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A B S T R A C T

The Aspergillus niger aggregate contains 15 morphologically indistinguishable species which presence is related
to ochratoxin A (OTA) and fumonisin B2 (FB2) contamination of foodstuffs. The taxonomy of this group was
recently reevaluated and there is a need of new studies regarding the risk that these species might pose to food
security. 258 isolates of A. niger aggregate obtained from a variety of products from Spain were classified by
molecular methods being A. tubingensis the most frequently occurring (67.5%) followed by A. welwitschiae
(19.4%) and A. niger (11.7%). Their potential ability to produce mycotoxins was evaluated by PCR protocols
which allow a rapid detection of OTA and FB2 biosynthetic genes in their genomes. OTA production is not
widespread in A. niger aggregate since only 17% of A. niger and 6% of A. welwitschiae isolates presented the
complete biosynthetic cluster whereas the lack of the cluster was confirmed in all A. tubingensis isolates. On the
other hand, A. niger and A. welwitschiae seem to be important FB2 producers with 97% and 29% of the isolates,
respectively, presenting the complete cluster. The genes involved in OTA and FB2 were overexpressed in pro-
ducing isolates and their expression was related to mycotoxin synthesis.

1. Introduction

Aspergillus section Nigri (commonly known as Black Aspergilli) in-
cludes 27 species worldwide distributed which present dark colonies
and uniseriate or biseriate conidial heads (Ismail, 2017). Many of these
species are key microorganisms in biotechnological processes (Frisvad
et al., 2011) although most of them are food spoilage fungi as well as
mycotoxin producers in foodstuffs (Cabañes and Bragulat, 2018). As-
pergillus section Nigri is one of the most difficult groups concerning
species classification since morphological and chemical characteristics
are quite similar among them and molecular approaches are essential to
reach a correct identification (Perrone et al., 2011; Ismail, 2017). The
taxonomy of this group is constantly changing and new species have
been recently described. Included in Aspergillus section Nigri, there is a
particular group of biseriate species known as Aspergillus niger ag-
gregate. To date, this group contains 15 morphologically indis-
tinguishable species including A. tubingensis, A. niger and the recently
described A. welwitschiae together with A. acidus, A. brasiliensis, A.
coreanus, A. costaricaensis, A. eucalypticola, A. foetidus, A. kawachii, A.
lacticoffeatus, A. luchuensis, A. neoniger, A. piperis and A. vadensis

(Perrone et al., 2011; Varga et al., 2011; Hong et al., 2013).
The ability of A. niger aggregate species to produce mycotoxins is

known for a long time but their contribution to mycotoxin content in
foodstuffs as well as the differences in production ability among species
are controversial topics. Some A. niger aggregate species have been
traditionally considered important ochratoxin A (OTA) producers in
foodstuffs, mainly in grapes and grape products (Gil-Serna et al.,
2018b). However, their ability to produce this toxin seems to be limited
to a small number of strains. Recently, the complete cluster of genes
involved in OTA production has been described in A. niger aggregate
species (Susca et al., 2016; Gil-Serna et al., 2018a). This region is
formed by five genes encoding a halogenase (HAL), a bZIP transcription
factor (bZIP), a cytochrome p450 monooxygenase (P450), a non-ribo-
somal peptide synthetase (NRPS) and a polyketide synthase (PKS).
Several molecular studies reported that many A. niger aggregate isolates
present a deletion of most of the OTA biosynthetic genes remaining
only a small non-functional part of the polyketide synthase encoding
one. The loss of OTA production seems to be related to the presence of
that deletion in fungal genomes (Susca et al., 2016; Gil-Serna et al.,
2018a).
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Frisvad et al. (2007) described for the first time the ability of A. niger
to produce fumonisins. The authors found a putative fumonisin bio-
synthetic cluster in A. niger genome and detected fumonisins in fungal
cultures. The fumonisin biosynthetic cluster in A. niger widely differs
from that found in Fusarium species and some important genes are
missing; therefore, black Aspergilli are not able to synthetized all types
of fumonisins being fumonisin B2 (FB2) the most relevant one regarding
food security (Frisvad et al., 2007). The fumonisin cluster in A. niger
was acquired via horizontal gene transfer from an ancestor of F. verti-
cillioides and then the cluster diverged by removing and reshuffling the
genes (Khaldi and Wolfe, 2011). Up to now, both A. niger and A. wel-
witschiae strains have been reported to present the fumonisin cluster
although, in some cases, a partial deletion occurs and the isolates are
not able to produce FB2 (Susca et al., 2014b, 2016).

As mentioned before, A. niger aggregate species are widespread and
have been reported in a variety of commodities. However, their con-
tribution to mycotoxin contamination is not clearly established yet
since the description of the new species and their ability to produce FB2

was firstly reported (Ismail, 2017; Cabañes and Bragulat, 2018). Grapes
and derivatives have been extensively studied regarding their con-
tamination by mycotoxigenic fungi (Gil-Serna et al., 2018b). The dis-
tribution of A. niger aggregate species in these products does not seem
to be related to neither geographical nor climatological conditions. A.
tubingensis has been reported as the most frequently occurring species in
Mediterranean countries (Pantelides et al., 2017) and Argentina
(Chiotta et al., 2011) whereas A. niger and A. welwitschiae are the pre-
dominant species on other South American countries such as Uruguay
(Garmendia and Vero, 2016) and Brazil (Massi et al., 2016; De Souzza
et al., 2018).

Aspergillus niger aggregate species occurrence and their ability to
produce mycotoxins have been frequently reported in Spain but never
after the description of A. welwitschiae. Therefore, the objectives of this
work were: (I) to perform a comprehensive study regarding the oc-
currence of the main A. niger aggregate species (A. niger, A. welwitschiae
and A. tubingensis) isolated from relevant products from Spain, (II) to
unravel their relative importance to the contribution of mycotoxin
content in foodstuffs by evaluating their potential ability to produce
OTA and FB2 using rapid PCR protocols which detect biosynthetic genes
in fungal genomes, and (III) to study the expression of OTA and fu-
monisin biosynthetic genes along time by real time RT-PCR in the most
relevant isolates obtained.

