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ABSTRACT

Pistachio (Pistacia vera L.) is an economically important tree nut. Due to its nutritional properties and health
benefits, it is considered a healthy food and thus widely consumed worldwide. However, fungal contamination of
the commodities has received considerable attention because of possible contamination by toxigenic fungi,
important source of mycotoxins, resulting from secondary metabolism and hazards to health consumer. Members
of the genus Aspergillus, mainly Aspergillus flavus and Aspergillus niger, are reported as occurring most frequently
on pistachio nuts, because able to grow in the presence of low amounts of water and to produce mycotoxins
(aflatoxins and ochratoxins), that are well known for their harmful health effects on humans.

Monitoring the contaminating fungal species is particularly worthy of note also in climate change scenario,
allowing to notice changes in fungal population composition through the time.

This study aimed to contribute to collect data about fungal population and mycotoxins occurred in pistachio
samples collected in Turkey: prevalence of 2 species, A. flavus and Aspergillus tubingensis, was assessed. The
A. flavus strains consisted of a mixed population of aflatoxin producers and non-producing strains in vitro, with

evidence of a new genotype in gene cluster within strains of aflatoxin non-producing chemotype.

1. Introduction

Pistachio (Pistacia vera L.) is a member of the Anacardiaceae family
and is an important tree nut consumed worldwide. Iran, USA, Turkey,
China, and Syria are the main pistachio growing countries. According to
FAO data, the world’s annual pistachio production amounts were about
9¢10°% kg in 2019 and 1.1¢10° kg in 2020. Considering the shares of
countries in production in 2019 and 2020, the USA is the main producer
(38 %, 42 %), followed by Turkey (10 %, 26 %), Iran (38 %, 17 %), and
China (9 %, 7 %) (FAOSTAT, 2022). Turkey has been in the top three
rankings in world pistachio production in recent years. Italy is one of the
countries to which Turkey exports the most pistachios (33 % of annual
production), followed by Germany and Israel in 2020/2021 (Bars,
2022). Pistachio is generally consumed as a snack (raw, roasted, salted
or flavoured) and also used extensively in ice cream and bakery
products.

Contamination of pistachio nuts by fungi and their mycotoxins is the
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most important problem for production, consumption, and export of
pistachio. In Turkish pistachio, aflatoxins (AFs) levels were found to
have higher distribution in comparison to other groundnuts (Hepsag
et al., 2014), while ochratoxin A (OTA) levels vary from year to year,
depending on climate changes, suggesting that it could be an health risk
in Turkish and worldwide consumers (Kulahi et al., 2020).

Previous studies in different countries have shown that the dominant
mycobiota associated with pistachio nuts is composed by Aspergillus spp.
and the most significant associated mycotoxins are AFs and OTA (Varga
et al., 2008; Fernane et al., 2010; Sedefoglu, 2013; Soares Mateus et al.,
2021). Particularly, studies from Spain (Fernane et al., 2010), Algeria
(Amar et al., 2013), Turkey (Denizel et al., 1976), Iran (Sedaghati et al.,
2011) and California (Bayman et al., 2002) have reported that Asper-
gillus Section Nigri (Black Aspergilli) and Aspergillus flavus were the most
common Aspergillus species isolated from pistachio nuts.

The presence of A. flavus is associated with AFs contamination,
especially aflatoxin By (AFBp) (Klich, 2007). It is known that AFB;
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contamination is an important public health problem in tropical and
subtropical regions and causes economic losses worldwide. Because of
these effects, it has become important to clarify the biosynthesis, in
order to prevent its production in food and feed commodities, as well as
to identify molecular markers for early detection of AFs risk. The AFs
biosynthetic pathway involves approximately 25 genes clustered
together in a 70 kb DNA region (Yu et al., 2004), which are highly
conserved within Aspergillus Section Flavi and regulated by specific
transcription factors, including afiR, afiS, and some general transcription
factors (Georgianna and Payne, 2009). In recent years, PCR detection of
the presence or expression of afl biosynthetic genes was attempted to
find a diagnostic tool for rapid characterization and monitoring of indels
within aflatoxigenic fungi in selected food commodities (Geisen, 2007;
Gallo, 2012; Callicott and Cotty, 2015; Niessen et al., 2018). However,
the high level of nucleotide variability within the AFs gene cluster makes
difficult the identification of a single and universal DNA marker for all
A. flavus populations examined globally. The still current challenge is
finding a molecular tool able to point out AFs alert. The multiplex PCR,
targeting different variabilities in AFs gene cluster, related to
non-producing chemotype, is a rapid, already proposed and still effec-
tive, method to detect at least one defective trait indicating strains safe,
in terms of aflatoxins producton

