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Abstract

Background Spores produced by the filamentous fungus Aspergillus niger are abundant in a variety of environments.
The proliferation of this fungus in indoor environments has been associated to health risks and its conidia can cause
allergic reaction and severe invasive disease in animals and humans. Therefore, the detection and monitoring of Asper-
gillus conidia is of utmost importance to prevent serious fungal infections and contaminations. Among others, aptam-
ers could serve as biosensors for the specific detection of fungal spores.

Results In this study, DNA aptamers specific to conidia of A. niger were developed by optimizing a whole-cell SELEX
approach. Three whole-cells SELEX experiments were performed in parallel with similar conditions. Quantification

of recovered ssDNA and melting curve analyses were applied to monitor the ongoing SELEX process. Next-gener-
ation sequencing was performed on selected recovered ssDNA pools, allowing the identification of DNA aptamers
which bind with high affinity to the target cells. The developed aptamers were shown to be species-specific, being
able to bind to A. niger but not to A. tubingensis or to A. nidulans. The binding affinity of two aptamers (AN01-R9-006
and AN02-R9-185) was measured to be 58.97 nM and 138.71 nM, respectively, which is in the range of previously
developed aptamers.

Conclusions This study demonstrates that species-specific aptamers can be successfully developed via whole-cell
SELEX to distinguish different Aspergillus species and opens up new opportunities in the field of diagnostics of fungal
infections.
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Introduction
Aspergillus niger is a biotechnologically relevant filamen-
tous fungus widely utilized in industry for its outstand-
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Besides, some strains of A. niger are able to produce
mycotoxins, such as fumonisins, ochratoxin A and oxalic
acid [11], which can contaminate food products and
cause multiple diseases in animals and humans [11, 28].
A. niger is ubiquitous, being able to grow at a wide range
of temperatures and pHs, and its conidia can be found
in various natural as well as in indoor environments
[23]. Monitoring and diagnostics of A. niger conidia is
crucial to prevent and manage spread of fungal infec-
tions and contamination of food products and air. The
detection and identification of Aspergillus conidia cur-
rently depend on sample collection followed by cultur-
ing, microscopy and metabolite, serological or molecular
analyses. These methods are often time-consuming, lack
sensitivity or require sophisticated equipment [21]. Addi-
tionally, unless a molecular analysis is performed, they do
not provide information on the specific species involved.
Even antibodies against Aspergillus tend to have broad
specificity and are unable to distinguish between species.
However, rapid identification at the species level is cru-
cial in the case of aspergillosis, as it allows to provide the
most effective treatment to the patient.

Therefore, a rapid and species-specific biosensor for
A. niger conidia would facilitate the detection of fungal
spores in critical environments and even support the
early diagnosis of a fungal infection in a hospital setting
[13].

Species-specific detection of fungal conidia could be
achieved using specific aptamers. Aptamers are short
(typically less than 100 k-mer) single-stranded oligonu-
cleotide (DNA or RNA) molecules that, upon folding into
a tridimensional structure, can bind with high affinity to
any target of interest against which they were selected.
They can potentially be developed starting from a random
oligonucleotide library against various target of interest,
from small molecules to proteins, with an iterative pro-
cess called SELEX (Systematic evolution of ligands by
exponential enrichment)[9, 31]. Even more complex tar-
gets can be used [15, 19], such as entire cells, in which
case the process is termed whole-cell SELEX [25]. Once
identified, aptamers can be readily modified with fluo-
rophores or chemical groups for multiple applications
[37]. From an industrial standpoint, DNA aptamers can
be synthesized at large-scale, outperforming antibod-
ies in terms of costs, batch-to-batch reproducibility and
stability of the final product [37]. Next to the potential
diagnostic applications of Aspergillus-specific aptamers,
these molecules could help understand the composition
of the fungal conidial surface. The outer layer of conidia,
the cell wall, mainly consists of proteins and polysaccha-
rides and plays an important role in the interaction of the
conidia with the external environment [12]. The particu-
lar composition of the conidial wall is not only crucial for
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the establishment of an infection but can also have sig-
nificance for industrial applications [4]. For example, pel-
let morphology, an important prerequisite for production
of citric acid with A. niger, is strongly affected by the cell
wall composition [38]. Therefore, investigating the pres-
ence or the absence of specific surface constituents can
be beneficial for multiple applications.

Successful implementation of whole-cell SELEX was
already shown against various microorganisms, includ-
ing bacteria [30] and yeast [2]. More recently, whole-cell
SELEX was applied against spores produced by fungi.
Krivitsky and colleagues developed an electrochemi-
cal aptamer-based method to collect and detect spores
produced by the basidiomycete plant pathogen Phakop-
sora pachyrhizi [18]. Aptamers recognizing three differ-
ent species of Aspergillus (A. fumigatus, A. flavus and A.
niger) were developed. These aptamers were obtained by
subsequent incubation of the recovered ssDNA with the
three fungal species, so that the enriched sequences were
not selected for species-specificity [26].

In this study, we focused on the identification and selec-
tion of aptamers able to recognize A. niger conidia at the
species level. To this end, a whole-cell SELEX approach
was optimized by combining two previously published
protocols [17, 26]. Differently from the approach of Seo
and colleagues, a counter-selection step with A. tubingen-
sis was introduced in the SELEX protocol, leading to the
identification and selection of species-specific aptamers
against A. niger conidia over three independent whole-
cell SELEX experiments.

Materials and methods

Buffers and chemicals

10xXPBST (1.37 M NaCl, 27 mM KCl, 100 mM
Na,HPO, % 2H,0, 18 mM KH,PO, and 0.5% Tween20,
pH 7.4) was prepared as stock solution, filtered and
stored at room temperature.

1xPBST was prepared by diluting 10XPBST with
sterile ultrapure lab water prepared with Milli-Q system
(Merck) and stored at 4 °C.

10xMgCl, (14 mM) was prepared in 1xXPBST and
stored at —20 °C.

Binding buffer was prepared fresh by diluting MgCl, in
1xPBST (1.4 mM final MgCl, concentration).

BSA or recombinant albumin (NEB) and salmon sperm
DNA (Thermo Fisher Scientific) were used as com-
petitors at a final concentration of 0.5 and 0.25 pg/uL,
respectively.

Strains and culture conditions

Conidia of the A. miger strains ATCC 1015 and CBS
544.65 were used concomitantly as target for the whole-
cell SELEX process, to increase the likelihood of selecting
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aptamers able of recognizing targets common across dif-
ferent strains. These two strains were selected because,
while still belonging to the same species, they are classi-
fied in different clades [24]. Conidia of A. tubingensis MA
3973 (ACBR Fungal Database: (https://acbr-database.
boku.ac.at) [8]) were used for counter-selection, due to
the close phylogenetic proximity of A. tubingensis to A.
niger.

Conidia of A. tubingensis MA 3973 and of A. nid-
ulans FGSC A4 were used for species-specificity
characterizations.

Strains were inoculated from glycerol stocks on
minimal medium plates [3] and incubated for 5 days at
30 °C. Conidia were harvested from the plates with 0.1%
Tween20, washed twice with 1XPBST (5,000 rpm and
10 min) and resuspended in 1 X PBST. Conidia concentra-
tion was determined using a Thoma counting chamber.

ssDNA library and primers
The random ssDNA library consisted of a randomized
region of 40 nucleotides flanked by 23 constant primer
binding sites (5'-TAGGGAAGAGAAGGACATATGAT-
N,-TTGACTAGTACATGACCACTTGA-3"). It was
ordered from IDT (Coralville, USA) with unique hand-
mix ratio of the random bases and HPLC purification.

Modified primers 5°-/56-FAM/TAGGGAAGAGAA
GGACATATGAT-3’and  5’-/5Phosph/TCAAGTGGT
CATGTACTAGTCAA-3" were used for the amplifica-
tion of the recovered ssDNA pool after each SELEX
round.

