 139214) was used. The
strains were maintained at the Microbiological Cultures Collections of Paranaense Network/Taxonline
(http://taxonline.bio.br/) and Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands (CBS).
DNA was extracted as described previously [19].

Table 1 Strains used as the
template for in vitro and
in vivo primers and padlock
probe assays

T—type strain

Strain code

CBS code

Species

Source

Geograph

CMRP 3416
CMRP2383

–
CBS 160.54T

C. albicans
C. carrionii

Environmental
Human

Brazil/PR
Australia

CMRP 2959

–

C. halotolerans

Environmental

Brazil/PR

CMRP1724

CBS 126869T

C. immunda

Environmental

Brazil/MA

CMRP1317T

–

C. ludoviensis

Human

Brazil/MA
Japan

T

CMRP2768

CBS 207.35

E. dermatitidis

Human

CMRP2382

CBS 119710T

F. brasiliensis

Animal

Brazil/SE

CMRP1635

CBS 125763T

F. erecta

Environmental

Brazil/MA

CMRP1655

CBS 269.37T

F. monophora

Human

South Africa

CMRP1640

CBS 980.96T

F. multimorphosa

Animal

Australia

CMRP1657

CBS 269.64

T

F. nubica

Human

West Cameroon

CMRP1654

CBS 271.37T

F. pedrosoi

Human

South America

CMRP1343

CBS 139214T

F. pugnacius

Human

Brazil/MA

24A

–

H. capsulatum

Human

Brazil/PR

CMRP1171

–

S. brasiliensis

Animal

Brazil/PR
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Table 2 Primer species-specific FOMO, FONU, FOPE, and FOPU sequences and PCR conditions
Sequences (50 –30 )

[ ]DNA

[ ]MgCl2

Annealing

Amplicons

Access number

FOMO_F

TAAGCGCATATTGCGGGTAGAGAA

30 ng/lL

2 mM

60 °C

970pb

XM_022652626

FOMO_R

AAAGCGGATGAGAGGAAGTGG

FONU_F
FONU_R

AAGTCCCCAAACGGAACACT
CAGCAGCAATCCCAGGTGTA

30 ng/lL

2,5 mM

58 °C

363pb

XM_022646888

FOPE_F

AGCTCCAATTAACGTGACAATTC

15 ng/lL

2 mM

62 °C

500pb

XM_013424470

FOPE_R

TGACCCAGAAAACGCCAAGA

FOPU_F

CGATTCCTGTTGGTTGCAC

30 ng/lL

2 mM

58 °C

351pb

In progress

FOPU_R

TGAGAGGAGGTCGTTGAAATAGT

Nomenclature primers: FOMO—F. monophora, FONU—F. nubica, FOPE—F. pedrosoi, FOPU—F. pugnacius; the symbol [ ]
represents the concentration of the indicated compound, F—forward, and R—reverse

Species-Specific PCR and Assay Sensitivity

products, starting with 30 ng/lL and ending with
0.03 fg/lL [23].

The total DNA of Fonsecaea and the related species
associated with CBM and other pathogens described to
date in the literature was used as templates (Table 1) in
the PCRs for each pair of specific oligonucleotides for
the CBF5 gene. The reactions were performed in a
final volume of 25 lL, including 10 lL of Master Mix
PCR buffer containing 2.0–2.5 mM MgCl2, 400 mM
dNTPs each, and 50 U/mL Taq polymerase, 5.6 lL of
water, 1 lL of each of the forward and reverse
oligonucleotides (20 pmol/lL), and 2 lL of target
DNA. PCR was conducted as described by Rodrigues
et al. [19]. The PCR conditions were as follows: an
initial denaturing step of 5 min at 95 °C, followed by
35 cycles of 1 min at 95 °C, 1 min at the annealing
temperature, and 1 min at 72 °C, followed by a final
step of 10 min at 72 °C. The sensitivity of primers was
established using 10-fold serial dilutions of PCR

