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Abstract

Introduction Multiplex quantitative polymerase chain reaction (qPCR) methods for the detection of Aspergillus spp. based
only on SYBR Green and melting curve analysis of PCR products are difficult to develop because most targets are located
within ITS regions. The aim of this study was to adapt our previously developed methodology based on a multiplex PCR
assay coupled with GeneScan analysis to provide a gPCR method.

Methods A SYBR Green-based real-time PCR assay was optimized to detect A. fumigatus, A. flavus, A. niger, A. terreus,
and R. arrhizus in a multiplex assay and applied to cultured fungi and spiked plasma.

Results Different melting temperatures allowed identification of all five pathogens and discrimination between them, even
in samples with low amounts of fungal gDNA (from 1.3 to 33.0 pg/pL), which has been reported previously as problematic.
No false-positive results were obtained for non-target species, including bacteria and human DNA. This method allowed
detection of fungal pathogens in human plasma spiked with fungal DNA and in coinfections of A. niger/R. arrhizus.
Discussion This work provides evidence for the use of a qPCR multiplex method based on SYBR Green and melting curve
analysis of PCR products for the detection of A. fumigatus, A. flavus, A. niger, A. terreus, and R. arrhizus. The proposed
method is simpler and less expensive than available kits based on fluorescent probes and can be used for aiding diagnosis of
the most relevant invasive filamentous fungi, particularly in low-income health care institutions.
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Aspergillus spp. are found in nature, being present in the

The present work contributes an optimized method to
detect Aspergillus spp. and Rhizopus arrhizus.

soil as saprophytes that sporulate with abundance, releasing
conidia into the environment. Conidia inhalation is the pri-

Using a quantitative PCR methodology, the detection of mary route of human infection and, in immunocompromised
fungal pathogens can be performed in a simpler and less patients, it can lead to invasive infections, linked with high
expensive way. rates of mortality and morbidity [1, 2]. The main etiologic

. . agent of invasive aspergillosis is Aspergillus fumigatus,
Our methpd S}.IOWS .the ability to deliver fast (~1.5 h) and which is associated with more than 300,000 cases per year
accu'ra?te 1dent1ﬁcat10n Of: th.e most freguent ﬁl.amentous [3, 4] and a mortality rate of 30-70% [3, 5, 6]. However,
fungi involved in systemic infections in one single step,

) ) e ; ) other Aspergillus species are emerging as successful patho-
showing great potential for aiding diagnosis of these

gens that can also cause severe invasive infections, such as

infections. A. niger, A. flavus, and A. terreus [7]. Isavuconazole and
voriconazole are the preferred agents for first-line treatment
of pulmonary invasive aspergillosis, whereas liposomal
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amphotericin B is moderately supported [8]. However, a fast,
accurate, and reliable diagnosis is crucial for an appropri-
ate therapeutic plan, leading to less time in intensive care
units and higher survival rates. This is also critical for the
hospital itself, since it was shown that invasive aspergillosis
hospitalizations in United States topped US$600 million [9].

Infections caused by fungi of the order Mucorales are
also considered as emerging infections, associated with
high mortality rates [3, 10]. Mucormycosis is the third
most common fungal infection, after the ones caused by
Candida and Aspergillus. Mucormycosis can be caused by
fungal pathogens of different genera, including Rhizopus,
Apophysomyces and Lichtheimia, Rhizomucor, Mucor, and
Cunninghamella. Though Rhizopus is predominant world-
wide, Apophysomyces and Lichtheimia species are rising in
predominance in Asia and Europe, respectively [11]. Rhizo-
pus arrhizus, formerly called R. oryzae, is linked to over
10,000 cases per year [3, 10, 12]. Similarly to what happens
in invasive aspergillosis, mucormycosis also mainly affects
immunocompromised patients, such as patients with hema-
tological malignancy, solid organ transplants, corticosteroid
therapy, and even patients with diabetes mellitus [10, 12,
13]. Rhinocerebral mucormycosis is considered the most
common type, accounting for 33-55% of the infections [12];
however, disseminated mucormycosis is the most severe
condition, being commonly associated with patients with
a hematological condition in 23-62% of the cases [14—16].
Mortality rates for mucormycosis range from 40 to 80% with
varying rates depending on underlying conditions and sites
of infection [11]. Improved survival is related to earlier diag-
nosis and application of early treatment approaches involv-
ing aggressive surgical debridement followed by antifungal
therapy. Treatment with liposomal amphotericin B is highly
recommended while intravenous isavuconazole and intra-
venous or delayed-release posaconazole tablet are recom-
mended with moderate strength [17]. However, depending
on the geographical location, not all recommended treat-
ments are available and the clinical status of the patient must
also be considered (see recommendation on the [17] review).