Unmodified primers
CATATGAT-3’

(5-TAGGGAAGAGAAGGA
and 5 -TCAAGTGGTCATGTACTA

Table 1 Selection conditions applied in SELEX-1
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GTCAA-3") were used for DNA quantification, melting
curve analyses and characterization studies.

A random but specific 40 bp sequence flanked by the
common primer binding sites (BA-NC-1: 5-TAGGGA
AGAGAAGGACATATGATGCTAGATGGACTTGCC
GTTGGAAGACACAGCATGACCCCGTTGACTAGT
ACATGACCACTTGA-3") was used as negative con-
trol for the binding assays. Two additional random and
specific 40 bp sequences flanked by the common primer
binding sites (BA-NC-2: 5'-TAGGGAAGAGAAGGA
CATATGATTACCTATCGCCTGAAAGCCAGTTGG
TGTTAAGGAGTGCTCTTGACTAGTACATGACCA
CTTGA-3"and BA-NC-3: 5'- TAGGGAAGAGAAGGA
CATATGATAGCGCTCCCAGCACAACGGCCAAGG
AAGTCTCCAATTTCTTTGACTAGTACATGACCA
CTTGA-3") were used for specificity tests based on fluo-
rescent measurements.

Primers, selected candidate aptamers and the nega-
tive control sequence were ordered from IDT (Coralville,
USA) purified by standard desalting. Library, primers
and aptamers were resuspended and diluted in ultrapure
nuclease-free water to a final concentration of 100 uM.

Whole-cell SELEX

Three independent whole-cell SELEX experiments
(SELEX-1, —2 and -—3) consisting of 9 consecutive
rounds were performed according to a previously pub-
lished protocol [17] with some modifications. Conidia
suspensions were prepared in PBST as described above.
5x10° conidia of each A. niger strain (ATCC 1015 and
CBS 554.65) were pipetted in the same tube, centri-
fuged at 5000 g for 5 min and resuspended in the appro-
priate volume of binding buffer (Tables 1, 2 and 3). The

Whole-cell SELEX-1

Round  ssDNA Positive selection Reaction Competitors Washes  Counter-selection
volume (pL)
pmol  Final conc(nM)  Target strains Number of
conidia

1 1800 7200 ATCC 1015,CBS 554.65 107 250 - 1 -

2 25 100 ATCC 1015, CBS 554.65 107 250 - 1 -

3 10 100 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 2 -

4 10 100 ATCC 1015, CBS 554.65 107 100 - 2 A. tubingensis MA 3973
5 10 100 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 3 A. tubingensis MA 3973
6 10 100 ATCC 1015,CBS 554.65 107 100 BSA, 4sDNA 3 A. tubingensis MA 3973
7 10 100 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 3 A. tubingensis MA 3973
8 10 100 ATCC 1015,CBS 554.65 107 100 BSA, 4sDNA 5 A. tubingensis MA 3973
9-N 10 100 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 6 -

o-T 10 100 A. tubingensis MA 3973 107 100 BSA, 4sDNA 6 -
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Table 2 Selection conditions applied in SELEX-2
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Whole-cell SELEX-2

Round  ssDNA Positive selection Reaction Competitors  Washes  Counter-selection
volume (pL)
pmol Final conc (nM) Target strains Number of
conidia
1 1800 7200 ATCC 1015, CBS 554.65 107 250 1 -
2 25 100 ATCC 1015,CBS 554.65 107 250 1 -
3 25 100 ATCC 1015, CBS 554.65 107 250 BSA, 4sDNA 2 -
4 10 100 ATCC 1015, CBS 554.65 107 100 2 A. tubingensis MA 3973
5 8 100 ATCC 1015,CBS 554.65 107 80 BSA, 4sDNA 3 A. tubingensis MA 3973
6 8 100 ATCC 1015, CBS 554.65 107 80 BSA, 4sDNA 3 A. tubingensis MA 3973
7 8 100 ATCC 1015,CBS 554.65 107 80 BSA, 4sDNA 3 A. tubingensis MA 3973
8 8 80 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 6 A. tubingensis MA 3973
9-N 8 80 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 6 -
o-T 8 80 A. tubingensis MA 3973 107 100 BSA, 4sDNA 6 -
Table 3 Selection conditions applied in SELEX-3
Whole-cell SELEX-3
Round  ssDNA Positive selection Reaction Competitors  Washes  Counter-selection
volume (pL)
pmol Final conc (nM) Target strains Number of
conidia
1 1800 7200 ATCC1015,CBS 554.65 107 250 1% -
2 25 100 ATCC 1015, CBS 554.65 107 250 BSA, 4sDNA 1x -
3 23 92 ATCC 1015, CBS 554.65 107 250 BSA, 4sDNA 2% -
4 23 92 ATCC 1015,CBS 554.65 107 250 BSA, 4sDNA 2% A. tubingensis MA 3973
5 9.2 92 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 3% A. tubingensis MA 3973
6* 9.2 92 ATCC1015,CBS 554.65 107 100 BSA, 4sDNA 3x A. tubingensis MA 3973
7 9.2 92 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 3% A. tubingensis MA 3973
8 9.2 92 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 5x A. tubingensis MA 3973
9 9.2 92 ATCC 1015,CBS 554.65 107 100 BSA, 4sDNA 5X A. tubingensis MA 3973
9-N 9.2 92 ATCC 1015, CBS 554.65 107 100 BSA, 4sDNA 5% -
o-T 9.2 92 A. tubingensis MA 3973 107 100 BSA, 4sDNA 5% -

*ssDNA applied to round 6 was derived from a mixture of dsDNA obtained from the amplification of the ssDNA recovered after round 5 and amplified from the

already amplified ssDNA

ssDNA library (in the first round) or the recovered
ssDNA pool was incubated for 1 h at room tempera-
ture in binding buffer in a total volume of 50 uL and
then added to the resuspended conidia. Reaction vol-
ume and ssDNA concentration were specific for each
round (Tables 1, 2 and 3). Incubation was performed in
a thermoblock at 21 °C for 30 min and 650 rpm. Addi-
tionally, samples were shaken by hand every 5 min to
avoid settling of the conidia to the bottom of the tube.
After incubation, samples were washed with 1 mL
binding buffer and resuspended in 50 upL ultrapure

nuclease-free water. The number of washes was gradu-
ally increased over the rounds (Tables 1, 2 and 3). To
allow elution of the aptamers from the conidia, the
samples were incubated for 10 min at 95 °C, followed
by 10 min on ice. They were then centrifuged at 5,000 g
for 5 min and the supernatant was transferred to fresh
tubes to which 0.1 volumes of 3 M sodium acetate and
3 volumes of 96% ethanol were added for overnight
precipitation at —20 °C.

Precipitated ssDNA was recovered by centrifugation
(20 min, 16,000 g, 4 °C) and washed twice with 70%
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ethanol. It was then resuspended in 50 pL ultrapure
nuclease-free water.

Recovered ssDNA pools were amplified by PCR. To
determine the optimal number of cycles for the enrich-
ment PCR, two test-PCRs were performed (dncl and
dnc2).

All the ssDNA recovered after the first cycle (50 pL)
was first amplified with 6 cycles and subsequently puri-
fied to allow enrichment of each of the recovered
sequences before proceeding with the test-PCRs. To
enrich the ssDNA recovered after the first round, 10
reactions of 25 pL were set up, each containing 5 pL of
the recovered ssDNA, 1xQ5 buffer (NEB), 0.2 mM
dNTPs, 1 uM of each modified primer and 0.5 units of
Q5 High-Fidelity DNA polymerase (NEB).