Padlock Probe Design for Fonsecaea pugnacius
The design of padlock probes for F. pugnacius
(FPgP) was based on the ITS sequence variations
among Fonsecaea species (Table 3). ITS sequences of
closely related species in Capronia, Cladophialophora, Cyphellophora, Exophiala, Fonsecaea, Phialophora, and Rhinocladiella were used as references
(Table S1). The sequences of ITS regions were
accessed from NCBI, aligned by MAFFT online
[20], and adjusted manually using MEGA7 software
[24] to identify single-nucleotide polymorphisms
(SNPs). To optimize the joining efficiency to target
DNAs, padlock probes were designed with minimal
secondary structure and with Tm of the 50 end probe
binding arm near to or above the ligation temperature

Table 3 ITS sequences of Fonsecaea species used as reference for padlock probe design
Strain code

Species

SNPs region

Access number

CBS 119710

Fonsecaea brasiliensis

30 GGACGCGGCACGATGGGCGGTCCTCCGGCG50

JN173784

CBS 125763

Fonsecaea erecta

30 GGACGCCGAGGTAGGCGATCCTCCGGCG50

KC886414

CBS 269.37

Fonsecaea monophora

30 GGCAACGCCCGCATTGAGCGGTCCTCCAGCG50

AY857511

0

0

CBS 980.96

Fonsecaea multimorphosa

3 GGACGCCGGGTAGGCGGTCCTCCGGCG5

CBS 269.64

Fonsecaea nubica

30 GGCAACACCCATATTAGGCGGTCCTCCGGCG50

EU93859

CBS 271.37

Fonsecaea pedrosoi

30 GGTAACACCCGCATTAGGCGGTCCTCCAGCG50

AY366914

CBS 139214

Fonsecaea pugnacius

30 GAGAACACCCGTGACAGGCGGTCCTCCAGCG50

KR706553

JF267657

Bold highlighted nucleotide indicates Fonsecaea ITS variation (SNPs) for all sequences used for padlock probe designing
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(63 °C). Further, to improve their discriminative
specificity, the 30 end binding arm was designed with
a Tm of 10–15 °C under ligation temperature. In order
to evaluate FPgP specificity, in silico assays were
performed using Primer-BLAST platform [25] and
different databases implemented in the online tool
(Ref-Seq mRNA, genome, non-redundant database)
and a validated in-house reference database for
filamentous fungi available at the Westerdijk Institute
[10].
ITS Amplification and Padlock Probe Ligation
ITS amplicons of Fonsecaea and related species
associated with CBM (Table 1) were produced with
primers ITS1 (50 TCCGTAGGTGAACCTTGCGG30 )
and ITS4 (50 TCCTCCGCTTATTGATATGC30 ), with
the following PCR conditions: 94 °C for 5 min,
followed by 35 cycles of 94 °C for 30 s, 60 °C for
30 s, and 72 °C for 1 min, with a final extension at
72 °C for 10 min. Amplification products were recognized by electrophoresis on 1.6% agarose gels. One
microliter of ITS amplicon was mixed with 2 U of pfu
DNA ligase (Epicentre Biotechnologies; Madison,
WI, USA) and 0.1 lmol L-1 padlock probe in
20 mmol L-1 Tris–HCl (pH 7.5), 20 mmol L-1
KCl, 10 mmol L-1 MgCl2, 0.1% IGEPAL,
0.01 mmol L-1 rATP, and 1 mmol L-1 DTT, with a
total reaction volume of 10 lL. Ligation conditions
were as follows: 94 °C for 5 min, followed by five
cycles of 94 °C for 30 s, and 4 min of ligation at
63 °C. The ligation was visualized by electrophoresis
on a 1% agarose gel. Exonucleolysis was used to
remove the unligated padlock probes and template
PCR products to reduce ligation-independent amplification events. This was performed in a 10 lL
reaction mixture containing 10 U each of exonucleases I and III (New England Biolabs; Hitchin, UK)
with incubation at 37 °C for 30 min, followed by
94 °C for 3 min to inactivate the exonuclease reaction
[12].
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distilled water with 2 lL ligation product as the