The proper way to diagnose invasive aspergillosis and
mucormycosis is by achieving a proven diagnosis, through
cultures, direct microscopy, and histopathology, using speci-
mens from sterile sites [18, 19]. Although these traditional
methodologies fall short in terms of turn-around time and
sensitivity, they continue to be employed for comparison
and confirmation [20]. These techniques still require a
trained mycologist to differentiate fungal species, espe-
cially with the similar microscopic morphology of fungal
structures. Regarding invasive aspergillosis diagnosis, direct
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microscopy, preferably using optical brighteners, histopa-
thology, and culture, are strongly recommended [8]. Still, the
majority of Aspergillus spp. are rarely isolated from CSF and
blood cultures, even in disseminated infections, with sen-
sitivity values ranging from 1 to 5% [21, 22]. On the other
hand, bronchoalveolar fluid (BAL) cultures present sensitiv-
ity values of 47.4%, but BAL are not samples from a sterile
site, which introduces the variable of contamination [23].
Traditional cultures, when applied to diagnose mucormyco-
sis, are commonly linked to blood, BAL, and CSF samples;
however, the overall sensitivity is < 40% and the results are
falsely negative in over 50% of mucormycosis cases [24—26].
In order to overcome the limitations associated with tradi-
tional methodologies, serum and BAL galactomannan (GM)
measures are recommended as markers for the diagnosis of
invasive aspergillosis. ELISA Platelia Aspergillus assay™
(Bio-Rad, USA), FDA approved, is the most frequently used
kit in the clinical context to specifically detect GM. This
assay was optimized for serum and showed sensitivity val-
ues ranging from 44 to 100% and specificity capacity rang-
ing from 78.6 to 100% [27, 28]. Regarding mucormycosis,
Fungitell Assay is not indicated, since Rhizopus and other
Mucorales species are known to produce very low levels of
B-(1,3)-p-glucan [29] and there are no other commercially
available antigen assays to aid the diagnosis [26].
Polymerase chain reaction (PCR)-based methodolo-
gies, generally, are directly applied to clinical samples from
sterile and non-sterile sites, to detect fungal DNA. These
techniques detect the genetic material of the pathogen, in
singleplex or multiplex reactions using specific primers, and
the PCR products are analyzed through several techniques
such as sequencing [30-32], fluorescence in situ hybridiza-
tion (FISH) [33], restriction fragment length polymorphism
(RFLP) [20, 34], capillary electrophoresis [35], melting
curve analysis (MCA) [30, 36] or with the direct use of
probes [31, 37, 38]. However, in clinical settings the pre-
ferred methodology is quantitative real-time PCR (qPCR),
since the reaction occurs in an entirely closed system avoid-
ing contamination, and with low hands-on time. There are
several commercially available qPCR Kkits that can be used in
clinical laboratories to aid diagnosis of invasive aspergillo-
sis and mucormycosis. Table 1 presents the most frequently
used kits. Implementation of PCR-based methods in consen-
sus definitions guidelines for diagnosing invasive fungal dis-
eases (IFD) has been difficult due to limited standardization,
however, the ISHAM Fungal PCR Initiative Working Group
(www.fpcri.eu) has been working on these standardizations
and the 2017 ESCMID-ECMM-ERS guideline indicates
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that PCR should be considered in conjunction with other
diagnostic tests [8].

Most commercial kits are probe-based amplification
gPCR methods that require different fluorescence combina-
tions when multiplexed and a differentiated qPCR instru-
ment, making this technique expensive. The main objective
of this work was to adapt a previously developed GeneScan-
based multiplex PCR method [35] for the detection of sys-
temic fungal infections to a multiplex JPCR method based
on SYBR Green and melting curve analysis of PCR prod-
ucts. The formerly developed methodology presented a panel
for filamentous fungi that was able to specifically identify
and distinguish Aspergillus spp. (A. fumigatus, A. niger, A.

flavus, and A. terreus) and R. arrhizus [35]. However, this
methodology was based on two steps after DNA extraction
from clinical samples, the multiplex PCR reaction and a cap-
illary electrophoresis for the separation of PCR products and
size determination by GeneScan analysis. An extra step for
species identification in the clinical setting is considered a
drawback. Thus, in this study, the previously describe meth-
odology was changed from a two-step technique after DNA
extraction to a one-step method. The adapted qPCR method
was designed as a simple and cost-effective technique. The
developed qPCR multiplex method was able to deliver fast
and accurate results in a more cost-effective manner and
can be used in low-income hospitals, or in situations where

Table 1 List of commercially available quantitative PCR-based assays for detection of pathogenic fungi