Dncl was performed in a reaction volume of 25 L
containing 1 pL of recovered ssDNA (purified PCR prod-
uct for round 1), 1xXQ5 buffer (NEB), 0.2 mM dNTPs,
1 uM of each modified primer, 1xEvaGreen Plus dye
(Biotium) and 0.5 units of Q5 High-Fidelity DNA poly-
merase (NEB). The thermocycling program was the fol-
lowing: denaturation for 3 min at 95 °C followed by 30
cycles of 15 s at 95 °C, 15 s at 58 °C and 15 s at 72 °C,
and final elongation for 2 min at 72 °C. Fluorescence was
acquired at each cycle on the green channel during the
first elongation step. The amplification range was deter-
mined based on the amplification curve obtained from
the fluorescence measurement and three cycles before
the peak were selected for dnc2.

Dnc2 was performed with the same conditions of dncl
but without EvaGreen dye. Three reactions were set up
in parallel and stopped at different number of cycles. Ali-
quots of the PCR products were loaded on a 3% agarose
gel stained with SYBR Gold (Thermo Fisher Scientific)
and the optimal number of cycles was selected based on
robust amplification without by-product/heteroduplex
formation. ssDNA (22-25 reactions) was then amplified
with the same conditions used for dnc2. Amplified DNA
was purified with the Monarch PCR & DNA Cleanup Kit
from NEB and digested to ssDNA with a Lambda Exonu-
clease (NEB).

For ssDNA generation, multiple 50 pL reactions con-
taining 500 ng of DNA, 1xLambda exonuclease reac-
tion buffer and 0.5 units of Lambda Exonuclease were
prepared. Samples were incubated at 37 °C for 30 min,
followed by enzyme inactivation at 80 °C for 10 min.
Aliquots of the generated ssDNA were checked on a 4%
agarose gel stained with SYBR Gold (Thermo Fisher Sci-
entific) and the samples were purified with the Oligonu-
cleotide Cleanup protocol included in the Monarch PCR
& DNA Cleanup Kit from NEB. An aliquot of the gen-
erated ssDNA was checked on a 4% agarose gel and the
concentration determined at the NanoDrop. Over the
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rounds, more stringent conditions (decreasing the start-
ing DNA concentration, increasing the number of washes
and addition of competitors during the incubation) were
applied as reported in Tables 1, 2 and 3.

Counter-selection was performed in rounds 4 to 8
with A. tubingensis. In brief, recovered, amplified and
single-stranded generated DNA was incubated with 10’
A. tubingensis conidia for 30 min at 21 °C. The samples
were then centrifuged and the supernatant containing
unbound sequences was added to A. niger conidia before
continuing with the standard protocol.

In round 9, a negative selection (R9-T) was performed
in parallel with the standard protocol (R9-N). In this
case, the same protocol was applied, with the difference
that conidia of A. tubingensis were used as target with the
aim of identifying and excluding aptamer sequences not
species-specific for A. niger.

Quantification of recovered ssDNA by qPCR

qPCR was performed using a RotorGene Q (Qiagen) in a
total volume of 15 pL. The reaction mixture consisted of
1xKAPA Sybr Fast (Sigma-Aldrich), 500 nM unmodified
primer and 1 pL of recovered ssDNA. The thermocycling
program consisted of denaturation for 3 min at 95 °C fol-
lowed by 35 cycles of 15 s at 95 °C, 20 s at 62 °C and 1 s
at 72 °C. Fluorescence was acquired at each cycle on the
green channel during the elongation step. Determination
of the DNA concentration was based on serial dilutions
of the ssDNA library (10 -10® molecules/reaction) per-
formed in 500 pg/L poly (dI-dC) (Merck).

Samples were measured undiluted and diluted 1:10
in 10 mM Tris—HCI, pH 8.0. All samples, standards
and non-template controls were measured in technical
duplicates.

Monitoring sequence diversity by melting curves

Sequence diversity and sequence enrichment were moni-
tored during the SELEX process by means of melting
curves [17, 32]. To this end, 10° DNA molecules were
amplified in a total volume of 25 pL. The reaction mix-
ture consisted of 1xQ5 buffer (NEB), 0.2 mM dNTPs,
1 uM of each unmodified primer, 1 xEvaGreen Plus dye
(Biotium) and 0.5 units of Q5 High-Fidelity DNA poly-
merase (NEB). Reactions were performed on a Mastercy-
cler ep realplex Real-time PCR system (Eppendorf) with
the following conditions: denaturation for 3 min at 95 °C
followed by 35 cycles of 15 s at 95 °C, 15 s at 55 °C and
15 s at 72 °C. After amplification, a melting profile was
applied which consisted of 3 min at 95 °C, followed by
15 s at 95 °C, 15 s at 70 °C and gradual increase (0.03 °C/
second) from 70 °C to 90 °C. The whole-cell SELEX pro-
cess was stopped when melting curves showed a distinct



Ellena et al. Fungal Biology and Biotechnology (2024) 11:17

increase of the homoduplex peak, indicating sequence
enrichment.

Identification of candidate aptamers by next-generation
sequencing

DNA recovered after SELEX rounds 2, 6, 7, 8 and 9 of
SELEX-1 and SELEX-2 and after all rounds of SELEX-3
was prepared for next-generation sequencing. First, the
ssDNA was diluted to 10° molecules/pL and 1 uL used
to perform a preparative PCR with the optimal number
of cycles. Amplified DNA was purified with the Mon-
arch PCR & DNA Cleanup Kit (NEB) and preliminary
quality control was performed with a fragment analyzer
(Advanced Analytical). DNA concentration was deter-
mined using Qubit (Thermo Fisher Scientific). 22 pL
(containing at least 20 ng of DNA) of the purified PCR
products were sent for sequencing to the Next Genera-
tion Sequencing Facility of the Vienna Biocenter Core
Facilities. DNA libraries were prepared by ligation and
the DNA was sequenced on the Illumina MiSeq using the
PE150 Micro kit (300 cycles) in paired-end mode.

Sequencing data analysis was performed using the
previously developed Aptaflow script [17]. Additionally,
sequences were clustered according to the Levenshtein
distance (k-mer=3) using FASTAptamer 2.0 (https://
fastaptamer2.missouri.edu). To speed up the analysis
only the first 10 clusters were generated.

Candidate aptamers belonging to different clusters
were selected based on their prevalence in the selected
round, their appearance in earlier rounds, their absence
in the negative selection (R9-T) and their minimum free
energy. Minimum free energy was predicted using RNA-
Fold (http://rna.tbi.univie.ac.at//cgi-bin/RNAWebSuite/
RNAfold.cgi) selecting DNA parameters (Matthews
model, 2004) and 21 °C in the energy parameters and
incorporating G—Quadruplex formation into the struc-
ture prediction algorithm. In total, 18 candidate aptamers
were tested in binding assays.

Binding assays and determination of aptamer specificity

To test the binding capabilities and the specificity of
the selected aptamers, binding assays were performed
and the amount of bound ssDNA determined by two
independent methods: fluorescence measurements and
quantification by qPCR. Conidia of either A. niger, A.
tubingensis or A. nidulans and aptamers used for bind-
ing assays were prepared as described above. 107 total
conidia were centrifuged at 5,000 g for 5 min and resus-
pended in 100 nM of each aptamer in a total of 100 uL.
Competitors were added to each reaction. The same pro-
tocol followed during whole-cell SELEX was applied, with
the difference that three washes were performed after
the incubation. Before elution, recovered conidia-bound

Page 6 of 17

ssDNA was resuspended in 100 pL of ultrapure nucle-
ase-free water for qPCR samples or 10 mM Tris—EDTA
(pH 8.00) for fluorescent measurements. Blank reac-
tions without conidia and contamination control reac-
tions without aptamers were performed in parallel. For
fluorescence measurements, 50 pL of eluted sample were
transferred to a 96-well plate and fluorescence was meas-
ured at a Tecan Spark reader. Fluorescence was meas-
ured after shaking (5 s) with an excitation wavelength
of 485 nm, emission wavelength of 520 nm and a gain
of 128. Quantification by qPCR was performed as previ-
ously described on the ethanol precipitated and recov-
ered ssDNA.