template. RCA conditions were as follows: 65 °C for
60 min, followed by 85 °C for 2 min to inactivate the
enzyme and stop the amplification. The results of RCA
reactions were visualized by electrophoresis in a 2%
agarose gel to validate the specificity of the probe–
template binding. Positive responses revealed a ladderlike structure, whereas negative responses showed
a clean background. The sensitivity of padlock probe
was evaluated to ensure reliable amplification at low
levels of target DNA by 10-fold serial dilutions of
PCR products, starting with 2 ng/lL and ending with
0.02 pg/lL [7].
Fonsecaea pugnacius in Animal Infection Model
An infection model was developed in immunocompetent 6–8-week-old male BALB/c mice infected with
F. pugnacius (CBS 139214). The animals were
maintained under standard laboratory conditions with
controlled temperature (23 ± 2 °C) and ad libitum
access to food and water. This model was used to
evaluate the efficiency of padlock probe in vivo to
validate the padlock probe (FPgP) specificity in
biological samples. The mice were divided into four
groups of six animals each; three groups were
inoculated with F. pugnacius, and one negative
control group was inoculated with sterile phosphatebuffered saline (PBS). Subsequently, the animals were
infected via intradermal (ID) and intraperitoneal (IP)
routes with 100 lL of 1 9 106 F. pugnacius propagules or sterile PBS. The mice were monitored weekly
for up to 21 days post-inoculation and were killed with
CO2 anesthesia in an appropriate chamber at 7, 14, and
21 days post-infection [8]. The samples of the brain,
lungs, liver, kidneys, footpad, and blood were aseptically collected from the infected mice and evaluated
with in vitro hybridization using F. pugnacius specific
primers (FOPU) and the padlock probe (FPgP).

Results
Rolling Circle Amplification
Rolling circle amplification (RCA) was executed for
all strains tested (Table 1) in a 12 lL reaction mixture
containing 8 U Bst DNA polymerase (New England
Biolabs), 400 lmol L-1 deoxynucleoside triphosphate mix, and 10 pmol of every RCA primer in

The oligonucleotide primers used for F. monophora
(FOMO), F. nubica (FONU), F. pedrosoi (FOPE), and
F. pugnacius (FOPU) were specific to the target
species studied. The primers amplified fragments of
different sizes under varying reaction conditions of
temperature and MgCl2 concentration (Table 2).
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PCRs of the specific primers generated amplicons of
different sizes for each pathogenic species of Fonsecaea, i.e., 970 bp for F. monophora, 363 bp for F.
nubica, 500 bp for F. pedrosoi, and 351 bp for F.
pugnacius. Sensitivity assays demonstrated that the
FOPU primers could detect F. pugnacius up to a DNA
concentration of 30 ng/lL, whereas FOMO, FONU,
and FOPE primers could detect concentrations only up
to 3 ng/lL (Fig. 1).
The RCA padlock probe for F. pugnacius (FPgP)
was designed based on the rDNA ITS region, as

described by Najafzadeh et al. [21] for F. pedrosoi, F.
monophora, and F. nubica. The padlock probe
designed had 94 bp as follows: 50 P-cagggcggtcctccagcggatcaTGCTTCTTCGGTGCCCATtacgaggtgcggatagctacCGCGCAGACACGATAgtctagagaa
cacccgtga30 , with annealing and melting temperatures
of 47.4 °C and 62.4 °C, respectively (Table 4). The in
silico assays demonstrated that the RCA padlock
probe designed was specific to F. pugnacius (Fig. 2).
Optimal results for RCA padlock probe specificity
were obtained at a concentration of 10-5 lM using

