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ABSTRACT

This study focused on the identification of microscopic filamentous fun-
gi isolated from food commodities (chicken eggs, fermented green coffee
beans, and dried marjoram) and the evaluation of their ability to produce
ochratoxin A (OTA). A total of 179 isolates (93 from eggshells, 34 from cof-
fee, 52 from marjoram) underwent phenotypic and genotypic identification.
Phenotypic traits were assessed macroscopically and microscopically; geno-
typic identification was performed using conventional PCR and verified by
ITS (internal transcribed spacers) region sequencing. Three complementa-
ry methods were used to assess OTA production: detection of the otanpsPN
gene, cultivation on coconut cream agar, and thin-layer chromatography.
Identified species included Aspergillus niger, A. ochraceus, A. westerdijki-
ae, A. carbonarius, A. tubingensis, and Penicillium verrucosum. Molecular
analysis corrected the misclassification of two A. carbonarius and one A.
tubingensis isolate, reidentified as A. niger. OTA production was confirmed
by all methods in most isolates. Notably, only one A. niger isolate from coffee
carried the biosynthetic gene. Two A. tubingensis isolates, despite being con-
sidered non-ochratoxigenic, also showed OTA production. The findings un-
derscore the importance of combining morphological and molecular tools
in fungal identification and highlight the need for multi-method approaches
in evaluating the toxigenic risk of foodborne fungi.
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INTRODUCTION

Microscopic filamentous fungi (MFF) are widely dis-
tributed microorganisms capable of colonizing a variety

of food substrates at different stages of processing, stor-

age, and distribution. Their presence in food products is
undesirable not only due to the deterioration of sensory
properties but, more importantly, because of their ability to
produce secondary metabolites with potent toxic effects—

mycotoxins. One of the most hazardous and frequently
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monitored mycotoxins within the food chain is ochratoxin
A (OTA), predominantly produced by species belonging to
the genera Aspergillus and Penicillium [1, 2, 3].

Contamination by OTA-producing microscopic fila-
mentous fungi has been demonstrated across a range of food
commodities, including cereals, coffee, dried fruits, herbs,
spices, or wine. The contamination can occur either primar-
ily (during cultivation) or secondarily (during harvesting,
drying, storage, or transportation) [4, 5, 6, 7, 8]. OTA is re-
markably stable under high temperatures and standard food
processing conditions, implying that even processed foods
may pose a significant risk to consumers [9].

Preventive measures and control of OTA contamina-
tion are implemented at all stages of food production and
processing. An integral part of this effort is the effective
and sensitive detection of microscopic fungi and their
toxic metabolites. Although traditional phenotypic meth-
ods based on morphological characteristics are valuable,
they exhibit limitations in distinguishing closely related
species [10]. Consequently, increasing emphasis is placed
on molecular analyses, which enable precise species-level
identification and the detection of specific toxigenic line-
ages. Complementary methods, such as chemical analyses
of mycotoxins, serve to confirm the production capacity of
toxic metabolites under defined conditions [11].

From a public health perspective, OTA is classified as
a possible human carcinogen (Group 2B) by the Interna-
tional Agency for Research on Cancer (IARC), exhibiting
nephrotoxic, immunotoxic, hepatotoxic, and teratogenic
effects [12]. Long-term exposure, even at low doses, may
lead to serious chronic diseases, making OTA one of the
most intensively monitored substances in food safety [13].
OTA is rapidly absorbed and distributed but slowly elim-
inated and excreted, leading to potential accumulation in
the body, mainly due to binding to plasma proteins and a
low rate of metabolism. Plasma half-lives range from sev-
eral days to several weeks, which poses a serious risk to
humans [12].

Although extensive monitoring has been conducted for
OTA in cereals and coffee, fewer studies have focused on
fungal contamination in animal-origin products such as
eggs. Moreover, the role of less common substrates like
dried herbs (e.g., marjoram) remains underexplored. Iden-
tifying OTA-producing fungi in such commodities is crit-
ical to understanding hidden routes of contamination and

improving food safety controls.
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This study was designed to fill these gaps by applying a
polyphasic approach to identify and characterize OTA-pro-
ducing fungi from chicken eggshells, green coffee beans,
and dried marjoram. By integrating phenotypic, genotypic,
and chemical analyses, we aimed to evaluate both species
diversity and the toxigenic potential of the isolates.

Our findings contribute to a more nuanced understand-
ing of OTA risk across food matrices and underscore the
need for precise diagnostic methods in food microbiology.
Therefore, systematic monitoring and research focused on
toxigenic fungal species are crucial prerequisites for safe-

guarding public health.