2. Materials and methods

2.1. Fungal isolates

The 258 isolates of the Aspergillus niger aggregate used in this study
were collected from different commodities and locations in Spain in the
course of different studies performed in our laboratory in the last 10
years. These include commodities considered to be the most relevant
such as grapes and a variety of cereals, but also spices, onion or le-
gumes, among others (Table 1). The A. niger aggregate isolates were
initially identified taking into account their colony appearance and
their morphological characteristics under microscopic visualization
including the presence of biseriate conidiophores which produce small
and non-ornamented conidia (Samson et al., 2007). Subsequently, all of
them were analyzed using species specific PCR assays and DNA se-
quencing, when necessary, as described below. They were stored as
spore suspensions in 15% glycerol at −80 °C and they were cultured on
Potato Dextrose Agar (PDA) (Pronadisa, Madrid, Spain) when required.

2.2. Identification

2.2.1. DNA extraction
Genomic DNA was extracted from 4-day-old cultures of all the 258

A. niger aggregate isolates on PDA agar plates following the method

Table 1
Identification of the A. niger aggregate isolates analyzed in this work, their
relative abundance (%), their origin (source/commodity/substrate) and the
number of isolates showing the OTA and FB2 clusters for each Aspergillus spe-
cies.

Species Source Number
of
isolates

OTA
cluster
(%)

FUM
complete
cluster (%)

FUM
truncated
cluster (%)

Aspergillus niger
(11.7%)

Anise 1 0 1 (100%) 0
Air 1 0 1 (100%) 0
Corn
borer

11 0 10 (91%) 1 (9%)

Grapes 3 1 (33%) 3 (100%) 0
Hair 1 0 1 (100%) 0
Maize 3 0 3 (100%) 0
Oat 3 1 (33%) 3 (100%) 0
Paprika 1 0 1 (100%) 0
Pea 1 1

(100%)
1 (100%) 0

Vetch 2 2
(100%)

2 (100%) 0

Wheat 3 0 3 (100%) 0

Total 30 5
(17%)

29 (97%) 1 (3%)

Aspergillus
welwitschiae
(19.4%)

Anise 2 0 0 2 (100%)
Barley 2 0 2 (100%) 0
Bean 1 1

(100%)
1 (100%) 0

Chickpea 1 0 0 1 (100%)
Corn
borer

6 0 1 (17%) 5 (83%)

Gold of
pleasure

1 0 0 1 (100%)

Grapes 17 1 (6%) 2 (12%) 14 (82%)
Lupin 1 0 0 1 (100%)
Maize 2 1 (50%) 1 (50%) 1 (50%)
Oat 1 0 0 1 (100%)
Onion 7 0 3 (43%) 4 (57%)
Paprika 1 0 0 1 (100%)
Plant
roots

2 0 2 (100%) 0

Rye 1 0 1 (100%) 0
Soil 3 0 0 3 (100%)
Sorghum 1 0 1 (100%) 0
Wheat 1 0 0 1 (100%)

Total 50 3 (6%) 14 (28%) 35 (70%)

Aspergillus
tubingensis
(67.8%)

Anise 9 0 0 0
Barley 21 0 0 0
Corn
borer

7 0 0 0

Gold of
pleasure

5 0 0 0

Grapes 42 0 0 0
Maize 20 0 0 0
Oat 11 0 0 0
Onion 1 0 0 0
Pea 2 0 0 0
Peanut 1 0 0 0
Rye 3 0 0 0
Soil 6 0 0 0
Sorghum 3 0 0 0
Wheat 44 0 0 0

Total 175 0 0 0

Aspergillus
brasiliensis
(1.1%)

Grapes 1 0 0 0
Soil 2 0 0 0

Total 3 0 0 0
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described elsewhere (Querol et al., 1992). Mycelia were frozen with
liquid nitrogen and grinded using a micropistille before DNA isolation.
DNA concentrations were determined using a NanoDrop® ND-1000
spectrophotometer (Nanodrop Technologies, Wilmington, USA).

2.2.2. Species-specific PCR assays
The integrity of the isolated genomic DNA and, therefore, its suit-

ability for PCR amplification, was tested in all the samples using uni-
versal primers ITS1/ITS4 (White et al., 1990). Subsequently, species-
specific PCR assays based on calmodulin gene were applied to identify
the main ochratoxigenic Aspergillus niger aggregate species using the
species specific primers and conditions reported by Palumbo and
O'Keeffe (2014). The specific primer sets At F/R, An F/R and Aw F/R
were used for the specific identification of A. tubingensis, A. niger and A.
welwitschiae, respectively.

PCR assays were performed in an Eppendorf Mastercycler Gradient
(Eppendorf, Hamburg, Germany). All amplification reactions were
carried out in volumes of 25 μL containing 100 ng of sample DNA, 1 μL
of each primer (20 μM) (Metabion, Germany) and 12.5 μL NZYTaq II 2x
Green Master Mix (nzytech, Lisboa, Portugal). PCR products were de-
tected in 2% agarose ethidium bromide gels in TAE 1X buffer (Tris-
acetate 40mM and EDTA 1.0mM). The NZYDNA Ladder V (nzytech,
Lisboa, Portugal) was used as molecular size marker.

2.2.3. Sequencing
The partial sequence of calmodulin gene was obtained for those A.

niger aggregate isolates negative for the three specific PCR assays de-
scribed above using the primer set CF1L/CF4 (Peterson, 2008) and the
following program: an initial denaturalization cycle of 5min at 95 °C,
32 cycles of 60 s at 95 °C, 60 s at 68 °C and 60 s at 72 °C, and a final
extension cycle of 5min at 72 °C. The amplification products (about 600
bp long) were excised from the agarose gels and purified using the
NZYGelpure kit (nzytech, Lisboa, Portugal). Sequencing was performed
in an ABI PRISM 3730XL DNA sequencer (Applied Biosystems, Foster
City, USA) according to manufacturer's instructions in Macrogen facil-
ities (Madrid, Spain). All amplification products were sequenced in
both directions. Sequences were assembled using the UGENE 1.29
package (Unipro, Novosibirsk, Russia). The sequences were compared
with those deposited on NCBI nucleotide databases to reach the iden-
tification of the corresponding isolates at species level.