Product Assay method Detected species Specimens Sensitivity/specificity References
MycAssay™ Aspergillus qPCR method (probes — 18 Aspergillus spp. BAL 80-100%/82.4-98.6% [54-56]
(Microgen Bioproducts molecular beacons) Serum
Ltd., Camberley, UK)
Fungiplex® Aspergillus and gPCR method (probes) A. fumigatus WB 60%/91.2% [57, 58]
Fungiplex® Aspergillus A. terreus Serum
azole-R (Bruker Corpora- A. niger Plasma
tion, Billerica, US) A. flavus BAL
Azole resistance markers
(TR34 and TR46)
Aspergillus spp. ELITe gPCR method (probes) A. niger BAL 90-100%/91.2% [59, 60]
MGB® (ELITech Group, A. terreus BA
Puteaux, France) A. flavus
A. nidulans
A. versicolor
A. glaucus
AsperGenius® (PathoNos- qPCR method (probes) A. fumigatus BAL 65.5-88.9%/77.8-93.3% [54, 55, 61-64]
tics) A. terreus Serum
Plasma
Biopsy
CSF
MycoReal Aspergillus qPCR method (MCA A. fumigatus BAL NA [56, 65, 66]
(Ingenetix) analysis) A. flavus WB
A. niger CSF
A. terreus Tissues
A. nidulans
AspID (Olm Diagnostics) qPCR method (probes) A. terreus BAL 94.1%176.5% [67-69]
MucorGenius® (PathoNos- qPCR method (probes) Rhizopus spp. BAL 75-90%/97.9% [70-74]
tics) Mucor spp. Biopsy
Lichtheimia spp. Serum
Cunninghamella spp.
Rhizomucor spp.
MycoGENIE® Aspergil- qPCR method (probes) Aspergillus spp. Serum 71-100%/84.6-100% [58, 67, 68]
lus and Mucorales spp. Mucorales spp. BAL
and MycoGENIE® A. fumigatus with azole Biopsy

A. fumigatus TR34 and
L98H (Ademtech, Pessac,
France)

resistance markers

BA bronchial aspirate, BAL bronchoalveolar fluid, CSF cerebrospinal fluid, NA not available, gPCR quantitative polymerase chain reaction, WB

whole blood
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the qPCR instrument is not suitable for multiplex reactions
based on probes with different fluorescence wavelengths.

2 Materials and Methods
2.1 Primers Selection

All primers used throughout the work were designed by Car-
valho-Pereira and co-workers [35], to identify pathogenic
fungi through the methodology of multiplex PCR coupled
with GeneScan analysis. The sequences of the used primers
are shown in Table 2, according to the specific identifica-
tion panel.

2.2 Strains Tested

DNA from several clinical fungal isolates, previously identi-
fied, was used to optimize and assess locus-specific ampli-
fication and representative melting temperature of each
species for the qPCR method (Supplementary Data 1, see
electronic supplementary material [ESM]). The specificity
of the gPCR method was evaluated using DNA from Peni-
cillium spp., Mucor velutinas, A. versicolor, Scopulariopsis
brevicaulis, Trichophyton rubrum, Trichophyton mentagro-
phytes, Microsporum canis, Candida albicans, C. tropicalis,
C. krusei, C. glabrata, C. parapsilosis, C. auris, Escherichia
coli, and Staphylococcus aureus. These primers were already
tested with 121 previously identified clinical and environ-
mental fungal isolates [35]. All strains are conserved at the
Collection of the Department of Biology (CDB), University
of Minho, Braga, Portugal.

Table 2 Primer sequences selected. These primers are included in the
Portuguese Patent n® PT 115216 [35]

Filamentous fungi panel

Species Primer sequence (5’ to 3%)

Aspergillus fumigatus F-gccctettecgttattectt

R-gcgcattgatagctacctcagge
F-ccctecttccaaacaaacaa
R-tccagatcggctacacagaa

Aspergillus niger
Aspergillus flavus F-gggatcgacactcggactt

R-ctggtaagagcettgtgggtg
F-gcggatgcaaggtgtaattt
R-tactgcgcegttagttgaage

Aspergillus terreus

F-agaagcaaaatcatcgtcgaaag
R-cgtaggtccagegtaaacttg

Rhizopus arrhizus

F refers to forward primer; R refers to reverse primer
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2.3 Extraction of Genomic DNA from Filamentous
Fungi

Before the genomic DNA extraction, filamentous fungi
strains were grown at 30 °C for 4 days on YPD agar medium
(agar 2%, glucose 2%, bactopeptone 1%, and yeast extract
1%). DNA was extracted from filamentous fungi accord-
ing to the protocol described by Carvalho-Pereira et al.
[35]. Shortly after, approximately 500 pL of fungal bio-
mass was frozen in liquid nitrogen and then macerated to
promote a mechanical disruption of cell walls. Chloro-
form : isoamyl alcohol (24 : 1) was used to isolate DNA in
the aqueous phase, and sodium acetate (3 M) was used to
promote DNA precipitation. The pellet was dried overnight
and resuspended in 50 pL of warm sterile water. Samples
were incubated in thermoblock at 65 °C for 45 min and
posteriorly homogenized. The genomic DNA was purified
using JetQuick® Genomic DNA Purification Kits (Invitro-
gen, Carlsbad, CA, USA), according to the manufacturer’s
instructions. All manipulations were performed in a category
2 laminar flow cabinet to prevent contamination.