MATERIALS AND METHODS

Isolation of microscopic filamentous fungi

The strains of microscopic filamentous fungi were
isolated from the surface of moldy eggshells (n=90), fer-
mented green coffee samples (n=3), and dried marjoram
samples (n=7) according to the instructions of STN EN
ISO 21527-1/01 and STN EN ISO 21527-2/01 [14, 15].

Phenotypic identification

Phenotypic identification of microscopic filamentous
fungi isolates was carried out according to the criteria
established by several authors [10, 11, 17, 16]. Isolated
colonies presumed to belong to different mold genera or
species were inoculated onto the surface of yeast extract
sucrose agar (YES), malt extract agar (MEA), Czapek
yeast extract agar (CYE), Czapek yeast autolysate agar
(CYA), and 25 % glycerol nitrate agar (G25N; Hi-Media,
Mumbai, India). Incubation was performed for 7 days at
25 °C (YES, MEA, CYE, and CYA) and 5 °C (CYA and
G25N). Macroscopic evaluation focused on the colony
growth rate, color, texture, corrugation, and the presence
of exudates and pigments. Microscopic evaluation was
conducted on agar preparations stained with lactophenol
cotton blue using an optical microscope. Micromorpho-
logical structures were measured and documented using
the B-290TB optical microscope and Optika Vision Lite
2.13 software (OPTIKA® Microscopes, Ponteranica, It-
aly). Isolates preliminarily classified as Penicillium and
Aspergillus underwent the creatine test as described by

Frisvad and Samson [16].



DNA isolation

Total genomic DNA of MMF was isolated using a two-
step procedure involving zirconium and glass beads, Pro-
teinase K (Macherey-Nagel GmbH & Co., Dueren, Germa-
ny), ultrasonic disruption, and the commercially available
E.ZN.A.®” Fungal DNA Mini Kit (OMEGA Bio-tek, Inc.,
Norcross, GA, USA) according to Regecova et al. [18].
DNA purity and concentration were measured using a Bio-
Spec spectrophotometer (SHIMADZU, Kyoto, Japan).

Genotypic identification by PCR
Fungal isolates were identified using conventional
PCR methods. Primers used in this study (Table 1) were
selected based on available literature and synthesized
commercially by Amplia Ltd. (Bratislava, Slovakia).
Amplification was carried out in a 20 pL reaction
volume containing 4.0 pL of HOT Firepol® Blend Mas-

ter Mix (Solis BioDyne, Tartu, Estonia), 0.5 pL of each
primer (10 pmol/uL concentration), and 1-10 ng of tem-
plate DNA using a TC-512 thermal cycler (Techne, Staf-
fordshire, UK). The PCR cycling conditions included an
initial denaturation at 95 °C for 12 minutes, followed by
40 cycles of denaturation at 95 °C for 20 seconds, primer
annealing at 46—60 °C for 60 seconds (depending on the
primers), and elongation at 72 °C for 2 minutes. Amplifi-

cation was terminated by cooling to 6 °C.

Detection of PCR products

Amplified PCR products were detected by electro-
phoresis on a 1% agarose gel prepared in TBE buffer and
stained with GelRed™ Nucleic Acid Gel Stain (Biotium,
Inc., Fremont, CA, USA). Amplicons were visualized by
UV transillumination using a Mini Bis Pro® system (DNR
Bio-Imaging Systems Ltd., Neve Yamin, Israel). A 100 bp

Table 1. Primers used and their characteristics

Annealing tem-

Gen-Bank-EMBL

Primer name Primer sequence (5'-3') perature (°C) PCR product size accesstl’c:r\ num- Study
Penicillium spp.
ITS 212d AAATATAAATTATTTAAAACTTTC

46 336 bp LC317718.1 [19]
ITS 546 CTGGATAAAAATTTGGGTTG
Penicillium verrucosum
VERF TCGTAACAAGGTTTCCGTAGG

59 607 bp DQ681351.1 [20]
VERR TTTCCTTCCGCCTTATTGAT
Aspergillus spp.
AspNestl TCTTGGTTCCGGCATCGAT 240b

p

AspNest2 TGACAAAGCCCCATACGCT

55 AF138288 [21]
AspNest3 GAAGAACGCAGCGAAATGC 146b

46 bp

AspNest4 AACACACAAGCCGTGCTTGA
Aspergillus ochraceus
OCRAF CTTTTTCTTTTAGGGGGCACAG

60 430 bp FM995527 [22]
OCRAR CAACCTGGAAAAATAGTTGGTTG
Aspergillus niger
ASPU ACTACCGATTGAATGGCTCG

46 295 bp TIMMO0113 [23]
Ni1R ACGCTTTCAGACAGTGTTCG
Aspergillus carbonarius
CAR1 GCATCTCTGCCCCTCGG

53 389 bp GQ888685.1 [24]
CAR2 GGTTGGAGTTGTCGGCAG
Aspergillus westerdijkiae
WESTF CTTCCTTAGGGGTGGCACAG [22]

60 430 bp FN185739
WESTR CAACCTGATGAAATAGATTGGTTG
ITS1-5.85-ITS2 region
ITS1 TCCGTAGGTGAACCTGCGG

53 variable - [25]
ITS4 TCCTCCGCTTATTGATATGC
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DNA ladder (Sigma-Aldrich, Saint Louis, MO, USA) was

used as a molecular weight marker.