Fig. 1 Electrophoresis of the DNA samples amplified with
specific primer sets. a PCRs with specific primers. Ladder (M),
F. monophora, F. nubica, F. pedrosoi, F. pugnacius and
negative controls shown in lanes 1–6, 7–12, 13–18, and 19–24,
respectively, with the following specific positive reactions: F.
monophora/FOMO (lane 2), F. nubica/FONU (lane 9), F.

pedrosoi/FOPE (lane 16), and F. pugnacius/FOPU (lane 23).
b Sensitivity assays for primers FOMO, FONU, FOPE, and
FOPU using 10-fold serial dilutions from 30 ng to 0.03 fg.
Nomenclature primers used: FOMO = F. monophora, FONU =
F. nubica, FOPE = F. pedrosoi; FOPU = F. pugnacius
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Table 4 Rolling circle amplification padlock probes used in this study
Sequences (50 –30 )
RCA1

50 ATGGGCACCGAAGAAGCA 30

RCA2

50 CGCGCAGACACGATA 30

Probe FPgP

50 P—99CAGGGCGGTCCTCCAGCG83
gatcaTGCTTCTTCGGTGCCCATtacgaggtgcggatagctac CGCGCAGACACGATAgtcta
113GAGAACACCCGTGA100 30

Nomenclature probe: FPgP—F. pugnacious padlock probe; the underlined sequences are the binding arm of padlock probe

Fig. 2 Amplification profile of Fonsecaea pugnacius RCA
padlock probe. a M. Ladder 1 kb; lanes 1–15 Fonsecaea sibling
species and reference strains: 1. F. erecta; 2. F. brasiliensis; 3.
F. monophora; 4. F. multimorphosa; 5. F. nubica; 6. F.
pedrosoi; 7. Cladophialophora immunda; 8. Cladosporium
halotolerans; 9. Candida albicans; 10. Sporothrix brasiliensis;
11. Cladophialophora carrionii; 12. Cyphellophora

ludoviensis; 13. Exophiala dermatitidis; 14. Histoplasma
capsulatum; 15. F. pugnacius. b Sensitivity assays of RCA
probe FPgP using F. pugnacius ITS amplicons as shown in the
lanes: M. Ladder 1 Kb; 1. 2.87 9 109; 2. 2.87 9 108; 3.
2.87 9 107; 4. 2.87 9 106; 5. 2.87 9 105; 6. 2.8 9 104; 7.
2.8 9 103; 8. 2.8 9 102

PCR products diluted at 2 ng/lL (Fig. 2a, b). The
RCA reaction amplification limit was observed at a
dilution of 10-5 PCR product (0.03 pg/lL), representing 109 DNA copies according to Avogadro’s
number (Fig. 2c).
Concerning the animal model infection by F.
pugnacius, none of the infected animals presented
neurological symptoms. The BALB/c mice infected
via the ID route presented necrosis and swelling in the
footpad tissues (Fig. 3a). The fungus was recovered
only from the lungs (Fig. 3b). The DNA tissue
samples (lungs, kidneys, liver, brain, footpad, and
blood) of all animals tested were evaluated in vitro
using the RCA probe and CBF5 primers. All collected
samples reported positive results for DNA viability
using the b-actin gene amplification (Fig. 3c). In vitro

assays with the RCA probe demonstrated positive
results for the brain, lungs, and footpad samples from
the mice (Fig. 3d). It was not possible to detect the
presence of the F. pugnacius DNA in biological
samples using CBF5 primers, which can be explained
by the low concentration of DNA in the samples.