2.4 qPCR Amplification Conditions—Singleplex
and Multiplex

Singleplex qPCR reactions were performed using several
fungal strains, in order to assess locus-specific amplifica-
tion, and the representative melting temperature of each spe-
cies. Multiplex qPCR reactions were performed to optimize
the methodology, to assess parameters such as sensibility
and reproducibility and to evaluate the effectiveness of the
method in mimicked samples. Different concentrations of
magnesium chloride (MgCl, 1 mM, 1.5 mM, and 2 mM)),
annealing temperatures (from 60 to 65 °C) and primer con-
centrations (from 0.13 to 0.23 pM) were tested. To avoid
non-specific binding of primers and non-specific products,
two PCR enhancers, betaine (from 0.8 to 1 M) and nonionic
detergent Nonidet P-40 (NP-40, 0.8%), were also tested in
the PCR reaction.

Real-time PCR reactions were carried out with the
CFX96™ Real-time PCR Detection Systems (Bio-Rad)
with the PCR program consisting of a pre-incubation step
at 95 °C for 3 min, then 40 cycles were performed which
included the following steps: 95 °C for 15 seconds, anneal-
ing at 60 °C (for singleplex reactions) and 61 °C (for mul-
tiplex reactions) for 30 seconds, and extension at 72 °C for
30 seconds. Melting curve analysis consisted of a heat pres-
ervation step at 65 °C for 5 seconds, then a step correspond-
ing to the temperature ramp from 65 to 95 °C, with a heating
rate of 0.05 °C/s.
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In singleplex qPCR, the baseline and threshold values
used were automatically defined by the Bio-Rad CFX soft-
ware. However, in multiplex qPCR the baseline and thresh-
old values used were manually defined according to pro-
tocols for detecting SARS-CoV-2 [39, 40]. Baseline was
defined between cycles 3—15 to identify a constant and linear
component of the background levels and to normalize the
amplification curves [39]. The threshold was adjusted to be
equal to the exponential phase of the negative control (no
template control: water) (in case of a threshold cycle (Ct)
value > 30) [40]. All results were analyzed in the software
Bio-Rad CFX Manager.

2.5 Standard Curves

Serial 10-fold dilutions of fungal gDNA in water were per-
formed specifically to be 200 ng/pL, 20 ng/puL, 2 ng/pL,
200 pg/pL, and 20 pg/pL, and the PCR was performed. The
standard curves were used to determine the efficiency, the
correlation coefficient and coefficient of variation (CV) of
the qPCR multiplex assay. These values were calculated
based on the results of five replicates.

2.6 Identification of Mixed Fungal DNA

To detect different species in a single reaction, we combined
R. arrhizus and A. niger DNA. For this analysis, 0.5 pL of
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each gDNA was used at 2 ng/pL in a reaction volume of
15 pL corresponding to 66 pg/pL in the final reaction. The
PCR multiplex reaction was performed as described in
Sect. 2.4.

2.7 Total DNA Extraction from Human Plasma
Spiked with Fungal DNA

Blood samples (approximately 10 mL) were collected from
healthy donors in K3-EDTA tubes. Samples were cen-
trifuged at 3000 rpm for 10 min and plasma was divided
into 500 pL aliquots. Plasma aliquots were spiked with
400 ng of fungal DNA, and total DNA extraction was per-
formed according to the Triton/Heat/Phenol (THP) proto-
col described by Xue et al. [41]. Extraction DNA was then
resuspended in 25 pL of warm sterile water. The efficiency
of the extraction was determined by comparing qPCR results
with the DNA before and after plasma extraction [42]. To
assess the concentration of fungal DNA present in the spiked
samples, a JPCR standard curve of amplification was gen-
erated using a range of known fungal DNA concentrations.
From this curve, the fungal DNA concentration was extrapo-
lated. All manipulations were performed in a category 2
laminar flow cabinet to avoid contamination.
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Fig. 1 Representative melting curve analysis profiles obtained by singleplex with 20 ng of gDNA. a Aspergillus species—A. fumigatus, 79 °C
(blue); A. flavus, 83 °C (orange); A. niger, 84.5 °C (green); A. terreus, 88 °C (red). b Rhizopus arrhizus 80.5 °C (brown) (n = 3)
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3 Results and Discussion

3.1 Melting Curve Analysis for Reference Strains—
Singleplex

Primers for amplification of each species were first tested
in singleplex. The qPCR conditions for this initial analysis
were the same as those used by Carvalho-Pereira and col-
leagues [35] and the representative melting temperatures
(Tm) for each Aspergillus species (Fig. 1a) and Rhizopus
arrhizus (Fig. 1b) were determined.