Aptamer binding affinity determination

Binding affinity curves were obtained by performing the
binding assays with 107 total A. niger conidia and differ-
ent starting aptamer concentrations (ranging from 0 to
600 nM) in a reaction volume of 100 pL. Determination
of the bound ssDNA was performed by fluorescent meas-
urements at a Tecan Spark reader on 50 uL of the eluted
samples. Two replicates were performed for each tested
concentration. Values obtained from samples containing
only conidia were used as blanks and subtracted from
the values obtained in the other samples. Curve fitting to
the experimental binding data of the aptamers was done
in R (version 4.3.2). Specifically, the nls () function was
employed to fit a hyperbolic model ([A],yng ~ [E]) [F]~ (n
* [A])/([A] +Kp) to the experimental data, enabling the
determination of dissociation constant (Kp) values. 95%
confidence intervals for K, were computed using the
confint() function in R.

Results and discussion

Implementation and design of a whole-cell SELEX process
for the development of aptamers specific to A. niger
conidia

A whole-cell SELEX approach was applied to conidia of
A. niger as illustrated in Fig. 1. Three main changes were
introduced to a previously published protocol used to
select aptamers against bacterial cells [17]: the overnight
precipitation in ethanol to recover the bound-ssDNA
after each SELEX round, an additional test-PCR (dnc2)
for the determination of the number of cycles and the
negative selection performed with A. tubingensis before
sequencing. Compared to a previous study where aptam-
ers against three different Aspergillus species were gen-
erated with a toggle approach [26], here we aimed at the
in-vitro selection of species-specific aptamers. Advanced
tools (QPCR and melting curves) were applied to quantify
and monitor the diversity of the recovered ssDNA, while
next-generation sequencing was used to identify poten-
tial aptamer candidates binding to fungal conidia.
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In the first round, conidia of the two A. niger strains
ATCC 1015 and CBS 554.65 were incubated with a total
of 10'® molecules of the FAM-labelled ssDNA library.
Upon incubation, the unbound sequences were removed
by centrifugation and washing. The bound sequences
were recovered by elution and subsequent precipita-
tion in ethanol to remove the conidia from the recov-
ered ssDNA before PCR amplification. This step was
introduced due to the large amounts of PCR inhibitors
present in A. niger conidia, among which melanin, that
would otherwise strongly interfere with the amplifica-
tion reaction [7, 10, 36]. After recovery, the precipitated
ssDNA was subjected to two independent test-PCRs
(dncl and dnc2) for the determination of the optimal
number of cycles for enrichment PCR. This is crucial for
the subsequent efficient ssDNA generation via lambda
exonuclease. The optimal number of cycles is defined as
the number of cycles at which the highest PCR product

yield can be obtained without generating by-products
[34]. Recovered ssDNA was subsequently amplified by
enrichment PCR with the selected number of cycles and
single-stranded DNA generated from it with a lambda
exonuclease enzyme, before being subjected to another
round of in-vitro selection. In total, 3 independent
whole-cell SELEX experiments were performed, each
consisting of a total of 9 rounds. The selection conditions
applied in each round are reported in Tables 1, 2 and 3.
In general, the conditions were rendered more stringent
over the rounds by decreasing the amount of input DNA,
increasing the number of washes or adding competitors
to the reaction. To increase the species-specificity of the
enriched sequences, counter-selection was performed
starting from round 4 until round 8. In this case, the
recovered ssDNA was incubated first with A. tubingen-
sis and the unbound sequences were then recovered by
centrifugation and incubated with A. niger. This allowed
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to preferentially enrich sequences that only bind to A.
niger and do not recognize conidia of its close relative A.
tubingensis. In all three SELEX experiments, round 9 was
performed in parallel against both target (A. niger; R9-N)
and non-target species (A. tubingensis; R9-T) using ali-
quots of the ssDNA pool recovered after round 8. This
allowed to assess unspecific binding to A. tubingensis and
potential PCR bias introduced during the in-vitro selec-
tion. Additionally, a positive selection against A. niger
with counter-selection against A. tubingensis was per-
formed in SELEX-3 (R9 in Table 3).

When using lambda exonuclease for the generation
of ssDNA, it is important that only full-length double-
stranded products (homoduplexes) are generated during
enrichment PCR, as heteroduplexes cannot be efficiently
digested by the enzyme. Due to the high sequence het-
erogeneity characterizing the utilized random ssDNA
library, there is a risk of forming by-products (heterodu-
plexes) and introducing biases during the PCR [16, 29].
A commonly used method to avoid formation of heter-
oduplexes is the determination of the optimal number of
cycle prior enrichment PCR [25]. To this end, an aliquot
of the recovered ssDNA was subjected to two test-PCRs:
dncl (Fig. 2A) and dnc2 (Fig. 2B). The amplification pro-
file of the ssDNA recovered after round 3 of SELEX-3 is
illustrated in Fig. 2A as an example. The fluorescence sig-
nal increases over the amplification cycles, before reach-
ing a maximum at cycle 18. The subsequent decrease
in fluorescence, previously described as “hook effect’,
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corresponds to the formation of heteroduplexes [35].
Heteroduplexes, which start to form after depletion of the
primers, generally have a lower melting temperature than
the full-length PCR products (homoduplexes), as they are
composed of only partially complementary sequences. If
their melting temperature is lower than the temperature
at which the fluorescence signal is measured, they will be
dissociated during the measurement. This is reflected in
a lower fluorescent signal which causes the hook effect
[35]. In a previous study, this test-PCR only was sufficient
to determine the optimal number of amplification cycles,
corresponding to the number of cycles before the peak
[17]. In this study, three reactions were performed in an
additional test-PCR (Fig. 2B) with the three subsequent
number of cycles before the peak (15, 16 and 17 in the
example of Fig. 2A). This allowed to obtain an independ-
ent confirmation of the absence of heteroduplexes after
the enrichment PCR. In the case reported in Fig. 2B, the
cycle right before the peak (17) corresponded to the start
of heteroduplex formation, visible as a shorter product
on the gel, while after 16 cycles only the specific product
(86 bp, homoduplexes) was visible. This led to the deci-
sion of using 16 cycles to perform amplification of the
recovered ssDNA.

Monitoring the amount and the diversity of the recovered
ssDNA during the SELEX process

Advanced tools were applied to monitor the in-vitro
selection process allowing to precisely quantify the

B Test-PCR dnc2

L1516 17

1234567 89101112131415161718192021222324252627282930

Number of cycles

R3_SELEX —#—R3 NC NTC

Fig. 2 Exemplary results from test-PCRs dnc1 (A) and dnc2 (B) performed on recovered ssDNA to determine the optimal number of cycles

for subsequent amplification. In A, amplification of ssDNA recovered in round 3 of SELEX-3 (R3_SELEX) is shown alongside with the negative
control (R3_NC) and the non-template control (NTC). The circle highlights the number of cycles (18) at which the peak of the fluorescence signal
is reached while the three arrows point at the number of cycles (15, 16 and 17) before the peak which were chosen for testing in dnc2. In dnc1
the fluorescence signal was normalized to 0. In Figure B, L: ladder, 15, 16 and 17: PCR product after 15, 16 and 17 cycles
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amount by qPCR (Fig. 3) and measure changes in the
diversity by melting curves of the recovered ssDNA after
each round (Fig. 4). Round 1 was excluded from these
analyses as all of the recovered ssDNA was amplified for
further processing.

Quantification of the recovered ssDNA was performed
by qPCR. With this method, absolute recovered DNA
quantities can be determined with high sensitivity [1].
Differences in the amount of recovered ssDNA could be
observed between different rounds, with concentrations
ranging from 10 to 10° molecules/pL.