The Aspergillus Section Nigri is a common food spoilage fungus which
is distributed worldwide, including some species difficult to recognize
based solely on their phenotypic characters (Cabanes and Bragulat,
2018). Among them, Aspergillus tubingensis, has been controversially
reported through the time as potentially responsible for OTA contami-
nation (Medina et al., 2005; Perrone et al., 2006; Oliveri et al., 2008;
Lopez-Mendoza et al., 2009; Lahouar et al., 2017), and rarely reported as
isolated from pistachio (Singh et al., 2022). As A. tubingensis could be
considered as a species complex, with possible genetic variability related
to OTA cluster inside the species, suggested by evidence of remnant
incomplete biosynthetic gene cluster (Storari et al., 2012; Gil-Serna
et al., 2019), further characterization of A. tubingensis strains and eval-
uation of OTA production ability, remain still an informative aspect to
increase knowledge for the species.

Therefore, the present work aims to add a further check-point in
monitoring fungal contamination of pistachio nuts in time and Coun-
tries, contributing to produce information useful for mapping climate
change-driven emergence and spread of mycotoxigenic fungi, to char-
acterize related potential mycotoxin impact on pistachio nut in Turkey,
to deeply investigate genetic biodiversity in AFs gene cluster of A. flavus
occurring worldwide, and to add further data about potential ochra-
toxigenicity of A. tubingensis species, still controversial.

2. Material and methods
2.1. Sample collection

A total of 48 Aspergillus isolates were retrieved from the ITEM culture
Collection (CNR-ISPA, Bari, Italy). The isolates were previously
collected from Turkish pistachio nuts (Table S1). Supplemental infor-
mation about isolates drawn from culture collection can be retrieved
from the ITEM online catalogue (http://www.ispa.cnr.it/Collection).

2.2. DNA isolation

Pure fungal cultures were grown in Potato Dextrose Agar (PDA,
Conda, Madrid, Spain) for 5-7 days; the mycelia were collected in 2.0 ml
tubes, then stored at —20 °C, for DNA-based identification (Visagie et al.,
2014). DNA isolation was performed using the Wizard® Magnetic Pu-
rification System for Food kit (Promega, Madison, WI, USA). Small
protocol modifications were applied, such as starting from 50 to 70 mg
of fresh mycelia, added with lysis buffer (Buffer A, Promega, Madison,
WI, USA) and stainless-steel ball and frozen at - 20 °C. In the first
extraction phases, before supernatant collection after centrifugation,
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vortex was replaced by mixer-mill.

The quality and the amount of the isolated DNA were evaluated by
electrophoresis in 0.8 % agarose gel stained with GelRed (Biotium,
Hayward, CA, USA) and sample observation was set up under UV lamp,
by comparison with the GeneRuler 1 kb DNA Ladder (Thermo Fisher
Scientific, Santa Clara, CA, USA).

2.3. DNA-based identification of fungi and phylogenetic analysis

Four-loci were amplified by singleplex PCRs, using DreamTaq™
polymerase (Thermo Fisher Scientific, Santa Clara, CA, USA) and
following primer pairs, according to the manufacturer recommendations
and published amplification conditions: ITS4 and ITS5 for internal
transcribed spacer regions (ITS, White et al., 1990); Bt2a and Bt2b for
partial beta-tubulin gene (BenA, Glass and Donaldson, 1995); CL1 and
CL2A for calmodulin gene (CaM, O’Donnell et al., 2000); 5F and 7CR for
RNA polymerase II gene (RPB2, Liu et al., 1999).

The amplification products were evaluated by 1.5 % agarose gel
electrophoresis. The PCR products were purified with the ExoSAP-IT™
PCR Product Cleanup reagent (Thermo Fisher Scientific, Santa Clara,
CA, USA). The PCR fragments were subjected to direct sequencing in
both directions using a BigDye™ Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA, USA) in ABI 3730x] DNA Analyzer
(Applied Biosystems, Foster City, CA, USA). Sequence alignments of the
two strands for each locus were performed using the BioNumerics v8.1
(Applied Maths, Biomérieux, Belgium) software package. Nucleotide
sequences for regions of ITS (OR528955-OR529002), BenA (OR909921-
OR909968), CaM (OR947216-OR947263), and RPB2 (OR947264-
OR947311) genes were deposited in GenBank, through BankIt platform.