The Tm values obtained were clearly distinct for the four
Aspergillus species: A. fumigatus 79 °C (£ 0.5 °C); A. flavus
83 °C (£ 0.5 °C); A. niger 84.5 °C (£ 0.5 °C); and A. ferreus
88 °C (£ 0.5 °C), and for R. arrhizus 80.5 °C (+ 0.5 °C),
indicating that all five species could be distinguished in a
multiplex qPCR reaction. The specificity of each primer pair
was evaluated with DNA from the target species, but also
with DNA from non-target filamentous fungi (Penicillium
spp., Mucor velutinas, Aspergillus versicolor, Scopulariop-
sis brevicaulis, Trichophyton rubrum, Trichophyton menta-
grophytes, and Microsporum canis), yeast species (C. albi-
cans, C. glabrata, C. tropicalis, C. krusei, C. parapsilosis,
and C. auris) and bacteria (Escherichia coli, Staphylococcus
aureus). No cross-amplification was observed (Supplemen-
tary Data 2, see ESM).

3.2 Multiplex qPCR
Even though there were no cross-amplifications in singleplex

reactions, interactions between primers in multiplex reac-
tions can lead to non-target amplifications. This is a known
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Fig.2 Representative melting curve analysis profiles obtained by
multiplex with 20 ng of gDNA. A. flavus (orange); A. niger (green);
A. terreus (red); A. fumigatus (blue). It can be observed by the
analysis of A. fumigatus melting peak that the non-specific binding
(84.5 °C) is hampering the specific one (79 °C) (n = 3)
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problem when primers are designed within the same region,
as is the case with most of the methods developed that favor
amplification at the internal transcribed spacer (ITS) regions.
In this study, because primers were designed for specific
regions outside the ITS regions, multiplex amplification was
expected to be successful. However, a non-specific melting
peak at 84.5 °C was observed in the multiplex analysis when
DNA from A. fumigatus was used, suggesting that primers
might bind to different regions or with each other, resulting
in primer-dimers. There were no non-specific melting peaks
when using DNA from the remaining species (Fig. 2).

To overcome this limitation, two PCR reaction enhanc-
ers were tested. These enhancers are known to increase the
yield of the desired PCR product and decrease the forma-
tion of non-specific products. Betaine helps the amplifica-
tion of templates that form secondary structures, especially
GC-rich templates [43—45]. The nonionic detergent Noni-
det P-40 (NP-40) is also known to enhance DNA amplifi-
cation by reducing the formation of non-specific products
[44, 45]. Betaine (Fig. 3b), NP-40 (Fig. 3c), and betaine +
NP-40 (Fig. 3d) were tested for amplification with DNA
from A. fumigatus and compared with the condition without
PCR enhancers (Fig. 3a). The use of betaine allowed cor-
rect amplification of the target sequence of A. fumigatus in
multiplex, as the non-specific melting peak was no longer
observed (Fig. 3b). NP-40 also increased the yield of the
specific melting peak, but the non-specific peak was still
observed (Fig. 3c). The combined use of betaine and NP-40
seems to disfavor the amplification of the target sequence
at the conditions used in this study (Fig. 3d). Thus, betaine
was the selected enhancer. However, the expected Tm for A.
Sfumigatus was 79 °C, but with betaine the melting peak was
78 °C. It is known that the intrinsic mechanism of action of
betaine lowers DNA melting temperatures [46]. Therefore,
it was essential to redetermine the Tm of each species in the
multiplex reaction with betaine and to compare them with
the singleplex reaction with betaine (Fig. 4). Table 3 shows
the Tm values obtained for each species after introduction of
betaine into the qPCR reaction. When comparing the melt-
ing temperatures observed for each species considering the
singleplex and multiplex reactions, no statistically signifi-
cant differences were observed. To balance and improve the
amplification profiles, the multiplex qPCR conditions were
further optimized. The results showed that for the multiplex
gqPCR reaction, 1.5 mM MgCl,, and annealing temperature
of 61 °C, and 1 M betaine were the best conditions (Fig. 5).
Regarding primers concentration, primers for A. fumigatus
and A. terreus at 0.13 pM, primers for A. flavus and R. arrhi-
zus at 0.16 pM, and primers for A. niger at 0.23 pM were
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Fig.3 Representative melting curve analysis profiles obtained by multiplex with 20 ng of gDNA of A. fumigatus, when using: a no introduction
of PCR enhancers; b betaine 0.8 M; ¢ NP-40 0.8%; d betaine 0.8 M + NP-40 0.8% (n = 3)
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Representative melting curve analysis profiles obtained by: a