Similarly, the same partial sequence of calmodulin gene was ob-
tained for all the A. niger aggregate isolates included in the phylogenetic
analysis carried out in this work.

2.3. Presence of OTA and fumonisin biosynthetic genes

The presence of the five genes of the OTA biosynthetic cluster (hal,
bzip, p450, nrps and pks) was tested in all the isolates using specific PCR
protocols previously described in our group and reported in Gil-Serna
et al. (2018a).

Additionally, the absence of the OTA biosynthetic cluster was as-
sessed in the A. niger, A. welwitschiae and A. tubingensis isolates of this
study.

The sequence of the two new set of primers were designed targeting
the genes encoding an isopropanol dehydrogenase (IDH) and an oxide
nitric synthase (ONS) located in the flanking regions of the OTA bio-
synthetic cluster (Fig. 1S). Primers ISODH-PKSTUBF (5′-CATGATCGC
TCACCCACTCAC-3′) and ISODH-PKSTUBR (5′-GATGATGTTTGCAAGG
TTATGCAT-3′) were specific for A. tubingensis whereas primers ISODH-
PKSF/ISODH-PKSR (5′-GGTGACACAGTCGGGTCCAA-3’/5′-CACTGCGC
CATAGCATTCTCA-3′) were specific for both A. niger and A. wel-
witschiae. In both cases, the PCR protocol was as follows: 1 cycle of
5min at 95 °C, 30 cycles of 30 s at 95 °C, 30 s at 62 °C and 60 s at 72 °C,
and a final extension of 7min at 72 °C. Positive amplification (a band of
approximately 1 kb long) indicates that the OTA biosynthetic cluster
was absent.

The presence of the fumonisin biosynthetic cluster in all the isolates
was assessed using the specific PCR protocols to detect fumonisin bio-
synthetic genes fum1, fum8, fum14 (Palumbo et al., 2013) and fum3,
fum6, fum7, fum10, fum13, fum15, fum21 (Susca et al., 2016). The re-
lative positions of the genes in the cluster either complete or truncated
are shown in Fig. S2. The amplification program for fum6, fum7 and fum
21 was as follows: 30 cycles of 30 s at 95 °C, 30 s at 58 °C and 50 s at
72 °C; for fum3, fum10, fum13 and fum15, 30 cycles of 30 s at 95 °C,
30 s at 60 °C and 45 s at 72 °C; and for fum1, fum8, fum19 and fum14, 30
cycles of 45 s at 95 °C, 30 s at 66 °C and 30 s at 72 °C. All these programs
started with 5min of initial denaturation at 95 °C and finished with a
cycle of 7min at 72 °C for final elongation.

PCR reagents as well as the master mix composition were the same
as described above. PCR products were observed and analyzed by
electrophoresis in 2% agarose ethidium bromide gels in TAE 1X buffer
prepared as mentioned above.

2.4. Genome sequencing of Aspergillus tubingensis

The cluster of genes involved in OTA biosynthesis was not detected
by PCR in any of the 175 A. tubingensis isolates tested; therefore, to
discard that the sequence of the cluster might be very different or
present in other genomic location, the genome of one A. tubingensis
isolate was studied. The sequence of the whole genome of A. tubingensis
PEANUT.1 was obtained by next generation sequencing in the lllumina
HiSeq platform (Applied Biosystems, USA) (Stab-Vida, Portugal), using
100 bp paired-end sequencing reads. The analysis of the generated raw

Fig. 1. Time course of the relative expression ratio of fum1 gene quantified by
real time RT-PCR for Aspergillus niger (above) and A. welwitschiae (below) iso-
lates incubated in CYA plates for 2–5 days at permissive conditions for FB2

production. Continuous and dotted grey lines corresponded to A. niger GRAPE.2
and VETCH.2, respectively, and A. welwitschiae RYE.4 and BEAN.1, respec-
tively. Black lines correspond to the expression patterns of the FB2 non-pro-
ducing isolates A. niger CORN-BORER.17 and A. welwitschiae GRAPE.55,
showing the truncated version of the cluster. In both cases, the expression va-
lues were related to the corresponding non-producing strain, presenting the
truncated FB2 cluster at day 2 of incubation. Values indicate the average of the
two replicates ± standard error.
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sequence data was carried out using CLC Genomics Workbench 9.0 and
the raw sequence data of the sample were de novo assembled using an
algorithm based on Bruijn graphs. The genome size was estimated in
36.20Mb.

Genomic DNA was isolated from 3-day-old cultures in potato-dex-
trose broth (Pronadisa, Spain) using the DNeasy Plant Mini Kit (QIAgen,
Spain) following manufacturer's instructions. The DNA sample was used
for library construction using the TruSeq DNA Whole genome library
preparation kit (Illumina, USA).

2.5. Study on OTA and FB2 production by selected Aspergillus niger
aggregate isolates

2.5.1. Culture conditions
The ability to produce OTA and FB2 and the expression of biosyn-

thetic genes along time were studied in vitro in permissive conditions
(Frisvad et al., 2007; Gil-Serna et al., 2018a) in a group of 9 selected
isolates: A. welwitschiae BEAN.1, RYE.4, GRAPE.55 and GRAPE.58; A.
tubingensis MAIZE.4 and PEANUT.1; and A. niger CORN-BORER.17,
GRAPE.2 and VETCH.2. Spore suspensions (2 μl, 107 spores/ml) were
placed in the centre of the plates containing CYA medium and the plates
were incubated for 6 days at 28 °C. The experiment was carried out by
triplicate. Colony diameter was measured daily to calculate growth rate
and OTA and FB2 concentrations were evaluated at the end of the in-
cubation period.