Discussion
Chromoblastomycosis (CBM) is considered to be the
second most prevalent fungal implantation mycosis
worldwide. It is characterized by chronic cutaneous
and subcutaneous lesions that develop at the site of
previous transcutaneous trauma. The causative agents
of CBM are found in decaying plant debris, including
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Fig. 3 In vitro assays with the rolling circle amplifications
probe to detect F. pugnacius in biological samples. a Indicator
showing footpad necrosis lesion and swelling in intradermal
pathway in the infected BALB/c mice; b re-isolated F.
pugnacius colony from BALB/c lung; c qualitative evaluation,
with b-actin primers, of genomic DNA extracted from mice
samples being demonstrated in lanes 1–6: M. Ladder 1 Kb; 1.
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F8 brain; 2. F8 kidney; 3. F8 liver; 4. F8 lung; 5. F8 footpad; 6.
F8 blank; d specificity RCA padlock probe FPgP being
demonstrated in lanes: M. Ladder 1 Kb; P. F. pugnacius
DNA; C ?. F. pugnacius DNA mixed with BALB/c DNA;
C-. F. nubica DNA mixed with BALB/c DNA; 1. F8 brain;
2. F8 kidney; 3. F8 liver; 4. F8 lung; 5. F8 footpad

Mycopathologia (2019) 184:493–504

wood and soil microbiota. Main causative agents are
F. pedrosoi, F. monophora, and C. carrionii [1, 2].
Recently, a new causative agent, F. pugnacius, was
described that resulted in cerebral dissemination, and
thus was a variation to the primary cerebral cases
caused by F. monophora [4]. However, infection
sources and routes, and clinical evolution have not
been entirely elucidated, partly owing to the lack of
detection markers.
In general, diagnosis of CBM involves clinical and
laboratory evaluation of tissue samples by direct
microscopy to visualize muriform cells, followed by
identification by sequencing [9, 26], usually involving
the ITS fungal barcoding region [27, 28]. Moreover,
serological tests have been developed to aid in CBM
diagnosis although these are not routinely applied
because of relatively low sensitivity and specificity,
making new techniques more rapid and cost-effective
for the diagnosis of CBM and other diseases caused by
the black yeast-like fungi [29].
Currently, non-culture methods are being used to
improve the sensitivity and specificity of mycological
diagnosis [29]. Several studies have been published on
the identification of specific CBM agents [12, 14, 30].
Although the ITS region efficiently detects specific
causative agents, it is not always recommended
because molecular identification may be hampered
by sequence variability in the ITS domain caused by
difficult-to-sequence homopolymeric regions [25]. In
the present study, we developed primers to partially
amplify the CBF5 gene encoding a small nucleolar
ribonucleoprotein required for the correct processing
of rRNA. Kendall et al. [31] reported that CBF5
gene mutation is relates to RNA-binding and pseudouridine (w) synthase activity. This mutation was
considered as an evolutionarily conserved mutation in
Saccharomyces cerevisiae [32].
Pseudouridine (w), a C-glycoside isomer of uridine,
is the most common single-nucleotide modification
found in functional RNA and often appears in highly
conserved regions of homologous RNAs [33]. Several
lines of evidence suggest an important role for this
base modification in ribosome activity [34]. It has
been hypothesized that w is an essential component of
proper RNA folding and function [33]. In addition,
this protein has been associated with pathogenicity
and virulence in several microorganisms. When
incorporated into RNA, w alters the RNA structure,
increases the base stacking, improves base-pairing,