The increase in the amount of bound DNA was
reported in literature as an indicator of success-
ful sequence enrichment [16]. However, the amount
of recovered DNA does not only depend on the
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enrichment of certain sequences but also on the selec-
tion conditions applied at each round and on the speci-
ficity and accessibility of conidia surface targets to
the binder sequences present in the ssDNA pool. The
decrease of recovered DNA measured at round 4 of
SELEX-1 and SELEX-2 might be due to the counter-
selection, which was applied starting from this round.
However, a similar effect is not visible in SELEX-3,
indicating that it is likely a combination of factors,
rather than one factor only, to contribute to the num-
ber of bound sequences. Moreover, although all the
three SELEX experiments were initiated with the same
ssDNA library, the sequences randomly present in each
aliquot were not the same and most likely led to differ-
ent enrichment patterns. Round 5 of SELEX-3 yielded
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Fig. 3 Quantification by gPCR of the ssDNA recovered after each round in the three SELEX experiments (A: SELEX-1, B: SELEX-2 and C: SELEX-3). R2
to R9-T refer to the specific rounds of SELEX-1, SELEX-2 and SELEX-3 described in Tables 1, 2 and 3, respectively. Error bars indicate min. and max.

values
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a very low amount of DNA (Fig. 3A) and in order to
obtain enough DNA to continue with round 6 of the
SELEX process, additional DNA was obtained by the
dilution and further amplification of the already ampli-
fied PCR product, introducing a bias in the selection.

When the same ssDNA pool was applied to A. niger
(R9-N) or to A. tubingensis (R9-T), higher concentra-
tions of recovered ssDNA were measured for R9-N in
all SELEX experiments. This suggests successful enrich-
ment of A. niger-specific sequences.

A more effective method to monitor sequence enrich-
ment is based on the analysis of the melting curves, per-
formed on the recovered DNA after PCR amplification
[17, 32]. Melting curves of the three SELEX experiments
are reported in Fig. 4. Melting curves allow to monitor
the formation of homoduplexes, derived from the anneal-
ing of two complementary strands of a PCR products. At
the beginning of selection, homoduplexes are rare, as
most of the sequences are unique. However, if sequence
enrichment is successful, homoduplex formation can be
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observed as a distinct melting peak at around 82 °C in the
melting profile. Distinct melting peaks started to appear
in rounds 7 of SELEX-1 and SELEX-2 and in round 5 of
SELEX-3, indicating a decrease in sequence diversity and
the appearance of enriched sequences. Melting peaks
increased further in subsequent rounds, suggesting fur-
ther enrichment. However, while this increase appeared
gradual in SELEX-1 and SELEX-2, it was abrupt between
rounds 5 and 6 of SELEX-3. This is most likely due to
the PCR bias introduced in this experiment which led
to the loss of sequences present in low abundance while
those present in higher copies had a higher chance to be
amplified and carried over to the next round. Different
peak shapes correspond to changes in nucleotide com-
position of the analyzed pool [17]. Based on the evolu-
tion of the melting peaks, the selection was stopped after
nine rounds. In SELEX-3, the highest melting peak was
reached at round 8, suggesting a loss of potential bind-
ers at round 9. Interestingly, melting peaks of round 9-T
(selection against A. tubingensis in round 9) were higher
than those of round 9-N.

NGS data analysis and selection of aptamer candidates

Sequencing data were processed with the previously
developed Aptaflow script [17]. Graphs showing the
sequence enrichment in recovered ssDNA pools over the
subsequent SELEX rounds (Fig. 5) and a list of the 1000
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most enriched sequences for each round were generated.
The total count of individual sequences, representing
sequence enrichment, increased during the subsequent
rounds in all three performed SELEX experiments,
reaching a peak at round 9 in SELEX-1 and SELEX-2 and
at round 8 in SELEX-3. The sequencing data confirmed
the changes in diversity observed in the melting curves,
highlighting the power of combining these two tech-
niques to determine how many SELEX rounds to per-
form and which rounds to sequence. As already observed
in the melting curves, the increased count of enriched
sequences in round 9-T (negative selection, performed
with A. tubingensis instead of A. miger) might indicate
that the incubation of the aptamers with A. tubingensis
after selection with A. niger led to a loss of diversity of
specific enriched sequences. Only a few sequences were
retained by A. tubingensis conidia and these had a higher
chance to be amplified at higher rates. This phenomenon
is reflected as an apparent increase in sequence enrich-
ment, similar to what observed in round 6 of SELEX-3,
which, however, does not correspond to an increase of
binder molecules. Therefore, performing negative selec-
tion and subsequent analysis of the sequences enriched
in such an unspecific round can be a valuable strategy
to more easily identify potential binders enriched in the
target rounds as well as to remove unspecific sequences
from the potential binding candidates.

SELEX-3
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Fig. 5 Total count of individual sequences over the rounds shown in percentage. Sequencing was performed on ssDNA pools recovered
after rounds 2, 6, 7, 8, 9-N and 9-T of SELEX-1 and SELEX-2 and after all rounds of SELEX-3. Additionally, the initial ssDNA library was sequenced
to check for biases. R2 to R9-T refer to the specific rounds of SELEX-1, SELEX-2 and SELEX-3 described in Tables 1, 2 and 3, respectively
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The first ten selected aptamer candidates were identi-
fied from round 8 of SELEX-3, as melting curve analyses,
as well as the sequencing data, showed the highest enrich-
ment during this round. Additional 8 potential aptamer
candidates were identified from rounds 9 of SELEX-1 and
SELEX-2. Selection was performed on sequences belong-
ing to different clusters, by ranking them based on their
prevalence at the selected round and their appearance
in earlier rounds. Sequences AN03-R8-AN435, ANO3-
R9-N-AN070, ANO1-R9-095, ANO1-R9-105, ANO1-
R9-115, AN02-R9-099 and ANO02-R9-185 were selected
because present with higher reads in the positive selec-
tion round (R9-N) than in the negative selection round
(R9-T). ANO03-R8-AN156 was selected as negative con-
trol as it showed higher read counts in round 9-T than in
any of the rounds performed with A. niger conidia as tar-
gets. The minimum free energy and the secondary struc-
ture of the selected sequences were predicted using the
online tool RNAFold 2.5.1. All 18 selected aptamer can-
didates with their characteristics and reason for selection
are listed in Supplementary Table 1.

Aptamer identification and impact of the FAM label

on the aptamer binding

The 18 selected aptamer candidates were screened for
their capability to bind to A. miger conidia by perform-
ing binding assays and subsequent quantification of the
recovered ssDNA by qPCR.

In a first screening experiment, ten of the selected
candidates were ordered with a FAM-label at the 5’end
(Fig. 6). The quantified DNA was compared to three
negative controls: the starting ssDNA library, a labelled
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random negative control (BA-NC-1) and the ANO03-
R8-AN156 sequence.