2.5.2. OTA and FB2 determination
Three agar plugs were excised from the centre, medium and outer

edge of the colony and OTA and FB2 were extracted by 1mL of me-
thanol and 1mL of methanol:water 75:25, respectively (Bragulat et al.,
2001; Frisvad et al., 2007). Mycotoxin measurements were performed
in the Laboratorio Arbitral Agroalimentario (Madrid, Spain) following
its standardized protocols.

OTA concentration was determined by High Performance Liquid
Chromatography (HPLC). OTA was measured using a reverse phase C18
column (Tracer Extrasil ODS2; 5 μm, 4.6mm×250mm; Teknokroma,
Barcelona, Spain) at 45 °C in a Perkin Elmer Series 200 HPLC system
coupled with a fluorescence detector (Perkin Elmer, Massachusetts,
USA) at excitation and emission wavelengths of 330 and 470 nm re-
spectively. The mobile phase comprised monopotassium phosphate
4mM pH 2.5 and methanol (33:67) and the flow rate was 1mL x
min−1. OTA was eluted and quantified by comparison with a calibra-
tion curve generated from OTA standards (OEKANAL®, Sigma-Aldrich,
Steinheim, Germany). The limit of detection was 50 ng/g agar.

Fumonisin B2 concentration was measured by LC MS/MS using a
Varian 325 HPLC MS/MS (Varian, Palo Alto, USA) with EC-C18
Poroshell 120 column (Agilent, Waldbronn, Germany) at room tem-
perature. The system was equipped with a binary solvent pump and a
MS detector consisting of a API source configured as vESI (Vortex
Electrospray Ionization). The flow rate of the mobile phase was 0.25mL
x min−1. The system was programmed to elute with a gradient of 0.15%
formic acid +0.5 mM ammonium formate in water (mobile phase A)
and 0.1% formic acid in methanol (mobile phase B) for a run time of
30 min according to the following schedule: 3 min, 90% A; 12 min, 60%
A; 30 s, 35% A; 7 min, 0% A; and 7 min 30 s, 90% A. Operating con-
ditions were as follows: nebulizer and vortex pressures 50 and 30 psi,
respectively; drying gas temperature 300 °C.

2.5.3. Expression of the OTA biosynthetic genes and the FB2 biosynthetic
fum1 gene of A. niger and A. welwitschiae along time

The time course expression of the five OTA biosynthetic genes was
studied in two OTA producing isolates (GRAPE.2 and VETCH.2) and
one non-producing isolate (CORN-BORER.17) of A. niger. In the case of
A. welwitschiae, the strains selected were the OTA-producing GRAPE.55
and BEAN.1 and the non-producing CORN-BORER.58. The expression
of the FB2 biosynthetic fum1 gene was similarly studied in two FB2

producing isolates of A. niger (GRAPE.2 and VETCH.2) and A. wel-
witschiae (BEAN.1 and RYE.4) and the non-producing CORN BORER.17
(A. niger) and GRAPE.55 (A. welwitschiae).

Sterile cellophane membranes (BioRad, Spain) were laid on CYA
plates before fungal inoculation to facilitate mycelia removal after in-
cubation. Spore suspensions (2 μl, 107 spores/ml) were located in the
centre of the plates and the incubation was performed at 28 °C for 2, 3,
4 and 5 days. At the end of corresponding incubation period, cello-
phanes with the fungal mycelia were removed from the plates and
frozen at −80 °C for RNA extraction. The experiment was carried out
by duplicate.

Mycelia were frozen in liquid nitrogen and grinded using a mortar
and a pestle. Cell lysis was performed using TRI reagent (Ambion, USA)
and RNA was subsequently purified with chloroform and isolated by
lithium chloride precipitation. Two treatments with DNAse I were
carried out to ensure complete DNA removal following manufacturer's
instructions (RNase-Free DNase set, QIAgen, Spain). RNA concentra-
tions were determined using a NanoDrop® ND-1000 spectrophotometer
(Nanodrop Technologies, USA). Retrotranscription was performed
starting from 1 μg of isolated RNA using the PrimeScript RT reagent Kit
(Takara, Japan).

The expression of each of the five OTA biosynthetic genes was
quantified using real-time RT-PCR protocols previously developed in
our group for A. welwitschiae and A. niger (Gil-Serna et al., 2018a). In
the case of fum1 gene, a new primer pair was designed on the basis of
available fum1 gene sequences retrieved from the NCBI database in
order to quantify the expression of fum1 gene in both species. This
primer pair, qFUM1nigF (5′-CTCAGCATGTGGAGGTATTGGA-3′)/
qFUM1nigR (5′-GATGCTGGCACGCGGAATGT-3′), produced a fragment
of either 207 bp or 139 bp using genomic DNA or cDNA as template,
respectively. The optimization of the protocol was tested by generating
a standard curve with ten-fold serial dilution of cDNA from A. wel-
witschiae RYE.4 and BEAN.1. Amplification efficiencies, correlation
coefficients and dissociation curves were analyzed to check the correct
optimization of the method.

Normalized quantification was performed for all the real-time PCR
analysis (OTA biosynthetic and fum1 genes) in relation to the con-
stitutive expression of β-tubulin gene (ßtub) which was amplified using
the primers previously described in our group (Gil-Serna et al., 2018a).
The calibrator sample corresponded to the value of expression of the
corresponding non-producing strain after 2 days of incubation. In all
cases, gene expression was analyzed using the 2-ΔΔCT method (Livak and
Schmittgen, 2001) which can only be used if the difference in ampli-
fication efficiencies between the constitutive and target genes is less
than 10% (Schmittgen and Livak, 2008).

The assays were carried out and monitored in a QuantStudio 12 k
Flex (Applied Biosystems, Spain) in the Genomic Unit of the
Complutense University of Madrid using 384-well plates. The final re-
action volume (10 μl) consisted in: 5 μl SYBR Premix Ex Taq (Takara,
Japan), 0.2 μl ROX, 0.4 μl forward primer 5 μM (Metabion, USA), 0.4 μl
reverse primer 5 μM (Metabion, USA), 1 μl cDNA template prepared as
described above and 3 μl molecular grade water. All the real time RT-
PCR assays were performed using the standard program: one cycle of
10min at 95 °C, 40 cycles of 15 s at 95 °C and 1min at 60 °C. All reac-
tions were carried out by triplicate.