501

and rigidifies the sugar–phosphate backbone. Earlier
studies have also linked w, either directly or indirectly,
to several human diseases [35].
We used the single mutation observed in this region
to develop primers. The specific primers demonstrated
specificity for the target variable region among the
clinically cryptic Fonsecaea species. Moreover, the
primers demonstrated high specificity in the regions
selected for primer designing. No cross-reactions were
observed with any of the 15 reference strains analyzed
in the comparison (Fig. 2a). Sensitivity assays
reported specific primers to detect low DNA concentrations (Fig. 2b). The novel molecular markers for
Fonsecaea agents of CBM are very accurate, as
demonstrated by 100% specificity of unambiguous
profiles using gel electrophoresis.
The advantage of isothermal amplification methods
is that these systems do not require a thermal cycler to
produce, but just a simple platform, such as a heating
block or water bath. Detection by loop-mediated
isothermal amplification (LAMP) or RCA has become
increasingly popular for SNP detection to rapidly
identify the fungus in a variety of samples [6]. RCA
has been proven to be useful for ultra-high specificity
reactions. In this isothermal enzymatic process, a short
DNA or RNA primer is amplified to form a long,
single-stranded DNA fragment using a circular DNA
template and special DNA polymerases. The method
is particularly useful to differentiate closely related
species or genotypes within species, which may differ
by a single SNP only. The RCA padlock probe detects
SNPs by creating a circular form to bind to the target
DNA and to efficiently decrease the risk of nonspecific
sequence replication. Accordingly, RCA is more
potent compared to its linear alternative, yielding
109 or more copies of a circular sequence within an
hour [36].
In general, applicability of RCA padlock probe can
range from bioprospecting, biotechnological potential
[37], and biosensing [38] to diagnostic of viral [39]
and bacterial [40] infections. Besides, some studies
have already distinguished several CBM agents of the
genus F. pedrosoi, F. nubica [10], and C. carrionii
[13] and associated CBM species such as Exophiala
[11, 12] and Cyphellophora [43]. Several studies have
reported the application of the RCA padlock probe to
detect species-specific fungal diseases with great
public impact, e.g., in opportunistic infections caused
by species of Candida [16], Aspergillus [16], and
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Cryptococcus [7, 41]; agents associated with systemic
infections such as Histoplasma [18], Fusarium [42]
and Talaromyces marneffei [15]; and dermatophytoses
caused by species of the genus Trichophyton [17].
The RCA padlock probe (FPgP) in the present study
demonstrated greater sensitivity than previously
reported probes developed for Fonsecaea species
[13, 15]. Given the specificity of the RCA padlock
probes, RCA was judged to be suitable for Fonsecaea
detection and species differentiation without sequencing in a wide range of biological samples. The
establishment of the test is relatively expensive;
however, with high-throughput applications, the performance of testing will be rapid and cost-effective.
Moreover, the developed specific primers could be
useful for routine testing in clinical laboratories that
screen a large number of samples.
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9. Cañete-Gibas CF, Wiederhold NP. The black yeasts: an
update on species identification and diagnosis. Curr Fungal
Infect Rep. 2018;12(2):59–65. https://doi.org/10.1007/
s12281-018-0314-0.
10. Najafzadeh MJ, Sun J, Vicente VA, De Hoog GS. Rapid
identification of fungal pathogens by rolling circle amplification using Fonsecaea as a model. Mycoses.