After sequences cleaning and trimming, the taxonomical identifica-
tion was performed by sequence alignment using the BLAST (Basic Local
Alignment Search Tool) algorithm (http://www.ncbi.nlm.nih.gov)
against the non-redundant nucleotide collection (nt) database managed
by the National Center for Biotechnology Information (NCBI) (Altschul
et al., 1990).

Phylogenetic analysis was performed for ITS, BenA, CaM, and RPB2
loci, separately and concatenated in a combined dataset, for 82 isolates
(48 isolates and 33 species reference isolates retrieved by GenBank).
MUSCLE (Edgar, 2004) was employed to align the sequences and
investigate evolutionary relationships using Molecular Evolutionary
Genetics Analysis (MEGA) version 7.0 software (Tamura et al., 2011).
Furthermore, the evolutionary history was inferred by using the
Maximum Likelihood method (ML), based on the Kimura 2-parameter
model (Kimura, 1980), using bootstrap analysis (1000 replications,
Felsenstein, 1985). The obtained dendrogram was drawn to scale, with
branch lengths measured in the number of substitutions per site. The
tree with the highest log likelihood (—16415.34) was chosen. The per-
centage of trees in which the associated taxa clustered together is shown
next to the branches. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a
matrix of pairwise distances estimated using the Maximum Composite
Likelihood (MCL) approach, and then selecting the topology with su-
perior log likelihood value. All ambiguous positions were removed for
each sequence pair. There were a total of 2761 positions in the final
dataset. Penicillium roqueforti CBS 221.30 was included as outgroup.

2.4. Determination of mycotoxin production “in vitro”

All 48 isolates were analysed for their capability to produce myco-
toxins in vitro, according to species capability reported in literature:
A. tubingensis for OTA, A. flavus for aflatoxin By (AFB;), By (AFBy), G
(AFG1), G2 (AFGy) and sterigmatocystin (STC), Aspergillus clavatus for all
above mentioned mycotoxins, as negative control, because it is known as
non-producing for all of them.

Isolates were previously revitalized on PDA, at 25 + 0.5 °C, for 7
days, and a spore suspension of each was spread on plates containing a
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polypropylene cellophane disc on Yeast Extract Sucrose agar (YES)
medium (Frisvad and Samson, 2004), at 25 + 0.5 °C, for 14 days, in
darkness. Acetonitrile, methanol (HPLC-grade), toluene and glacial
acetic acid were purchased from Mallinckrodt Baker (Milan, Italy),
phosphate saline buffer (PBS) was purchased from Sigma-Aldrich
(Milan, Italy). Ultrapure water was produced by a Millipore Milli-Q
system (Millipore, Bedford, MA, USA). Standards of OTA, AFB;, AFBy,
AFG1, and AFGy, and STC were purchased from Sigma-Aldrich. The OTA
standard solutions for calibration curve purposes (range of 0.15-100.00
ng/mL) were prepared in the HPLC mobile phase acetonitrile/water/-
acetic acid (99:99:2, v/v/v).

AFB,, AFB,, AFG;, and AFG, Standard solutions for the calibration
curve ranged from 0.4 to 10.0 ng/mL of AFB; and AFG;, from 0.2 to 5.0
ng/mL of AFB; and AFG, in water/methanol (60:40, v/v).

The STC standard solutions for calibration curve purposes (range of
0.5-100.0 pg/mL) were in the HPLC mobile phase with water/methanol
(40:60, v/v). Standards solutions were stored at —20 °C and warmed to
room temperature before use.

2.4.1. Determination of OTA in Aspergillus tubingensis

Analysis of OTA was carried out based on DIN EN 14132:2009.
Culture samples (approximately 2 g) were extracted with 10 mL aceto-
nitrile/water (60:40, v/v) on an orbital shaker at 200 rpm for 60 min.
The extracts were diluted with PBS (2 mL extract +22 mL PBS), then the
diluted extract was loaded on the immunoaffinity column OchraTest
WBT™ (Vicam, Watertown, MA, USA) (IMA), after washing with 10 mL of
water, the OTA was eluted with 2 mL of methanol. The eluate was
evaporated and solubilized with 0.5 mL of mobile phase. One hundred
microliter of extract was injected into the HPLC apparatus. The HPLC
apparatus consisted of Agilent, technology series 1100, (Agilent,
Waldbronn, Germany) with a binary LC system. The analytical column
was a Zorbax SB-C18 (4.6 mm by 150 mm, 5 pm, Agilent, USA) (Phe-
nomenex, USA). The mobile phase was an isocratic mixture of acetoni-
trile/water/acetic acid (99:99:2, v/v/v) eluted at a flow rate of 1.0
mL/min. The excitation and emission wavelengths of the fluorometric
detector were set at 340 and 460 nm, respectively.