1—singleplex and 2— multiplex amplifications with 20 ng of gDNA:
A. fumigatus, 78 °C (blue); A. flavus, 81.5 °C (orange); A. niger,
83 °C (green); A. terreus, 86 °C (red). Each melting temperature
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(Tm) obtained in the singleplex reaction corresponded to the same
Tm in the multiplex. b 1—singleplex and 2—multiplex with 20 ng of
gDNA: R. arrhizus, singleplex 79.5 °C (brown)
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Table3 Melting temperature values obtained for each species,
according to the addition of betaine to the qPCR reaction

Filamentous fungi panel

Species Melting temperature value (°C)
Singleplex gPCR Multiplex gPCR
Aspergillus fumigatus 78.0 (£ 0.5) 78.0 (+0.5)
Aspergillus niger 83.0 (= 0.5) 83.0 (= 0.5)
Aspergillus flavus 81.5(x£0.5) 81.5(x0.5)
Aspergillus terreus 86.0 (= 0.5) 86.0 (= 0.5)
Rhizopus arrhizus 79.5 (£ 0.5) 79.5 (£ 0.5)

gPCR quantitative polymerase chain reaction

Melt Peak
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Fig.5 Representative melting curve analysis profiles obtained by
multiplex with 2 ng of gDNA, with optimized conditions of MgCI2
(1.5 mM), betaine (1 M) annealing temperature (61 °C), and primers
concentration. A. fumigatus, 78 °C (blue); A. flavus, 81.5 °C (orange);
A. niger, 83 °C (green); A. terreus, 86 °C (red); R. arrhizus, 79.5 °C
(brown); negative control (black) (n = 3)

Table 4 Singleplex and multiplex qPCR reactions

found to improve the amplification curves and to balance
the melting curve profiles and limit the interactions in the
negative control. In addition, increasing betaine concentra-
tion from 0.8 to 1 M did not change the Tm values of the
amplification product in all species tested. All target strains
were correctly identified, including two clinical isolates from
Braga Hospital, identified as A. fumigatus and R. arrhizus.
Each singleplex and multiplex gPCR reaction was performed
in a final volume of 15 pL, and the representative mixtures
are listed in Table 4. In our previous study [35], PCR frag-
ments were detected by capillary electrophoresis followed by
GeneScan analysis after 50 PCR cycles. However, 50 cycles
are not recommended for qPCR because they increase the
probability of non-specific amplifications [47]. Therefore,
PCR cycles were increased to 45 to raise the sensitivity of
the method in detecting small amounts of gDNA (Supple-
mentary Data 3, see ESM).

3.3 Quantitative Performance and Limit
of Detection

To validate the assay, standard curves of 10-fold dilutions
of gDNA of each species were analyzed (Supplementary
Data 4, see ESM). The correlation coefficients of the stand-
ard curves ranged from 0.99 to 0.97 with low variability
between replicates (< 2.5% CV). The efficiencies of the
primers ranged from 91 to 103% using samples diluted in
water, which is within the recommended values [48]. Spe-
cifically, amplification efficiencies were 96.3% for A. fumig-
atus, 92.0% for A. flavus, 103.3% for A. niger, 98.7% for
A. terreus, and 91.4% for R. arrhizus (Supplementary Data
4, see ESM).

Invasive fungal infections are associated with low levels
of gDNA from the pathogen in clinical samples. Therefore,

qPCR Mix Singleplex gPCR Multiplex gPCR
Reaction volume 15 pL 15 puL
NZYSpeedy qPCR Green Master 7.5 pL 7.5 pL

Mix (NZYTech)

Primers concentration 0.2 pM of each primer

Fungal DNA

Betaine (5 M)

Magnesium chloride (25 mM)
Water

1 pL, corresponding to 20 ng

5.9 UL

0.13 pM of each A. fumigatus and A. terreus primers; 0.16 pM of
each A. flavus and R. arrhizus primers; 0.23 pM of each A. niger
primers