Mycopathologia (2019) 184:493–504

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

2011;54(5):577–82. https://doi.org/10.1111/j.1439-0507.
2010.01995.x.
Najafzadeh MJ, Dolatabadi S, Saradeghi Keisari M, Naseri
A, Feng P, de Hoog GS. Detection and identification of
opportunistic Exophiala species using the rolling circle
amplification of ribosomal internal transcribed spacers.
J Microbiol Methods. 2013;94(3):338–42. https://doi.org/
10.1016/j.mimet.2013.06.026.
Najafzadeh MJ, Vicente VA, Feng P, Naseri A, Sun J,
Rezaei-Matehkolaei A, et al. Rapid identification of seven
waterborne Exophiala species by RCA DNA padlock
probes. Mycopathologia. 2018;183(4):669–77. https://doi.
org/10.1007/s11046-018-0256-7.
Hamzehei H, Yazdanparast SA, Mohammad Davoudi M,
Khodavaisy S, Golehkheyli M, Ansari S, et al. Use of
Rolling Circle Amplification to rapidly identify species of
Cladophialophora potentially causing human infection.
Mycopathologia. 2013;175(5):431–8. https://doi.org/10.
1007/s11046-013-9630-7.
Sun J, Najafzadeh MJ, Vicente VA, de Hoog SG. Rapid
detection of pathogenic fungi using loop-mediated isothermal amplification, exemplified by Fonsecaea agents of
chromoblastomycosis.
J
Microbiol
Methods.
2010;80(1):19–24. https://doi.org/10.1016/j.mimet.2009.
10.002.
Sun J, Najafzadeh MJ, Zhang J, Vicente VA, Xi L, de Hoog
GS. Molecular identification of Penicillium marneffei using
rolling circle amplification. Mycoses. 2011;54(6):751–9.
https://doi.org/10.1111/j.1439-0507.2011.02017.x.
Zhou X, Kong F, Sorrell TC, Wang H, Duan Y, Chen SCA.
Practical method for detection and identification of Candida, Aspergillus, and Scedosporium spp. by use of rollingcircle amplification. J Clin Microbiol. 2008;46(7):2423–7.
https://doi.org/10.1128/jcm.00420-08.
Zakeri H, Shokohi T, Badali H, Mayahi S, Didehdar M. Use
of padlock probes and rolling circle amplification (RCA) for
rapid identification of Trichophyton species, related to
human and animal disorder. Jundishapur J Microbiol.
2015;8(7):1–5. https://doi.org/10.5812/jjm.19107v2.
Furuie JL, Sun J, do Nascimento MMF, Gomes RR, Waculicz-Andrade CE, Sessegolo GC, et al. Molecular identification of Histoplasma capsulatum using rolling circle
amplification. Mycoses. 2015;59(1):12–9. https://doi.org/
10.1111/myc.12426.
Vicente VA, Attili-Angelis D, Pie MR, Queiroz-Telles F,
Cruz LM, Najafzadeh MJ, et al. Environmental isolation of
black yeast-like fungi involved in human infection. Stud
Mycol [Internet] CBS-KNAW Fungal Biodiversity Centre.
2008;61:137–44. https://doi.org/10.3114/sim.2008.61.14.
Katoh K, Rozewicki J, Yamada KD. MAFFT online service:
multiple sequence alignment, interactive sequence choice
and visualization. Brief Bioinform. 2017. https://doi.org/10.
1093/bib/bbx108.
Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth
BC, Remm M, et al. Primer3-new capabilities and interfaces. Nucl Acids Res. 2012;40(15):1–12. https://doi.org/
10.1093/nar/gks596.
Zuker M. Mfold web server for nucleic acid folding and
hybridization
prediction.
Nucl
Acids
Res.
2003;13(13):3406–15. https://doi.org/10.1093/nar/gkg595.