OTA was measured by comparing peak areas with a calibration
curve; in these experimental conditions the limit of quantification was 2
pg/kg based on a signal-to-noise ratio of 10:1.

2.4.2. Determination of AFB;, AFB,, AFG1, AFG3 and STC in A. flavus

For AFB;, AFBy, AFGj, AFG; and STC determination, culture samples
were extracted with methanol/water (80:20, v/v) in a ratio 1 to 5 on an
orbital shaker at 200 rpm for 60 min. The extracts were diluted with
ultrapure water (1:1, v/v), then filtered using regenerated cellulose (RC)
0.2 pm filters (Phenomenex, USA).

After filtration, for AFs quantification, 100 pL of extract were
injected into the HPLC apparatus with post-column photochemical
derivatization (UVE™, LCTech GmbH, Dorfen, Germany). The analyt-
ical column, a Luna PFP (150 x 4.6 mm, 3 pm) (Phenomenex, Torrance,
CA), was thermostated at 30 °C. The mobile phase consisted of a mixture
of water/acetonitrile (70:30, v/v) eluted at a 1.0 mL/min flow rate. The
excitation and emission wavelengths of the fluorometric detector were
set at 365 and 435 nm, respectively. AFs were measured by comparing
peak areas with calibration curves. In these analytical conditions, the
limit of quantification was 1 pg/kg for AFB;, AFG; and 0.5 pg/kg for
AFB; and AFG; based on a signal-to-noise ratio of 10:1.

After filtration, for STC quantification, 100 pL of extract were
injected into the HPLC. The analytical column was a Luna-C18 (4.6 x
150 mm, 5 pm) (Phenomenex, Torrance, CA) and the column was
thermostated at 30 °C. The mobile phase consisted of a mixture of
water/methanol (30:70, v/v) at a flow rate of 1 mL/min. The array
detector (DAD) was set at wavelengths 245 and 325 nm. STC was
measured by comparing peak areas with a calibration curve; in these
analytical conditions the limit of quantification was 0.5 pg/kg based on
a signal-to-noise ratio of 10:1.

2433

Fungal Biology 128 (2024) 2431-2438
2.5. Detection of afl biosynthetic genes

DNA extracted from A. flavus isolates was also used to analyse the
AFs biosynthetic genes. The presence of 13 genetic markers for AFs
biosynthetic genes was investigated by multiplex PCR amplification
according to the method reported by Callicott and Cotty (2015).
Amplification was performed in 20 pL reaction volume containing 1 x
Platinum™ SuperFi II PCR Master Mix (Thermo Fisher Scientific, Santa
Clara, CA, USA), 200 nM of each primer, and 10 ng of genomic DNA.
Amplification parameters were initial denaturation at 98 °C (30 s), 30
cycles of denaturation at 98 °C (15 s), annealing at 60 °C (30 s),
extension at 72 °C (45 s), and a final extension at 72 °C (5 min).
Amplification products were visualised by 1.5 % agarose gel electro-
phoresis (data not shown).

3. Results

The study investigated molecular biodiversity of Aspergillus spp.
isolates from 5 samples of pistachio bulk nuts from Turkey, through the
analysis of 4 taxonomically informative loci (calmodulin, p-tubulin, the
second largest subunit of RNA polymerase II and internal transcribed
spacer regions), and measurement of AFs and OTA production abilities
in vitro. Furthermore, A. flavus genotypes present in Turkey were
investigated by a rapid multiplex PCR method for identifying and
monitoring indels associated with atoxigenicity in A. flavus, identifying
a DNA marker possibly associated mycotoxin risk.

3.1. Fungal species and mycotoxigenic potential occurring on Turkish
pistachios

The set of 48 isolates included in the study were preliminary iden-
tified by observation of morphological characters and assigned to 2
Aspergillus taxa: Aspergillus Sect. Nigri (30) and Aspergillus Sect. Flavi
(18).