2.6. Phylogenetical analysis

A phylogenetic analysis of 66 Aspergillus niger aggregate isolates
identified in this study was carried out with the partial sequence of the
calmodulin gene sequenced using CF1L and CF4 primers as mentioned
above (Peterson, 2008). These isolates used for phylogenetic analysis
were selected in order to maximize the diversity of the sample re-
garding their substrates and their potential ability to produce myco-
toxins. The phylogenetic analysis was conducted using MEGA 5
(Tamura et al., 2011). Alignment of DNA sequences was performed
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using CLUSTALW and the subsequent phylogeny was inferred by
Maximum Parsimony algorithm. Phylogenetic analysis involved 67
calmodulin partial sequences including A. tubingensis (21), A. wel-
witschiae (27), A. niger (16) and A. brasiliensis (2) obtained in this work.
Additionally, the calmodulin sequence of A. carbonarius NRRL4849 was
retrieved from GenBank (accession number EF661168) and used as
outgroup. Consistency index was calculated for parsimony-informative
sites. The most parsimonious tree was obtained using the Subtree-
Pruning-Regrafting (SPR) algorithm with search level 1 in which the
initial trees were obtained with the random addition of sequences (100
replicates). Clade stability was assessed via 1000 bootstrap replications.
All positions containing gaps and missing data were eliminated.

3. Results

3.1. Identification and characterization of A. niger aggregate isolates

A total of 258 isolates of Aspergillus niger aggregate were identified
at species level and tested for the presence of OTA and FB2 biosynthetic
clusters. Table 1 displays these results indicating the Aspergillus species
and the source of isolation. A. tubingensis was the most frequent species
(175 isolates, 67.8%) followed by A. welwitschiae (50 isolates, 19.4%)
and A. niger (30 isolates, 11.7%). Only three isolates needed to be
identified using sequencing of the partial calmodulin gene which were
all classified as A. brasiliensis.

Grapes were the most important source of A. niger aggregate isolates
and A. tubingensis was the most frequently occurring in Spanish grapes
(67%) followed by A. welwitschiae (27%) and A. niger (5%). Although
these three species were isolated from almost all the matrices analyzed,
the occurrence of A. welwitschiae was highest in grapes (34%) whereas
A. niger appeared more frequently associated to maize and corn borer
(46.6%) than to grapes (10%). On the other hand, A. tubingensis was
found with similar values in grapes (24%) and in cereals, particularly
wheat (25.1%). This species was the most frequently isolated in cereals
(80, 92 and 91% of the isolates from maize, wheat and barley, re-
spectively).

A. tubingensis was also the most important species in gold-of-plea-
sure (83%) and anise (82%) whereas A. welwitschiae was the pre-
dominant species in onion (88% of the isolates corresponded to this
species).

The presence of the five genes of the OTA biosynthetic cluster was
evaluated by conventional PCR. Positive amplification for all the genes
was obtained in 17% of A. niger and 6% of A. welwitschiae isolates
whereas all the A. tubingensis were negative for each of the five PCR
tests. The application of a new PCR primers designed on the basis of the
flanking regions of the OTA cluster allowed to confirm the deletion of
the genes involved in OTA biosynthesis. All A. tubingensis isolates
yielded the expected 1 kb long product for the PCR test which identifies
the truncated version of the functional OTA biosynthetic cluster
(Fig. 1S). Similarly, all A. niger and A. welwitschiae negative for the five
OTA cluster genes were positive for the presence of the truncated ver-
sion.

All the A. niger isolates obtained in this work had the complete
cluster of FB2 biosynthetic genes (97%), except for one isolate which
contained a truncated version with only fum1, fum19 and fum15 genes
present (Fig. 2S). This truncated version was present in most of the
isolates of A. welwitschiae (70%), the complete FB2 biosynthetic cluster
was detected in 28% of the strains and only one isolate was negative for
all the cluster genes. In the case of A. tubingensis, all the isolates were
negative for any of the FB2 cluster genes tested.

In order to discard the presence of other possible structurally dif-
ferent clusters that could be putatively involved in OTA or FB2 bio-
synthesis, the complete genome sequence of the A. tubingensis
PEANUT.1 isolate was obtained in this work. This genomic sequence
and that available for A. tubingensis CBS 134.48 at the JGI database (de
Vries et al., 2017) were searched for the presence of key genes involved

in the biosynthetic pathways of any of these two toxins. In particular,
the search performed was focused on halogenase encoding genes, es-
sential for the chlorination of the final product in OTA synthesis, or the
FUM1 encoding gene, which is considered the key gene of FB2 bio-
synthesis. However, no other regions containing similar genes were
found in the genomes of the two isolates.

3.2. Study on mycotoxin production by selected Aspergillus niger aggregate
isolates

Ochratoxin A and FB2 production ability of the 9 selected isolates of
the most important A. niger aggregate species (A. tubingensis, A. niger and
A. welwitschiae) was evaluated in CYA plates at permissive conditions
(Table 2). Table 2 also shows if the complete OTA and/or FB2 clusters
were present in the genomes of those isolates. In all cases, fungal
growth rates were between 21 and 26mm/day. In all the isolates, the
presence of the complete OTA and FB2 clusters was in agreement with
production of OTA and FB2 toxins, respectively (Table 2). Similarly,
OTA and FB2 values were below the detection limits in those plates
inoculated with isolates lacking or having the truncated version of the
corresponding biosynthetic clusters, showing that the presence of the
complete version of the OTA and FB2 biosynthetic can be an useful
indicator of their ability to produce these mycotoxins.