503
23. Rodrigues AM, de Hoog GS, de Camargo ZP. Molecular
diagnosis of pathogenic Sporothrix species. PLoS Negl
Trop Dis. 2015;9(12):1–22. https://doi.org/10.1371/journal.
pntd.0004190.
24. Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics analysis version 7.0 for bigger datasets.
Mol Biol Evol. 2016;33(7):1870–4. https://doi.org/10.1093/
molbev/msw054.
25. Heinrichs G, De Hoog GS, Haase G. Barcode identifiers as a
practical tool for reliable species assignment of medically
important black yeast species. J Clin Microbiol.
2012;50(9):3023–30. https://doi.org/10.1128/JCM.0057412.
26. Mouchalouat MDF, Clara M, Galhardo G, Cezar P, Fialho
M, Tavares S, et al. Chromoblastomycosis: a clinical and
molecular study of 18 cases in Rio de Janeiro, Brazil. Int J
Dermatol. 2011;50(8):981–6. https://doi.org/10.1111/j.
1365-4632.2010.04729.x.
27. Abliz P, Fukushima K, Takizawa K, Nieda N, Miyaji M,
Nishimura K. Rapid identification of the genus Fonsecaea
by PCR with specific oligonucleotide primers. J Clin
Microbiol. 2003;41(3):873–6. https://doi.org/10.1128/JCM.
41.2.873-876.2003.
28. Abliz P, Fukushima K, Takizawa K, Miyaji M, Nishimura
K. Specific oligonucleotide primers for identification of
Cladophialophora carrionii, a causative agent of chromoblastomycosis. J Clin Microbiol. 2004;42(1):404–7.
https://doi.org/10.1128/JCM.42.1.404-407.2004.
29. Feng P, de Hoog SG. Fonsecaea and Chromoblastomycosis.
Curr Prog Med Mycol. 2017;30:333–53. https://doi.org/10.
1007/978-3-319-64113-3.
30. de Andrade TS, Cury AE, de Castro LGM, Hirata MH,
Hirata RDC. Rapid identification of Fonsecaea by duplex
polymerase chain reaction in isolates from patients with
chromoblastomycosis. Diagn Microbiol Infect Dis.
2007;57(3):267–72. https://doi.org/10.1016/j.diagmicrobio.
2006.08.024.
31. Kendall A, Hull MW, Bertrand E, Good PD, Singer RH,
Engelke DR. A CBF5 mutation that disrupts nucleolar
localization of early tRNA biosynthesis in yeast also suppresses tRNA gene-mediated transcriptional silencing. Proc
Natl Acad Sci. 2000;97(24):13108–13. https://doi.org/10.
1073/pnas.240454997.
32. Gu B-W, Bessler M, Mason PJ. A pathogenic dyskerin
mutation impairs proliferation and activates a DNA damage
response independent of telomere length in mice. Proc Natl
Acad Sci. 2008;105(29):10173–8. https://doi.org/10.1073/
pnas.0803559105.
33. Ofengand J. Ribosomal RNA pseudouridines and pseudouridine synthases. FEBS Lett. 2002;514(1):17–25.
https://doi.org/10.1016/S0014-5793(02)02305-0.
34. Jeanteur P, Amaldi F, Attardi G. Partial sequence analysis of
ribosomal RNA from HeLa cells: II. Evidence for sequences
of non-ribosomal type in 45 and 32 s ribosomal RNA precursors. J Mol Biol. 1968;33(3):757–75. https://doi.org/10.
1016/0022-2836(68)90318-5.
35. Ge J, Yu YT. RNA pseudouridylation: new insights into an
old modification. Trends Biochem Sci. 2013;38(4):210–8.
https://doi.org/10.1016/j.tibs.2013.01.002.
36. Demidov VV. Rolling-circle amplification in DNA diagnostics: the power of simplicity. Expert Rev Mol Diagn.

123

504

37.

38.

39.

40.

41.

Mycopathologia (2019) 184:493–504
2002;2(6):542–8.
https://doi.org/10.1586/14737159.2.6.
542.
Zhao W, Ali MM, Brook MA, Li Y. Rolling circle amplification: applications in nanotechnology and biodetection
with functional nucleic acids. Angew Chemie Int Ed.
2008;47(34):6330–7.
https://doi.org/10.1002/anie.
200705982.
Kobori T, Takahashi H. Expanding possibilities of Rolling
Circle Amplification as a biosensing platform. Anal Sci.
2014;30(1):59–64. https://doi.org/10.2116/analsci.30.59.
Schubert J, Habekuß A, Kazmaier K, Jeske H. Surveying
cereal-infecting geminiviruses in Germany-diagnostics and
direct sequencing using rolling circle amplification. Virus
Res. 2007;127(1):61–70. https://doi.org/10.1016/j.virusres.
2007.03.018.
Tong Z, Kong F, Wang B, Zeng X, Gilbert GL. A practical
method for subtyping of Streptococcus agalactiae serotype
III, of human origin, using rolling circle amplification.
J Microbiol Methods. 2007;70(1):39–44. https://doi.org/10.
1016/j.mimet.2007.03.010.
Trilles L, Wang B, Firacative C, Lazéra MDS, Wanke B,
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