The ssDNA recovered after most of the binding assays
was similar to the amount of ssDNA recovered after
incubation of A. nmiger conidia with either the ssDNA
library, the negative control BA-NC-1 or the negative
control AN03-R8-AN156. This might be due to the PCR
bias introduced in round 6 of SELEX-3, which most likely
led to the enrichment of sequences which are more eas-
ily amplified but might not bind to the conidia and the
concomitant loss of potential binders. However, two
candidates, AN03-R8-AN435 and ANO03-R9-N-ANO70,
showed significantly higher recovery rates compared to
the negative controls, indicating that they can bind to the
target conidia. As a high background could be measured
for the negative controls (ssDNA library, BA-NC-1 and
ANO03-R8-AN156), a second screening was performed
with unlabeled aptamer candidates to determine if the
FAM-label had an effect on the binding process. To this
end, eight aptamer candidates identified in SELEX-1 and
SELEX-2 were tested in their unlabeled version and com-
pared to the unlabeled BA-NC-1 (Fig. 7). Additionally,
labelled and unlabeled versions of aptamer candidates
ANO01-R9-006, ANO1-R9-115, AN02-R9-099 and ANO02-
R9-185 and of the negative control BA-NC-1 were com-
pared (Fig. 7). Candidates AN01-R9-006, AN01-R9-115,
ANO02-R9-099 and AN02-R9-185 showed higher recovery
rates than the negative control in both versions (labelled
and unlabeled). Interestingly, labelled aptamers were
associated with higher recovery rates than unlabeled
ones. We confirmed that this was not an artifact due to
the interference of the FAM fluorescence during the
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Fig. 6 First screening of FAM-labelled candidate aptamers. Recovered ssDNA after binding assays with A. niger conidia was quantified by gPCR
and is shown in molecules/uL. Samples were measured in duplicates. The mean value between biological and technical replicates is displayed
after subtracting the mean value of the blank samples (only aptamers, no conidia). Error bars represent max. and min. values. Asterisks indicate
aptamers showing significantly different binding (p-value <0.05) compared to the negative controls (ssDNA library and BA-NC-1)
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Fig. 7 Second screening of FAM-labelled and unlabeled candidate aptamers. Recovered ssDNA after binding assays with A. niger conidia

was quantified by gPCR and is shown in molecules/pL. Samples were measured in technical duplicates. The mean value between biological

and technical replicates is displayed after subtracting the mean value of the blank samples (only aptamers, no conidia). Error bars represent max.
and min. values. Asterisks indicate aptamers showing significantly different binding (p-value < 0.05) between unlabelled and labelled version

qPCR, but it rather derived from higher binding of the
FAM-labelled sequences to conidia of A. niger than the
unlabeled counterparts. This suggests that the FAM fluo-
rophore itself interacts with the target cells to a certain
extent. To our knowledge, FAM is not used as a cell or
cell wall dye but mostly conjugated to a DNA or an RNA
oligo. Based on the measured recovery rates, aptamers
ANO03-R8-AN435, ANO03-R9-N-AN070, ANO01-R9-006,
ANO1-R9-115, AN02-R9-099 and ANO02-R9-185 were
selected for further characterization.

Aptamer specificity to other Aspergillus species

To determine whether the six selected aptamers can bind
to A. miger in a species-specific manner, binding assays
were performed with other two Aspergillus species, A.

(See figure on next page.)

tubingensis and A. nidulans. Based on the qPCR results,
all the selected aptamers showed to be species-specific
for A. niger (Fig. 8A). DNA recovered after incubation
with A. niger increased from 2.5 to 17-fold when com-
pared to A. tubingensis and from 7 to 500-fold when com-
pared to A. nidulans. Interestingly, the negative control
(BA-NC-1) seems to bind preferentially to the conidia
of A. niger than to those of the other two fungal species.
This sequence was not present in the sequencing data but
it was randomly generated and it is possible that it binds
to a certain extent to the conidia of A. niger.

To confirm successful and species-specific bind-
ing, fluorescent measurements were performed on the
eluted samples upon binding with three selected aptam-
ers (ANO1-R9-006, AN02-R9-099 and ANO02-R9-185)

Fig. 8 Specificity evaluation of selected aptamers by means of gPCR (A) or fluorescence (B) measurements. A: recovered ssDNA after binding
assays with A. niger, A. tubingensis and A. nidulans conidia was quantified by gPCR and is shown in molecules/uL. Samples were measured

in technical duplicates. The mean value between biological and technical replicates is displayed after subtracting the mean value of the blank
samples (only aptamers, no conidia). The number of biological and technical replicates performed is indicated in white in each bar. Error bars
represent max. and min. values. The predicted secondary structure of each aptamer was obtained with RNAFold and is shown on top of the figure.
B: confirmation of the species-specificity of three selected aptamers by fluorescent measurements upon elution. Fluorescence of the recovered
and eluted ssDNA after binding assays with A. niger, A. tubingensis and A. nidulans conidia was measured at a Tecan Spark reader. Samples were
measured in duplicates. The mean value between biological and technical replicates is displayed after subtracting the mean value of the blank
samples (only conidia, no aptamer). Error bars represent max. and min. values. Asterisks indicate aptamers showing significantly different binding

(p-value <0.05) between different strains
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(Fig. 8B). Additionally, to avoid the introduction of a bias  region (BA-NC-2 and BA-NC-3) were measured in paral-

due to the selection of the random sequence, other two  lel (Fig. 8B).

negative controls differing in the unique internal 40 bp Fluorescent measurements confirmed the species-spe-
cific binding of the selected aptamers to A. niger conidia.
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Furthermore, different fluorescent values could be meas-
ured when comparing the three different negative con-
trols. The first selected negative control (BA-NC-1)
showed the highest binding to A. niger conidia. BA-NC-2
did not bind at all to target conidia and BA-NC-3 only
slightly. Therefore, randomly selected sequences have the
potential to bind to a certain extent to the target cells.
These results highlight the importance of choosing a suit-
able negative control and suggest that using multiple neg-
ative controls should be preferred.

A. niger and A. tubingensis are phylogenetically closely
related, belonging both to the section Nigri of the genus
Aspergillus [33]. Due to their highly similar phenotype,
they can be hardly distinguished based on classical mor-
phological criteria and the use of molecular analyses is
crucial for their differentiation [22, 27]. The capability of
the DNA aptamers developed in this study to distinguish
between these closely related species is of high relevance
and indicates that these fungi might substantially differ in
their surface proteome. These results could open the way
to new strategies in the identification and characteriza-
tion of closely related Aspergillus species.

Aptamer binding affinity

The binding affinity of the aptamers ANO01-R9-006,
ANO02-R9-099 and ANO02-R9-185 was determined by
incubating the A. niger conidia with different concentra-
tions of the corresponding aptamer. The binding curves

A ANO1-R9-006

20000 30000 40000

Fluorescence [a.u.]

10000

0

0 100 200 300 400 500 600

Aptamer concentration [nM]

Page 150f 17

were obtained by measuring fluorescence after elution
(Fig. 9).

The binding curve of aptamer AN02-R9-099 did not
show saturation (data not shown), indicating that this
aptamer might bind non-specifically to the conidia of A.
niger [14]. K, values were calculated for aptamers ANO1-
R9-006 and AN02-R9-185. AN01-R9-006 showed a Kj
of 58.97 nM (95% confidence interval 42.89-81.03 nM).
ANO02-R9-185 showed a K, of 138.71 nM (95% confi-
dence interval 79.65—255.51 nM). The measured equilib-
rium dissociation constants are in the range of aptamers
previously developed against fungal conidia [26] and
indicate specific binding on the conidial surface with
high affinity. The binding affinity curves indicate that the
aptamers interact in a concentration-dependent manner
with the A. niger conidia.

Conclusions

In this study, whole-cell SELEX was optimized for
conidia of A. miger. Three independent and parallel
whole-cell SELEX experiments increased the likeli-
hood of selecting and identifying effective binders. Two
independent test-PCRs were performed at each round,
which allowed to control for potential biases arising
from PCR amplification. Quantification and monitor-
ing of the diversity of the recovered ssDNA allowed to
obtain insights into the SELEX process before sequenc-
ing. Next-generation sequencing was performed on
the obtained enriched ssDNA pools, allowing the
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Fig. 9 Binding affinity of aptamers AN01-R9-006 (A) and AN02-R9-185 (B) to A. niger conidia. Single measurements are indicated by blue crosses
and the corresponding fitted curve is shown as a black line. The red dotted line corresponds to the K value
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identification of sequences binding with high affinity
to A. niger conidia. By introducing counter-selection
steps and a negative selection against the closely related
Aspergillus species A. tubingensis, species-specific
aptamers could be obtained. The binding affinity to A.
niger conidia of two of the developed aptamers, ANO1-
R9-006 and AN02-R9-185, was determined to be 58.97
and 138.71 nM, respectively. The protocol reported
here could be easily transferred to conidia of other
fungi, allowing the development of aptamers against
any Aspergillus species.