3.3. Expression of the OTA biosynthetic genes and the FB2 biosynthetic
fum1 gene of A. niger and A. welwitschiae along time

The time-course of the expression of OTA biosynthetic genes was
also evaluated in A. niger and A. welwitschiae in relation to the expres-
sion of the isolate presenting the truncated version after 2 days of in-
cubation (Table 3). The results of this analysis suggest that all OTA
biosynthetic genes might be functional and that their expression pat-
terns seem to be consistent at intraspecific level. The highest expression
values were obtained by A. niger after 2 days of incubation and in 3-day-
old cultures of A. welwitschiae. In both species, all five genes reached
extremely high levels of expression. The halogenase and cytochrome
p450 monooxygenase encoding genes showed the highest expression
levels whereas the bZIP transcription factor showed the lowest values.

In the case of the FB2 biosynthetic fum1 gene, a new real-time PCR
protocol was designed to evaluate its expression in A. niger and A.
welwitschiae. The selected primer pair qFUM1nigF and qFUM1nigR
amplified a region of 207 bp using genomic DNA as template and 139
bp using cDNA due to an intron within the amplification target region;
this easily allows detection of genomic DNA present in cDNA samples.
Amplification efficiencies of cDNA calculated from the standard curves
were 96.1% and 98.7% in the case of ßtub (constitutive gene) and fum1
respectively for RYE.4 strain and 100.5% and 104.7% for BEAN.1. Since
the difference between the efficiencies of ßtub and fum1 was less than
5% for both strains, the Livak method could be applied to perform re-
lative quantification. Dissociation curves showed a single amplification
peak indicating that non-specific products or primer dimers did not
occur.

The results of the time course of fum1 expression in A. niger and A.
welwitschiae strains are shown in Fig. 1. The normalization was always
performed in relation to the expression of the isolate presenting the
truncated version of the cluster after 2 days of incubation. Both A. niger
strains GRAPE.2 and VETCH.2, having the complete FB2 biosynthetic
cluster, showed induction of fum1 gene expression, although the values
were remarkably higher in GRAPE.2 in VETCH.2, in agreement with
their levels of FB2 production (Table 2). A similar pattern of induction
of fum1 was found in A. welwitschiae BEAN.1 and RYE.4, both reaching
maximum expression levels after 4 days of incubation. No fum1 ex-
pression was found for the strains A. niger CORN-BORER.17 and A.
welwitschiae GRAPE.55, both having the truncated FB2 cluster and CT

values were always similar to NTC.
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Fig. 2. Maximum parsimony tree generated from the partial calmodulin gene of A. tubingensis, A. niger and A. welwitschiae selected isolates. Numbers at the nodes are
the bootstrap values.

Table 2
OTA and FB2 production by isolates of A. welwitschiae, A. tubingensis and A. niger incubated in CYA medium for 6 days. The values represent the average of the
concentration (μg/g). The presence of the OTA and FB2 biosynthetic clusters in their genomes is also indicated. n.d.=Non detected (above the limits of detection).

Isolate Species OTA cluster OTA (μg/g) FB2 cluster FB2 (μg/g)

BEAN.1 A. welwitschiae + 0.08 ± 0.02 + 58.60 ± 5.45
RYE.4 A. welwitschiae – n.d. + 35.46 ± 1.64
GRAPE.55 A. welwitschiae + 0.15 ± 0.01 – n.d.
GRAPE.58 A. welwitschiae – n.d. – n.d.
MAIZE.4 A. tubingensis – n.d. – n.d.
PEANUT.1 A. tubingensis – n.d. – n.d.
CORN-BORER.17 A. niger – n.d. – n.d.
GRAPE.2 A. niger + 2.08 ± 0.01 + 29.85 ± 4.86
VETCH.2 A. niger + 0.08 ± 0.02 + 0.39 ± 0.07
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3.4. Phylogenetic analysis

The results of the phylogenetic analysis of the 66 isolates of A. niger
(16), A. tubingensis (21), A. welwitschiae (27) and A. brasiliensis (2) was
inferred using Maximum parsimony. The most parsimonious tree ob-
tained is shown in Fig. 2. There were a total of 603 positions of the
calmodulin partial sequence in the final dataset. In all cases, branches
corresponding to partitions reproduced in less than 60% of bootstrap
replicates were collapsed. Consistency index was 0.81. The phyloge-
netic tree clearly clustered the three species in different branches sup-
ported by high bootstrap values (100). No apparent relationship be-
tween isolation source and ability to produce OTA or FB2 was found
except for the case of OTA-producing strains of A. niger (GRAPE.2,
VETCH.1, VETCH.2, PEA.1 and OAT.3) that appeared in the same
branch.

4. Discussion

The study of Aspergillus niger aggregate group was performed in a
wide and diverse sample of Spanish isolates (258), collected from a
variety of agroclimatic regions and commodities which included cereals
and grapes, important agronomic cultures in Spain. The identification
of the isolates at species level was performed by species specific PCR
protocols for the three main species of the complex (A. niger, A. wel-
witschiae and A. tubingensis). All the isolates, belonged to these species
(98.8%) except for 3 isolates which were identified as A. brasiliensis
identified by their partial sequence of the calmodulin gene. The results
of the analysis revealed the highest incidence of A. tubingensis in Spain,
in particular in cereal and grapes but also in many other substrates.
Both A. niger and A. welwitschiae were also present in diverse substrates,
including grapes and cereals, but at lower frequencies than A. tu-
bingensis.

The description of A. welwitschiae (Perrone et al., 2011) is still recent
to have substantial information available about its global occurrence.
Massi et al. (2016) reevaluate the identification of 175 isolates from

different sources in Brazil which had been previously identified as A.
niger and found that one-half were indeed A. welwitschiae.

A recent review on the presence of A. niger aggregate species in
grapes indicated that most of the studies had been published before A.
welwitschiae description and, consequently, substantial reevaluation of
the occurrence of A. niger aggregate species on grapes and grape pro-
ducts was strongly needed (Gil-Serna et al., 2018b). This evaluation is
especially relevant regarding their potential ability to produce OTA or
FB2. A recent report from Cyprus indicated A. tubingensis as the main
species contaminating grapes (Pantelides et al., 2017). This contrasts
with studies from South America where A. niger and A. welwitschiae
were the predominant species in this product (Garmendia and Vero,
2016; Massi et al., 2016; De Souzza et al., 2018). Although our work
supported the highest relevance for A. tubingensis in grapes, both A.
niger and A. welwitschiae might still be relevant enough to be con-
sidered.