The preliminary BLAST analysis in GenBank, performed with the
sequences of the DNA barcode for fungi (the nuclear ribosomal internal
transcribed spacer, ITS), confirmed 17 isolates belonging to Aspergillus
Sect. Flavi (99.65 % sequence similarity with A. flavus - AF027863 and
99.31 % sequence similarity with Aspergillus oryzae - EF661560), 30
isolates belonging to Aspergillus Sect. Nigri (100 % sequence similarity
with multiple Aspergillus spp. included in Sect. Nigri: e.g. A. tubingensis —
EF661193, Aspergillus niger - EF661186, Aspergillus neoniger - FJ491682)
and revealed 1 isolates belonging to Aspergillus Sect. Clavati (99.82 %
sequence similarity with A. clavatus - EF669942).

The Genealogical Concordance Phylogenetic Species Recognition
(GCPSR) approach (Taylor et al., 2000; Chethana et al., 2021) was also
used to identify at species level all the 48 isolates from pistachio nuts of
Turkish origin. The relationships among Aspergillus spp. isolates from
pistachios and members of the Aspergillus Sect. Flavi, Aspergillus Sect.
Nigri and Aspergillus Sect. Clavati (33 related species reference strains)
were reconstructed by combining the ITS, BenA, CaM, and RPB2 se-
quences, including in the analysis the sequences of P. roqueforti CBS
221.30 as outgroup (Fig. 1).

The evolutionary history was inferred using the Maximum Likeli-
hood method with bootstrap test (1000 replicates) in MEGA 7 software,
covering 2761 positions and comprising 328 sequences in the final
dataset. The phylogeny showed that 30 isolates belong to Aspergillus
Sect. Nigri (Fig. 1A), 17 isolates belong to Aspergillus Sect. Flavi and 1
isolate belongs to Aspergillus Sect. Clavati (Fig. 1B). Most of the isolates
included in the Aspergillus Sect. Flavi were closely related to genotype of
A. flavus, reference strains CBS 310.38, and Aspergillus oryze, reference
strain CBS 100925, not properly distinguishable molecularly (Hedayati
et al.,, 2007; Frisvad et al., 2019). The 30 isolates clustering in the
Aspergillus Sect. Nigri were closely related to A. tubingensis, reference
strains CBS 133056, showing intra-species variability. The single isolate
belonging to the Aspergillus Sect. Clavati resulted to be identical to the
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Fig. 1. Molecular phylogenetic analysis of 3 Aspergilli sections, by Maximum Likelihood method. A. Aspergillus Sect. Flavi, Sect. Clavati, collapsing Aspergillus Sect.
Nigri; B. Aspergillus Sect. Nigri, collapsing Aspergillus Sect. Flavi and Sect. Clavati. The percentage of trees in which the associated taxa clustered together is shown next

to the branches (values > 70 %).

genotype of A. clavatus species, reference strain CBS 513.65.

OTA production analyses, set up for 30 isolates of A. tubingensis and 1
A. clavatus, resulted in negative OTA production for all tested isolates
(LOD, detection limit, OTA = 2 pg/kg).

AFs production capability was evaluated in 17 of A. flavus and in 1 of
the single A. clavatus isolate. AFGy, AFG, and STC were not detected in
any isolate (LOD, detection limit, AFB, and AFGy = 0.5 pg/kg; LOD,
detection limit, STC = 0.5 pug/kg). Among the 17 A. flavus isolates, 7
produced both AFB; and AFB; in a range 13-2076 pg/kg and 1.5-633
pg/kg, respectively. A single isolate (ITEM10660) produced only AFB;
(13 pg/kg) (Table 1).

3.2. Nucleotide variability in AF biosynthetic gene cluster

A. flavus isolates were tested by multiplex PCR for checking the
presence of thirteen genetic markers specific for AFs biosynthetic gene
cluster (AC01-AC13).

As shown in Table 2, most of the screened isolates were positive for
the presence of all the genetic markers, excepting for isolates
ITEM10659, ITEM10662, and ITEM10989, which lack makers ACO1,
AC06-AC13. Moreover, isolate ITEM10990 resulted in a deletion of
ACO1 genetic marker. Results obtained highlighted natural occurrence
of 3 genotypes, among which genotype I is associated to both AFs pro-
ducing and non-producing chemotypes, and two genotypes (I and III)
are associated specifically to AFs non-producing chemotype. Genotype I,
showing the presence of all tested DNA regions, was detected in 13
strains, 8 AFs producing and 5 non-producing chemotype strains, ge-
notype II, showing the lack of genetic marker ACO1, was detected in 3
strains, and genotype III, showing the lack of multiple genetic markers
(ACO1 and from AC06 to AC13), was detected in only 1 strain.