The availability of DNA molecules able to distinguish
closely related fungal species creates new opportuni-
ties in fungal research. DNA aptamers could be used
to better understand the complex structures constitut-
ing the external surface of fungal conidia. Not only the
developed aptamers could be implemented as biosen-
sors for quantitative monitoring and detection of fun-
gal conidia, but their species-specificity feature could
be exploited for the rapid identification of morpho-
logically identical Aspergillus species in various fields,
from clinical to taxonomical applications. To this end,
future work should focus on the thorough characteri-
zation the identified aptamers. Determination of their
binding properties, including binding assays with mul-
tiple strains and identification of the aptamers” cellu-
lar target(s), is crucial to allow for reproducible results
and, in the end, successful application of the identified
molecules.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540694-024-00185-2.

[ Additional file 1. }

Acknowledgements

The authors would like to thank Julien Charest from TU Wien for his help with
the Aptaflow script and Matthias Schmal from TU Wien for supporting the
quality control of the DNA samples prior sequencing.

Author contributions

MGS and VE conceived the study. VE designed the experiments with input
from MGS, CK and AF. VE and Al performed the experiments. VE, Al and MGS
analyzed the data. VE prepared the manuscript. All authors read and approved
the manuscript.

Funding

Open access funding provided by TU Wien (TUW). The author(s) declare finan-
cial support was received for the research, authorship, and publication of this
article from the COMET center acib: Next-Generation Bioproduction is funded
by BMK, BMDW, SFG, Standortagentur Tirol, Government of Lower Austria, and
Vienna Business Agency in the framework of COMET—Competence Centers
for Excellent Technologies. The COMET-Funding Program is managed by the
Austrian Research Promotion Agency FFG. Open access funding provided by
TU Wien (TUW).

Availability of data and materials
No datasets were generated or analysed during the current study.

Page 16 of 17

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 5 July 2024 Accepted: 20 October 2024
Published online: 05 November 2024

References

1. Avci-Adali M, Wilhelm N, Perle N, Stoll H, Schlensak C, Wendel HP. Abso-
lute quantification of cell-bound DNA aptamers during SELEX. Nucleic
Acid Ther. 2013;23:125-30. https://doi.org/10.1089/nat.2012.0406.

2. Bachtiar BM, Srisawat C, Bachtiar EW. RNA aptamers selected against
yeast cells inhibit Candida albicans biofilm formation in vitro. Microbiolo-
gyopen. 2019. https://doi.org/10.1002/mbo3.812.

3. Barratt RW, Johnson GB, Ogata WN. Wild-type and mutant stocks of
Aspergillus nidulans. Genetics. 1965;52:233-46. https://doi.org/10.1093/
genetics/52.1.233.

4. Blango MG, Kniemeyer O, Brakhage AA. Conidial surface proteins at the
interface of fungal infections. PLOS Pathog. 2019;15: €1007939. https://
doi.org/10.1371/journal.ppat.1007939.

5. Cairns TC, Barthel L, Meyer V. Something old, something new: challenges
and developments in Aspergillus niger biotechnology. Essays Biochem.
2021,65:213-24. https://doi.org/10.1042/EBC20200139.

6.  Currie JN. The citric acid fermentation of Aspergillus niger. J Biol Chem.
1917. https://doi.org/10.1016/50021-9258(18)86708-4.

7. Eckhart L, Bach J, Ban J, Tschachler E. Melanin binds reversibly to ther-
mostable DNA polymerase and inhibits its activity. Biochem Biophys Res
Commun. 2000;271:726-30. https://doi.org/10.1006/bbrc.2000.2716.

8. Ellena, V. Towards a sexual cycle in Aspergillus niger. Dr. thesis. 2020

9. Ellington AD, Szostak JW. In vitro selection of RNA molecules that bind
specific ligands. Nature. 1990,346:818-22. https://doi.org/10.1038/34681
8a0.

10. Fraczek MG, Zhao C, Dineen L, Lebedinec R, Bowyer P, Bromley M, et al.
Fast and reliable PCR amplification from Aspergillus fumigatus spore sus-
pension without traditional DNA extraction. Curr Protoc Microbiol. 2019.
https://doi.org/10.1002/cpmc.89.

11. Frisvad JC, Mgller LLH, Larsen TO, Kumar R, Arnau J. Safety of the fungal
workhorses of industrial biotechnology: update on the mycotoxin and
secondary metabolite potential of Aspergillus niger, Aspergillus oryzae,
and Trichoderma reesei. Appl Microbiol Biotechnol. 2018;102:9481-515.
https://doi.org/10.1007/500253-018-9354-1.

12. Garcia-Rubio R, de Oliveira HC, Rivera J, Trevijano-Contador N. The fungal
cell wall: Candida, Cryptococcus, and Aspergillus species. Front Microbiol.
2020. https://doi.org/10.3389/fmicb.2019.02993.

13. Guo X, Zhang M, Wang M, Wang J, Fauconnier M-L. Nanomaterials-based
biosensors against Aspergillus and aspergillosis: control and diagnostic
perspectives. London: IntechOpen; 2023. https://doi.org/10.5772/intec
hopen.111725.

14. Henri, J, Bayat, N,, Macdonald, J,, and Shigdar, S. (2019). A guide to using
nucleic acid aptamers in cell based assays. Aptamers 3, 4-9. http://www.
amsbio.com.

15. Homann M, Goringer HU. Combinatorial selection of high affinity RNA
ligands to live African trypanosomes. Nucleic Acids Res. 1999,27:2006-14.
https://doi.org/10.1093/nar/27.9.2006.

16. Kohlberger M, Gadermaier G. SELEX: critical factors and optimization
strategies for successful aptamer selection. Biotechnol Appl Biochem.
2022;69:1771-92. https://doi.org/10.1002/bab.2244.

17. Kolm C, Cervenka |, Aschl UJ, Baumann N, Jakwerth S, Krska R, et al. DNA
aptamers against bacterial cells can be efficiently selected by a SELEX


https://doi.org/10.1186/s40694-024-00185-2
https://doi.org/10.1186/s40694-024-00185-2
https://doi.org/10.1089/nat.2012.0406
https://doi.org/10.1002/mbo3.812
https://doi.org/10.1093/genetics/52.1.233
https://doi.org/10.1093/genetics/52.1.233
https://doi.org/10.1371/journal.ppat.1007939
https://doi.org/10.1371/journal.ppat.1007939
https://doi.org/10.1042/EBC20200139
https://doi.org/10.1016/S0021-9258(18)86708-4
https://doi.org/10.1006/bbrc.2000.2716
https://doi.org/10.1038/346818a0
https://doi.org/10.1038/346818a0
https://doi.org/10.1002/cpmc.89
https://doi.org/10.1007/s00253-018-9354-1
https://doi.org/10.3389/fmicb.2019.02993
https://doi.org/10.5772/intechopen.111725
https://doi.org/10.5772/intechopen.111725
http://www.amsbio.com
http://www.amsbio.com
https://doi.org/10.1093/nar/27.9.2006
https://doi.org/10.1002/bab.2244

Ellena et al. Fungal Biology and Biotechnology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

(2024) 11:17

process using state-of-the art gPCR and ultra-deep sequencing. Sci Rep.
2020;10:1-16. https://doi.org/10.1038/541598-020-77221-9.

Krivitsky V, Granot E, Avidor Y, Borberg E, Voegele RT, Patolsky F. Rapid
collection and aptamer-based sensitive electrochemical detection of
soybean rust fungi airborne urediniospores. ACS Sens. 2021. https://doi.
0rg/10.1021/acssensors.0c02452.