Cereals are also an important source of A. niger aggregate isolates
worldwide. In our work, A. tubingensis was also by far the most pre-
valent species followed by A. welwitschiae and A. niger. The first two
species have been also reported as the most frequently species asso-
ciated to maize in Italy whereas A. niger was the most prevalent in USA
(Logrieco et al., 2014; Susca et al., 2014a). Moreover, both reports
defended the capability of A. niger and A. welwitschiae to produce FB2

and its important contribution to FB2 accumulation in maize.
The presence of these species on other food less investigated might

result in a potential risk of toxin contamination and, certainly, it would
require more attention. This might be the case of onion, where
Gherbawy et al. (2015) found that A. welwitschiae was the most pre-
valent species in onion samples from Saudi Arabia. Although none of
the isolates showed ochratoxigenic potential, some of them were FB2

producers. This situation is in agreement with the results we have ob-
tained for our A. welwitschiae isolates from onion. Studies reporting
many A. niger isolates having truncated versions of OTA and FB2 bio-
synthetic clusters and, therefore, unable to synthetize the toxins (Susca
et al., 2014b, 2016; Gil-Serna et al., 2018a) provide the possibility to

Table 3
Time course of the relative expression of the five OTA biosynthetic genes quantified by real timer RT-PCR obtained for isolates of A. welwitschiae (above) and A. niger
(below) after 2–5 days of incubation in CYA plates at permissive conditions for OTA production. In all cases the expression values of OTA producing strains (OTA +)
were related to the corresponding non-producing strain (OTA -), lacking the complete cluster, at day 2 of incubation. Values are the average of two replicates ±
standard error.

Isolate Time
(days)

HAL BZIP P450 NRPS PKS

A. welwitschiae GRAPE.55
OTA +

2 83,450.78 ± 18,005.58 274.05 ± 65.03 112,723.20 ± 7470.34 21,798.30 ± 1501.01 209,886.15 ± 25,227.68
3 622,010.50 ± 6538.79 412.73 ± 7.34 795,672.93 ± 38,025.78 106,489.76 ± 25,234.92 248,594.09 ± 19,089.01
4 230,298.14 ± 40,776.95 254.43 ± 70.39 297,879.66 ± 64,254.96 32,776.04 ± 177.96 176,033.13 ± 8838.78
5 97,758.06 ± 10,942.48 115.04 ± 26.34 113,640.34 ± 4120.46 17,045.75 ± 342.60 181,112.35 ± 27,794.45

BEAN.1 OTA
+

2 171,238.68 ± 60,638.12 198.32 ± 69.29 173,564.45 ± 63,841.96 25,502.70 ± 3988.53 184,764.33 ± 7136.21
3 320,393.82 ± 182,072.25 340.65 ± 168.34 501,359.83 ± 336,200.39 82,122.64 ± 32,975.05 351,275.11 ± 8358.06
4 155,565.78 ± 152,596.97 217.49 ± 205.22 207,907.30 ± 206,541.21 26,311.98 ± 25,446.21 173,763.06 ± 21,785.34
5 51,813.46 ± 5728.77 113.35 ± 4.45 68,809.39 ± 13,732.23 7706.20 ± 649.24 174,716.73 ± 7483.64

GRAPE.58
OTA -

2 3.93 ± 2.93 0.94 ± 0.06 1.00 ± 0.01 0.67 ± 0.33 1.39 ± 0.39
3 3.61 ± 2.94 2.56 ± 2.29 2.10 ± 0.55 0.71 ± 0.01 3.08 ± 1.54
4 9.70 ± 6.21 3.22 ± 2.41 16.88 ± 14.79 0.98 ± 0.22 3.13 ± 0.22
5 17.85 ± 3.51 3.85 ± 0.46 12.93 ± 9.93 5.11 ± 3.86 6.99 ± 3.96

Isolate Time
(days)

HAL BZIP P450 NRPS PKS

A. niger GRAPE.2
OTA +

2 391,274.06 ± 146,260.99 308.25 ± 150.00 554,503.35 ± 238,517.44 117,740.19 ± 29,570.23 285,890.01 ± 61,211.89
3 215,836.66 ± 41,803.93 145.39 ± 1.97 234,989.54 ± 65,891.59 73,467.40 ± 9494.81 256,310.23 ± 12,426.62
4 239,339.42 ± 14,167.66 149.10 ± 21.26 264,366.36 ± 33,265.02 65,073.50 ± 8106.73 232,127.79 ± 5415.98
5 174,451.60 ± 36,321.61 131.08 ± 12.51 219,130.50 ± 46,519.22 37,849.45 ± 1512.09 228,736.99 ± 17,353.94

VETCH.2
OTA +

2 467,276.38 ± 113,249.28 595.31 ± 210.90 1,386,603.87 ± 527,185.97 86,251.16 ± 17,480.76 144,031.34 ± 16,278.19
3 311,594.91 ± 29,465.09 408.59 ± 2.08 905,018.06 ± 128,047.49 58,335.51 ± 10,054.56 133,746.16 ± 16,555.31
4 63,046.27 ± 55,136.98 66.77 ± 52.81 124,083.87 ± 103,467.54 8410.95 ± 7394.85 54,501.48 ± 11,477.97
5 110,283.05 ± 36,806.33 471.23 ± 345.56 281,044.62 ± 79,254.02 25,529.46 ± 13,759.41 111,045.67 ± 60,294.04