1 pL, corresponding to 20 ng and 2 ng
3puL

0.9 uL

0.1 uL

gPCR quantitative polymerase chain reaction
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it was important to determine the limit of detection (LOD)
of the multiplex reaction, which is defined by the abso-
lute highest Cq value that reaches the threshold, generat-
ing a positive result, and detects amplification of the target
sequence (with 95% confidence) (Fig. 6). The results show
that all target species present a clear and distinct Tm peak
in the melting curve analysis when 13.0, 1.3, and 0.13 ng/
pL of gDNA were used (Fig. 6 dilutions 1, 2, and 3). When
0.013 ng/pL of gDNA was used, A. terreus was not detected
despite the appearance of a melting peak with the expected
Tm but below the threshold (Fig. 6e, dilution 4). In addition,
A. niger and A. flavus were not detected when 0.0013 ng/
pL of gDNA was used (Fig. 6c, d, dilution 5). A. fumiga-
tus and R. arrhizus were detected at 0.0013 ng/pL gDNA
(Fig. 6a, b, dilution 5). None of the species were detected at
0.00013 ng/pL gDNA (Supplementary Data 5, see ESM).
Thus, the results show that LOD for A. terreus was 0.13 ng/
pL, for A. niger and A. flavus the value was 0.013 ng/pL,
and for A. fumigatus and R. arrhizus it was 0.0013 ng/pL.

3.4 Identification of Mixed Fungal DNA

The ability of the gPCR method to detect different species in
a single reaction was also evaluated. Since some studies have
reported coinfections between aspergillosis and mucormy-
cosis, particularly between R. arrhizus and A. niger [49-51],
this combination was tested (Fig. 7). For this analysis, 66 pg/
pL of each gDNA were used in a reaction volume of 15 pL,
which is within the previously defined LOD values. The
gPCR reaction resulted in two Tm peaks with the expected
values (79.5 °C for R. arrhizus and 83.0 °C for A. niger).
This result indicates that even using a low concentration of
gDNA, it was possible to identify the two species in mixed
infections.

3.5 Human Plasma Spiked with Fungal DNA

The ability of the method to detect fungal DNA in clinical
blood samples was mimicked by spiking DNA in plasma
from healthy donors. For this purpose, plasma aliquots were
spiked with fungal DNA. The extraction efficiency was
< 15% =+ 3.48, which is relatively low but within the val-
ues presented by commercially available recommended kits
(QIAmp DNA Midi Kit, [41]). After extraction, to assess the
concentration of fungal DNA present in the spiked samples,
a qPCR standard curve of amplification was generated using
arange of known fungal DNA concentrations (Fig. 8). From

this curve, the fungal DNA concentration was extrapolated,
which ranged from 0.4 to 1.7 ng/pL. These values were
lower than expected, around 16 ng/pL (400 ng/25 pL, see
Sect. 2.7), but still within the detection limit of this multi-
plex qPCR. Therefore, the multiplex qPCR reactions were
performed and the amplifications were compared with the
gDNA isolated from each fungal species, as positive control
(Fig. 9). Additional non-template controls were also tested
using DNA extracted from non-spiked plasma and water
(Fig. 9). Amplification of this DNA from the spiked sam-
ples with primers for the ITS region was performed as con-
trol (Supplementary Data 6, see ESM). The results showed
that the developed qPCR method was able to detect fungal
DNA in biological samples with A. fumigatus (26.0 pg/pL,
Cq = 26.96), A. niger (40.0 pg/pL, Cq = 26.45), A. ter-
reus (66.0 pg/pL, Cq = 25.79), R. arrhizus (100.0 pg/pL
Cq =25.24), and A. flavus DNA (113.0 pg/pL, Cq = 25.03),
without showing cross-amplification with human DNA and
maintaining the representative Tm values for each species.

Curiously, a valid amplification was obtained with
A. terreus even at 66 pg/uL, which was not consistent with
the previously defined LOD for this species (130 pg/uL).
Because there was a 10-fold dilution between the last gDNA
concentration that provided a true amplification (2 ng/uL)
and the first concentration that delivered a negative result
(0.2 ng/uL), amplifications were performed with 1 ng/uL
and 500 pg/uL of gDNA of A. terreus (Fig. 10). The results
showed correct A. terreus amplifications (Tm of 86 °C) with
both DNA concentrations. So, the LOD for A. terreus was
considered to be 0.033 ng/uL.

4 Conclusion

Identification of fungal pathogens by traditional methods is
time consuming and hinders patient treatment, especially
because of the low sensitivity and specificity of these meth-
ods. For several years, the adoption of molecular methods
for the diagnosis of invasive infections was limited, in part
because of the lack of standardization of these methods.
However, technological advances and genetic knowledge
have allowed the development of molecular methods that
are robust enough to be validated and verified, and to be
commercially available. Molecular techniques, particularly
qPCR methods, have allowed a significant reduction in turn-
around time, resulting in more efficient, specific, and fast
diagnosis. This is critical for a timely delineation therapeutic
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«Fig. 6 Representative amplification curve profiles and melting curve
analysis profiles obtained by multiplex with: (1) 13 ng/uL; (2) 1.3 ng/
pL; (3) 0.13 ng/pL; (4) 0.0013 ng/pL; (5) 0.00013 ng/puL of gDNA.
A. fumigatus, 78 °C (blue); R. arrhizus, 79.5 °C (brown); A. niger,
83 °C (green); A. flavus, 81.5 °C (orange); A. terreus, 86 °C (red)
(n=5)

plan that increases survival, but also leads to a reduction in
the number of patients admitted to the intensive care unit,
which generates approximately $30,000 per patient for the
hospital [52].The correct way to improve the diagnosis of
invasive fungal infections seems to be the interpretation of
the results of more than one method, preferably a serological
assay and a PCR-based method [53].