Morris KN, Jensen KB, Julin CM, Weil M, Gold L. High affinity ligands from
in vitro selection: Complex targets. Proc Natl Acad Sci. 1998;95:2902-7.
https://doi.org/10.1073/pnas.95.6.2902.

Paulussen C, Hallsworth JE, Alvarez-Pérez S, Nierman WC, Hamill PG, Blain
D, et al. Ecology of aspergillosis: insights into the pathogenic potency of
Aspergillus fumigatus and some other Aspergillus species. Microb Biotech-
nol. 2017;10:296-322. https://doi.org/10.1111/1751-7915.12367.

Russo A, Tiseo G, Falcone M, Menichetti F. Pulmonary aspergillosis:

an evolving challenge for diagnosis and treatment. Infect Dis Ther.
2020;9:511-24. https://doi.org/10.1007/540121-020-00315-4.

Samson RA, Noonim P, Meijer M, Houbraken J, Frisvad JC, Varga J.
Diagnostic tools to identify black aspergilli. Stud Mycol. 2007;59:129-45.
https://doi.org/10.3114/sim.2007.59.13.

Schuster E, Dunn-Coleman N, Frisvad J, van Dijck P. On the safety of Asper-
gillus niger - a review. Appl Microbiol Biotechnol. 2002;59:426-35. https://
doi.org/10.1007/500253-002-1032-6.

Seekles SJ, Punt M, Savelkoel N, Houbraken J, Wosten HA, Ohm RA, Ram
AF. Genome sequences of 24 Aspergillus niger sensu stricto strains to
study strain diversity, heterokaryon compatibility, and sexual reproduc-
tion. G3. 2022. https://doi.org/10.1093/g3journal/jkac124.

Sefah K, Shangguan D, Xiong X, O'Donoghue MB, Tan W. Development of
DNA aptamers using Cell-SELEX. Nat Protoc. 2010;5:1169-85. https://doi.
org/10.1038/nprot.2010.66.

Seo J-W, Kim JY, Kim DH, Oh J-J, Kim YJ, Kim G-H. Selection and characteri-
zation of toxic Aspergillus spore-specific DNA aptamer using spore-SELEX.
RSC Adv. 2021;11:2608-15. https://doi.org/10.1039/DORA09571K.

Susca A, Stea G, Mule G, Perrone G. Polymerase chain reaction (PCR)
identification of Aspergillus niger and Aspergillus tubingensis based on the
calmodulin gene. Food Addit Contam. 2007,24:1154-60. https://doi.org/
10.1080/02652030701546206.

Taniwaki MH, Pitt JI, Magan N. Aspergillus species and mycotoxins: occur-
rence and importance in major food commodities. Curr Opin Food Sci.
2018;23:38-43. https://doi.org/10.1016/j.cofs.2018.05.008.

Tolle F, Wilke J, Wengel J, Mayer G. By-product formation in repetitive PCR
amplification of DNA libraries during SELEX. PLoS ONE. 2014;9: e114693.
https://doi.org/10.1371/journal.pone.0114693.

Trunzo NE, Hong KL. Recent progress in the identification of aptamers
against bacterial origins and their diagnostic applications. Int J Mol Sci.
2020;21:5074. https://doi.org/10.3390/ijms21145074.

Tuerk C, Gold L. Systematic evolution of ligands by exponential enrich-
ment: RNA ligands to bacteriophage T4 DNA polymerase. Science. 1990.
https://doi.org/10.1126/science.2200121.

Vanbrabant J, Leirs K, Vanschoenbeek K, Lammertyn J, Michiels L. reMelt-
ing curve analysis as a tool for enrichment monitoring in the SELEX
process. Analyst. 2014;139:589-95. https://doi.org/10.1039/C3AN01884A.
Visagie CM, Yilmaz N, Kocsubé S, Frisvad JC, Hubka V, Samson RA, et al.

A review of recently introduced Aspergillus, Penicillium, Talaromyces and
other Eurotiales species. Stud Mycol. 2024. https://doi.org/10.3114/sim.
2024.107.01.

Wang T, Yin W, AlShamaileh H, Zhang Y, Tran PH-L, Nguyen TN-G, et al. A
detailed protein-SELEX protocol allowing visual assessments of individual
steps for a high success rate. Hum Gene Ther Methods. 2019;30:1-16.
https://doi.org/10.1089/hgtb.2018.237.

Warton K, Xu'Y, Ford CE. Target sequence heterogeneity causes the

‘hook effect’in fluorescent dye-based quantitative PCR. Biotechniques.
2020;69:80-3. https://doi.org/10.2144/btn-2020-0016.

Yuan G, Czajka JJ, Dai Z, Hu D, Pomraning KR, Hofstad BA, et al. Rapid and
robust squashed spore/colony PCR of industrially important fungi. Fungal
Biol Biotechnol. 2023;10:15. https://doi.org/10.1186/540694-023-00163-0.
Yuce M, Kurt H. How to make nanobiosensors: surface modification and
characterisation of nanomaterials for biosensing applications. RSC Adv.
2017,7:49386-403. https://doi.org/10.1039/C7RAT10479K.

Zhang J, Zhang J. The filamentous fungal pellet and forces driving its
formation. Crit Rev Biotechnol. 2016;36:1066—77. https://doi.org/10.3109/
07388551.2015.1084262.

Page 17 of 17

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1038/s41598-020-77221-9
https://doi.org/10.1021/acssensors.0c02452
https://doi.org/10.1021/acssensors.0c02452
https://doi.org/10.1073/pnas.95.6.2902
https://doi.org/10.1111/1751-7915.12367
https://doi.org/10.1007/s40121-020-00315-4
https://doi.org/10.3114/sim.2007.59.13
https://doi.org/10.1007/s00253-002-1032-6
https://doi.org/10.1007/s00253-002-1032-6
https://doi.org/10.1093/g3journal/jkac124
https://doi.org/10.1038/nprot.2010.66
https://doi.org/10.1038/nprot.2010.66
https://doi.org/10.1039/D0RA09571K
https://doi.org/10.1080/02652030701546206
https://doi.org/10.1080/02652030701546206
https://doi.org/10.1016/j.cofs.2018.05.008
https://doi.org/10.1371/journal.pone.0114693
https://doi.org/10.3390/ijms21145074
https://doi.org/10.1126/science.2200121
https://doi.org/10.1039/C3AN01884A
https://doi.org/10.3114/sim.2024.107.01
https://doi.org/10.3114/sim.2024.107.01
https://doi.org/10.1089/hgtb.2018.237
https://doi.org/10.2144/btn-2020-0016
https://doi.org/10.1186/s40694-023-00163-0
https://doi.org/10.1039/C7RA10479K
https://doi.org/10.3109/07388551.2015.1084262
https://doi.org/10.3109/07388551.2015.1084262

	Development of a whole-cell SELEX process to select species-specific aptamers against Aspergillus niger
	Abstract 
	Background 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Buffers and chemicals
	Strains and culture conditions
	ssDNA library and primers
	Whole-cell SELEX
	Quantification of recovered ssDNA by qPCR
	Monitoring sequence diversity by melting curves
	Identification of candidate aptamers by next-generation sequencing
	Binding assays and determination of aptamer specificity
	Aptamer binding affinity determination

	Results and discussion
	Implementation and design of a whole-cell SELEX process for the development of aptamers specific to A. niger conidia
	Monitoring the amount and the diversity of the recovered ssDNA during the SELEX process
	NGS data analysis and selection of aptamer candidates
	Aptamer identification and impact of the FAM label on the aptamer binding
	Aptamer specificity to other Aspergillus species
	Aptamer binding affinity

	Conclusions
	Acknowledgements
	References