CORN-
BORER.17
OTA -

2 3.93 ± 2.93 0.94 ± 0.06 0.99 ± 0.01 0.67 ± 0.33 1.39 ± 0.39
3 3.38 ± 3.17 2.56 ± 2.29 2.10 ± 0.55 0.71 ± 0.01 3.08 ± 1.54
4 9.70 ± 6.21 3.22 ± 2.41 16.88 ± 14.79 0.98 ± 0.22 3.13 ± 0.22
5 17.85 ± 3.51 3.85 ± 0.46 12.93 ± 9.90 5.11 ± 3.86 6.99 ± 3.96
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test for the presence of these clusters in A. niger aggregate species in
order to predict their potential ability to produce OTA and FB2. We
have followed this approach to analyze the presence of both biosyn-
thetic clusters in all the A. tubingensis, A. welwitschiae and A. niger iso-
lates from Spain and using available DNA based tools as well as addi-
tional new protocols described in this work. A. tubingensis isolates
showed no complete clusters for any of both toxins but the truncated
versions of them. In contrast, A. welwitschiae and A. niger species could
be considered potential producers for both OTA and FB2 toxins; how-
ever, their frequency of potential producing isolates for each toxin
varies. OTA production is not general since only a few number of iso-
lates of A. niger and A. welwitschiae present the complete version of the
cluster. However, the expression of all the OTA biosynthetic genes
showed a coordinate similar expression pattern, typical of clustered
genes, with high level of induction in those strains analyzed having the
complete cluster. Moreover, the isolates which were grown in in vitro
permissive conditions did actually produce OTA, confirming that the
genes were functional.

As mentioned above, the potential ability to produce FB2 seems to
be more frequent in A. niger than in A. welwitschiae. This fact agrees
with reports by several authors who demonstrated that the complete
version of FB2 biosynthetic cluster was more frequently found in A.
niger than A. welwitschiae (Susca et al., 2014a, 2016; Massi et al., 2016).
The lack of FB2 production in A. welwitschiae is reported to be asso-
ciated with gene deletions although some cases of A. niger isolates
having the complete cluster were unable to produce detectable levels of
the toxin (Massi et al., 2016). In our work, we analyzed FB2 by LC MS/
MS and fum1 expression by real-time PCR in two selected isolates of A.
niger and A. welwitschiae having the complete cluster and one strain
each having the truncated FB2 biosynthetic cluster. In all cases, when
the complete cluster was present, FB2 was detected in the medium and
fum1 gene was expressed at high levels. In contrast, those isolates
having the truncated FB2 cluster did not express fum1 gene and FB2

concentration was above detectable levels.
The ability of A. tubingensis to produce OTA has been often con-

troversial and several authors have discussed if it is indeed an OTA
producer (Accensi et al., 2001; Medina et al., 2005; Perrone et al.,
2006). In our work, all the A. tubingensis isolates (175) had the trun-
cated version of the OTA biosynthetic cluster detected by the analysis of
each of the five cluster genes as well as by the positive amplification of
the PCR product of the expected size using a primer set located in the
flanking regions of the cluster. Furthermore, we have used next gen-
eration sequencing to obtain the genomic sequence of a strain of A.
tubingensis. We have searched this genome and that available on JGI
database for key genes required for OTA and FB2 production without
success. These findings were recently confirmed by Choque et al. (2018)
which studied the genome of another A. tubingensis strain. In the case of
other OTA-producing species such as P. nordicum, two different regions
have been described that contained genes involved in OTA biosynthesis
and the expression of one or the other seems to be related to environ-
mental conditions (Gil-Serna et al., 2018a). However, A. tubingensis
genome did not contain another putative region involved in OTA bio-
synthesis. Finally, OTA and FB2 production analyses were carried out
for two isolates grown on CYA plates at permissive conditions and none
of the two toxins could be detected.

The fact that A. tubingensis was considered an important OTA pro-
ducer for a long time might be due to several reasons. Most of the
studies describing the ability of this species to produce OTA were
published before the description of the new species included in A. niger
aggregate by Perrone et al. (2011) and, therefore, these isolates might
have been misclassified and they correspond indeed to A. welwitschiae.
On the other hand, all works regarding A. tubingensis production de-
scribed that these isolates usually reached very low levels of OTA even
in highly permissive conditions and, up to our knowledge, when OTA
was detected, OTA levels were measured by HPLC. Storari et al. (2012)
reported other metabolites with retention times similar to OTA when A.

tubingensis extracts were analyzed by HPLC coupled with a fluorescence
detector. The detection of these compounds can lead to misinterpreta-
tion of the chromatograms and to the incorrect attribution of OTA
production to A. tubingensis. Nielsen et al. (2009) also claimed that A.
tubingensis is not able to produce OTA probably due to unspecific che-
mical analysis. Analytical methods have evolved quickly and to confirm
if A. tubingensis isolates are able or not to produce OTA, an analysis by
LC-MS might be necessary to unambiguously confirm the presence of
the toxin in fungal cultures.

The phylogenetic analysis based on parsimony using the partial
region of the calmodulin gene revealed a topology consistent with the
general genetic relationships previously reported for these species
(Samson et al., 2014). The intraspecific variability appeared to be
higher in A. tubingensis than in A. niger and A. welwitschiae, showing no
evident relationship of intraspecific clusters and the host where the
strains had been isolated from. Similarly, no relationship became ap-
parent regarding the presence of either OTA or FB2 complete cluster in
A. welwitschiae. Whether the inclusion of the 5 A. niger isolates having
all the OTA biosynthetic genes in one cluster might have phylogenetic
significance or not, it remains premature until more information is
available. The similar truncated versions of OTA and FB2 in the three
species suggests that both could have been generated in their common
ancestral population resulting in the loss of the ability of toxin bio-
synthesis along their speciation process at different rates depending on
the species and the toxin considered.

We might conclude on the basis of the evidences obtained from the
different analyses carried out in this work that A. tubingensis, in spite of
its high incidence in Spanish commodities, might not contribute to OTA
and FB2 contamination of food products. In contrast, although A. niger
and A. welwitschiae are less frequent in Spain than A. tubingensis, their
potential ability to produce both toxins, particularly FB2, need to be
carefully studied in agrofood products.
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