4. Discussion

Turkey is one of the homelands of pistachio nuts, where they have
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Table 1

Aflatoxin B; (AFB,), By (AFBy), G; (AFG), G2 (AFGy) and sterigmatocystin (STC)
production in vitro on agar medium (n.d. = not detected, LOD (detection limit)
AFB;and AFG; = 1 pg/kg; LOD (detection limit) AFB, and AFG, = 0.5 ug/kg;
LOD (detection limit) STC = 0.5 pg/kg).

D SPECIES AFB; AFB, AFG; AFG, STC
(hg/ (ng/ g/ (hg/ (ng/
kg) kg) kg) kg) kg)

ITEM10991 A. clavatus  n.d. n.d. n.d. n.d. n.d.

ITEM10659, A. flavus n.d. n.d. n.d. n.d. n.d.

ITEM10662,
ITEM10989,
ITEM10663,
ITEM10665,
ITEM10666,
ITEM10985,
ITEM12821,
ITEM10990

ITEM10660 A. flavus 13 n.d. n.d. n.d. n.d.

ITEM10661 A. flavus 2076 27.0 n.d. n.d. n.d.

ITEM10664 A. flavus 633 633 n.d. n.d. n.d.

ITEM10986 A. flavus 8.5 8.5 n.d. n.d. n.d.

ITEM10987 A. flavus 145 1.5 n.d. n.d. n.d.

ITEM10988 A. flavus 73 1.5 n.d. n.d. n.d.

ITEM12820 A. flavus 234 234 n.d. n.d. n.d.

ITEM12822 A. flavus 2.5 2.5 n.d. n.d. n.d.

n.d. = not detected.

LOD (detection limit) AFB; and AFG; = 1 pg/kg.
LOD (detection limit) AFB, and AFG, = 0.5 pg/kg.
LOD (detection limit) STC = 0.5 pg/kg.

been cultivated for more than a thousand years. Their production has
played an important role in Turkish culture, and they have become an
integral part of the history and identity of the region in which they grow.
Pistachios are often used in traditional Turkish food such as baklava,
lokum and kebab, and are also a popular snack food. 60-70 % of the
pistachios produced in Turkey are consumed as salted, roasted nuts,
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Table 2
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Multiplex PCR amplification patterns obtained analysing thirteen genetic markers within AFs gene cluster of A. flavus isolates.

AFs cluster
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Mycotoxin
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AFs genes presence®
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30-40 % are consumed in the dessert and pastry (ice cream and baklava)
industry, and among them 90 % are consumed as snacks in the USA and
Europe. Especially in places where used as green kernel, Turkish pista-
chios are preferred due to their colour and taste. There is always a
balance between the worldwide supply of and demand for pistachios.
Remarkably, the producer countries are usually the main consumers at
the same time. Iran, Turkey, United States, and Syria are the worldwide
leading consumers. On the other hand, Italy has the highest consump-
tion among European countries (Ak et al., 2016). Today, pistachio is
produced in more than 40 provinces in Turkey. Among them, the
Southeastern Anatolia Region (GAP) offers best climate for the growth of
pistachio. Approximately 95 % of the total production in Turkey is met
by the provinces of Sanliurfa, Gaziantep, Adiyaman and Siirt in the GAP
Region (Aydogdu, 2020).

Similarly to other crops, pistachio is susceptible to fungal coloniza-
tion depending on the weather conditions during different steps in food
chain, causing pistachio decay when it occurs during maturation and
harvest. The event is also related to food safety when contamination is
due to mycotoxigenic fungi. Therefore, evaluation of mycotoxigenic
potential of fungi colonizing crops, and specifically pistachios is rele-
vant, but its monitoring through the time, in view of climate change
scenario, gives added value to the study, reporting data useful for sci-
entific community, and especially for research groups working on
development of previsional models. The present study on aspergilli
isolated from pistachio sampled in Turkey, revealed presence of two
principal species: A. flavus, including 17 % AFB; and AFB; producing
isolates, and A. tubingensis, whose tested isolates resulted 100 % OTA
non-producers.

Aspergillus species detected in Turkish pistachio nut samples, belong
to Aspergillus Sections Flavi, Nigri, and Clavati, which include relevant
and cryptic species differing significantly in mycotoxin profile.