The Filamentous Fungi Panel optimized for multiplex
gPCR had the advantage of being able to detect and clearly
distinguish the four most prevalent pathogenic species

Melt Peak

“A(RFUYAT

Temperature, Celsius

Fig. 7 Representative melting curve analysis profile obtained by mul-
tiplex with 66 pg/pL gDNA of R. arrhizus (79.5 °C) and 66 pg/pL
gDNA of A. niger (83 °C) (n = 3)

Fig.8 The log of each known

involved in invasive aspergillosis with no cross-amplification
with human DNA. Additionally, this gPCR method was still
able to distinguish Aspergillus species from R. arrhizus in
a single reaction, which is a problem in several multiplex
PCR-based methods [48]. Most of the commercially availa-
ble options target the polygenic ITS while our markers target
specific monogenic regions. This has the advantage of limit-
ing cross-amplification, but has a direct impact on the LOD.
While with monogenic markers LOD is in the nanograms
range, lower LOD can be achieved with lower polygenic
markers, ranging from 1000 to 100 femtograms [50-64].
The SYBR-Green assay was chosen to provide rapid and
accurate results in a cost-effective manner, providing a tool
to help in the diagnosis of filamentous fungi infections,
especially for low-income health facilities in developing
countries. However, apart from the cost-effective advantage
of SYBR Green, probe-based techniques provide a higher
sensitivity and reproducibility, and for this reason most com-
mercially available and FDA-approved qPCR methods are
probe-based techniques. However, it is important to empha-
size that adapting this panel to probe-based detection would
not only increase the associated costs, but also the need for
a qPCR platform capable of detecting at least five differ-
ent wavelengths at the same time. Nevertheless, our gPCR
method was able to rapidly (approximately 1 h and 30 min)
and accurately identify the most common filamentous fungi
involved in systemic infections in a single step after DNA
extraction from the samples, showing great potential to aid
in the diagnosis of these infections. With the samples used,
this method proved to be suitable for identification of the
fungal pathogens. However, the proposed methodology

Standard Curve

concentration in the dilution
series (x axis) is plotted against
the quantification cycle (Cq)
value for that concentration (y
axis). Duplicate dilution series
corresponding to 20, 2, 0.2 and
0.02 ng/pL of gDNA. A. fumig-
atus DNA yield of 0.4 ng
(blue); A. niger DNA yield of
0.6 ng (green); A. terreus DNA
yield of 1.0 ng (red); R. arrhizus

DNA yield of 1.5 ng (brown); 20 1.5
A. flavus DNA yield of 1.7 ng
(orange) [4) ndard

Log Starting Quantity

Sta
SYBR  E=117,2% R"2=0,984 Slope=-2,969 y-int=25,755

X Unknown
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«Fig.9 Representative melting curve analysis profiles obtained by
multiplex with: (1) positive control—1.3 ng/pL of gDNA; (2) human
plasma spiked with fungal gDNA. A. fumigatus, 78 °C (blue); A.
niger, 83 °C (green); A. flavus, 81.5 °C (orange); A. terreus, 86 °C
(red); R. arrhizus, 79.5 °C (brown); negative control—human DNA
(grey); non-template control—water (black) (n = 2)

Amplification
T
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Firacative C. Invasive fungal disease in humans: are we aware of
the real impact? Mem Inst Oswaldo Cruz. 2020;115:1-9.
Bongomin F, Gago S, Oladele RO, Denning DW. Global and
multi-national prevalence of fungal diseases—estimate precision.
J Fungi. 2017;3:5.

Miihlemann K, Wenger C, Zenhidusern R, Tduber MG. Risk fac-
tors for invasive aspergillosis in neutropenic patients with hema-
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Fig. 10 Representative amplification curve profiles and melting curve analysis profiles obtained by multiplex with: (1) 0.06 ng/pL; (2) 0.03 ng/

pL, gDNA of A. terreus (86 °C) (n = 3)

should be further validated with clinical samples from
proven infection, such as blood samples and biopsies, and
samples from BAL and CSF, this being a limitation of this
study. Since clinical samples usually contain a lower fungal
burden, future work should validate the detection limits in
clinical settings.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40291-022-00595-1.
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