A. flavus has similar morphological features than A. oryzae, consid-
ered as ecotypes of the same species (Payne et al., 2006; Rokas et al.,
2007), generally distinguished according to their specific ecophysi-
ology, and their ability to produce aflatoxins (Payne et al., 2006; Hou-
braken et al., 2014; Nugraha et al., 2018; Akinola et al., 2019).

Recent studies showed homogeneity in the whole-genome size of
A. flavus and A. oryzae and revealed in both species the presence of genes
encoding the enzymes for AFs biosynthesis, clustering in a 75 Kb DNA
region, even if they appear to be not functional in A. oryzae, therefore
Regarded as safe. Despite the similarities of the 2 species, due to the
well-known presence of Afs producer and non-producing isolates in
A. flavus, as well as the common ecological niche where they were
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isolated from, all the 17 isolates in the present study were identified as
A. flavus.

The 17 A. flavus isolates isolated from Turkish pistachio nuts showed
variable ability to produce Afs in vitro: for AFB;, 9 were non-producing
and 8 were producing; for AFBy, 10 were non-producing and 7 pro-
ducing. All AFB;, producer isolates were able to produce also AFB;. A
single isolate (ITEM10660) produced only AFB;. None of them produced
AFGj, and AFGy or STC.

The analysis of AFs biosynthetic gene cluster in the 17 strains, con-
ducted by multiplex PCR, detected three different genotypes (I, I, III).
Based on Callicott and Cotty (2015) study, genotype I is consistent with
pattern B, described in AFs producing strains, and with multiple patterns
(A, C, D) described in AFs non-producing strains, and differing among
them for other markers, here not investigated. Genotype II is consistent
with pattern E, and genotype III has not correspondence with any
pattern described by Callicott and Cotty (2015). Furthermore, genotypes
I and II were reported by other studies (Camiletti et al., 2018; Dadzie
et al., 2019; Singh et al., 2022) in strains collected from other food
commodities, such as maize and dried chili, in South America and Af-
rica. Genotype III is described here for the first time in single A. flavus
strain, isolated from Turkish pistachio nuts.

The ACO1 marker region corresponds to the genomic region
including the afiW (moxY) gene which codes for a cytosolic mono-
oxygenase involved in transformation of hydroxyversicolorone to ver-
siconal hemiacetal acetate by a Baeyer-Villiger reaction, in Aspergillus
parasiticus (Wen et al., 2005). The entire chromosomic region from AC06
to AC13 markers includes the backbone enzyme afiC (pksA) and the two
AFs biosynthesis regulators, aflR and afiS. Polymorphisms and single
nucleotide polymorphism (SNPs) within one or several of the coding
gene sequences, affecting functionality of those genetic markers, can
inactivate the whole biosynthetic pathway (Chang et al., 2005, 2012),
explaining assessed lack of ability to produce AFs for these isolates.

Negative results for investigated markers by multiplex PCRs give
information about the possible occurrence of polymorphisms in primers
target of DNA regions, possibly responsible of lack AFs production. On
the other hand, positive results exclude lesions in DNA regions investi-
gated, but not exclude them in other genomic regions, potentially
involved in the regulation of AFs biosynthesis. Those investigations
confirm that there is not a unique DNA marker related to non-
toxigenicity. However, characterization of non-toxigenic strains is
important to identify good candidates, adapted to pistachio nuts host,
potentially applicable as antagonistic isolates against natural aflatoxi-
genic isolates (Moral et al., 2020; Maxwell et al., 2021).
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A. tubingensis is a black Aspergillus species associated with different
agricultural products, including pistachios (Singh et al., 2022; Melli-
keche et al., 2024).Ecophysiological data reported A. tubingensis able to
grow in a wide range of water activity (>0.86-0.88) and temperature
(15-35 °C), highlighting its adaptation to extremely temperatures and
drier conditions (Garcia-Cela et al., 2014). Whereas, OTA production by
A. tubingensis is still controversial. Some authors report OTA production
(Storari et al., 2012; Gil-Serna et al., 2019; Singh et al., 2024), favoured
at water activity of 0.950-0.965 and 20 °C (Chiotta et al., 2014), others
hadn’t evidence for OTA production, in concordance with absence of
OTA gene cluster, or with detection of a truncated cluster (Susca et al.,
2016; Gil-Serna et al., 2020). A. tubingensis belongs to a complex group
in terms of classification and identification, whose taxonomy at species
level has been continuously revised over recent years. Mosseray (1934)
included 35 species in this section, but later Raper and Fennell (1965)
reduced it to 12 species and two varieties. Al-Musallam (1980) sug-
gested at least 7 species using morphological and cultural features;
Kozakiewicz (1989) distinguished 16 taxa. New molecular genetic
studies help to rearrange the species number in Section Nigri, which has
now been reduced to 10 (Houbraken et al., 2020), adding 4 more species
later, for a total of 14 (Silva et al., 2020; Khuna et al., 2021). Bian et al.
(2022) proposed a new reduced number of accepted species in Asper-
gillus Sect. Nigri, currently at 6, morphologically indistinguishable, but
distinguishable with DNA sequencing. The importance of the correct
identification relies on the ability of some species included in the section
to produce OTA, a potent nephrotoxic and carcinogenic mycotoxin. The
ability of A. tubingensis to produce OTA is still not completely elucidated.
Previous studies reported this species as OTA producing species (Medina
et al., 2005; Perrone et al., 2006; Storari et al., 2012; Lahouar et al.,
2017; Gil-Serna et al., 2019; Singh et al., 2024), under water activity of
0.950-0.965 and 20 °C (Chiotta et al., 2014), and some other studies as
OTA non-producing (Abarca et al., 2004; Samson et al., 2004; Frisvad
etal., 2011; Tavakol Noorabadi et al., 2020) consistently with the lack of
some genes in the OTA cluster (Susca et al., 2016; Gil-Serna et al., 2020).
However, 30 out of 30 black Aspergilli detected on Turkish pistachio nuts
were identified as A. tubingensis by phylogenetic analysis, based on
Aspergillus Sect. Nigri taxonomy proposed by Houbraken et al. (2020).
None of them was found to be ochratoxigenic when cultured on YES
medium and using a specific IMA column for OTA, confirming the
inability of A. tubingensis to produce OTA as suggested by many previous
studies, but still not excluding a mixture of chemotypes in the species,
similarly to what observed in other taxa, e.g. A. niger (Palumbo et al.,
2013; Susca et al., 2016) or in Fusarium equiseti species complex (Xia
et al., 2019; Villani et al., 2019).

The A. clavatus is the economically most important species of its
section and is possibly a cosmopolitan fungus, because it has been iso-
lated from different sources e.g. soil and dung, but also from stored
products (mainly cereals), inadequately stored rice, corn, and millet
(Vargaetal., 2007; Zutz et al., 2013; Houbraken et al., 2020). A. clavatus
is also able to strongly resist to alkaline conditions, allowing to act as
decomposer in situations where other fungi usually do not act. Even
though this species produces potentially toxic metabolites, such as
patulin (Li et al., 2015; Botha et al., 2018), its detection as a unique
isolate, in the present semi-quantitative study, leads to consider the
species as occasionally associated with pistachio nuts.

5. Conclusions

The adverse health effects of these mycotoxins both in humans and
animals highlight the necessity of a better management of pistachio nuts
production along food chain.

This study confirmed that Turkish pistachio nuts are susceptible to
the growth of A. tubingensis and A. flavus species, and could be poten-
tially contaminated by aflatoxin, assessed to be produced in vitro.
However, the availability of naturally AFs non-producing strains could
be deeper investigated for double purposes, elucidating genetic
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mechanism related to AFs production and verifying possibility to be
exploited as biocontrol agents in programs for AFs reduction contami-
nation.Nucleotide biodiversity in AFs biosynthetic gene cluster of
A. flavus, investigated by multiplex PCR, confirmed nucleotide vari-
ability in AFs gene cluster and identified, for the first time, a new ge-
notype in for A. flavus non-producing strains.

The absence of OTA production in vitro, for all A. tubingensis tested
strain isolated from Turkish pistachio nuts, is congruent with a large
related literature (Medina et al., 2005; Perrone et al., 2006; Storari et al.,
2012; Lahouar et al., 2017; Gil-Serna et al., 2019; Singh et al., 2024),
leading to suppose that the species could be a mixture of OTA producing
and non-producing strains, a condition which should be deeper inves-
tigated by genome sequencing approach in strains of both chemotypes.

In consideration of the difficulty of mycotoxin detoxification
methods, the prevention is still the most effective control measure for
mycotoxin contamination, especially if it offers the possibility for early
and not expensive chemotype identification.
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