Sequencing

ITS1-5.8S-1TS2 PCR products were sequenced by
the Sanger method (SeqMe, Dobfis, Czech Republic).
The obtained sequences were analyzed for homology with
sequences available in the GenBank-EMBL database us-
ing the BLAST program (NCBI, software package 3.40,
Bethesda, MD, USA).

Detection of ochratoxin A

The ability of isolates to produce ochratoxin A was de-
termined by detecting the gene encoding its production and
by demonstrating its presence in agar media. Detection of
the specific otanpsPN gene using real-time PCR was per-
formed with specific primers designed by Rodriguez et al.
(Table 2) [26].

Amplification was conducted in a 20 pL reaction vol-
ume containing 10.0 pL of Q SYBR® Green Supermix
(BIO-RAD, USA), 1.0 uL of each primer (10 pmol/uL
concentration), and 1-10 ng of DNA using a CFX Opus
96 thermal cycler (BIO-RAD, USA). The PCR conditions
included an initial denaturation at 95 °C for 5 minutes, fol-
lowed by 40 cycles of denaturation at 95 °C for 10 sec-
onds, annealing at 56 °C for 60 seconds, and a melt curve
analysis from 65 °C to 95 °C with 5-second increments.
The specific melting temperature (Tm) was considered to

be 84 £ 0.5 °C. The cultivation screening assay on coconut

cream agar (CCA) and thin-layer chromatography (TLC)

were performed according to Jevinova et al. (2023) [11].

Statistical analysis

Chi-square (y?) tests of independence were used to
compare phenotypic and molecular identification results
and OTA production capabilities among species, per-

formed in Jamovi software (version 2.6.44.0).

RESULTS

A total of 179 isolates of microscopic filamentous fun-
gi were subjected to phenotypic and genotypic identifica-
tion, including 93 isolates from the surface of eggshells,
34 from coffee beans, and 52 from marjoram. Based on
characteristic macroscopic and microscopic features, 12
isolates were identified as Penicillium verrucosum, 5 as
Aspergillus carbonarius, 43 as A. niger, 11 as A. ochra-
ceus, 8 as A. westerdijkiae, and 4 as A. tubingensis.

The isolates were further analyzed using conventional
PCR at both the genus and species levels. A total of 78
isolates were assigned to the genus Penicillium, of which
8 were specifically identified as P. verrucosum. Addition-
ally, 109 isolates were assigned to the genus Aspergillus,
including 46 identified as 4. niger, 10 as A. ochraceus, 8
as A. westerdijkiae, and 3 as A. carbonarius. Two isolates
preliminarily identified phenotypically as A. carbonarius

and one isolate identified as 4. tubingensis were reclassi-

Table 2. Primers for the detection of OTA and their characteristics

Annealing Gen-Bank-EMBL

Primer Primer sequence (5'-3') temperature PCR pfoduct accession Study
name 0) size number
otanpsPN
F-npstr GCCGCCCTCTGTCATTCCAAG 56 117 bp AY557343 [26]
R-npstr GCCATCTCCAAACTCAAGCGTG
Table 3. Number of isolates identified by the methods used
Species Commodity Phenotype PCR Sequencing
P. verrucosum chicken eggs 12 8 8
A. carbonarius marjoram 5 3 3
A. niger coffee, marjoram 43 46 46
A. ochraceus coffee 11 10 10
A. westerdijkiae coffee 8 8 8
A. tubingensis coffee, marjoram 4 - 3
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fied as 4. niger by PCR analysis. Three isolates initially
classified as 4. tubingensis based on morphology were not
confirmed by PCR.

The fungal strains identified by conventional PCR were
subsequently subjected to sequencing for confirmation.
Sequencing was also performed on isolates phenotypical-
ly identified as A. tubingensis. Amplification of the ITS1—
5.8S-ITS2 region of ribosomal DNA (rDNA), characterized
by low intraspecific polymorphism and high interspecific
variability, was carried out using the ITS1 and ITS4 primers.
The amplicons were sequenced using the Sanger method.
Sequencing validated all species identifications determined
by PCR and genetically confirmed three isolates preliminar-
ily classified as 4. tubingensis by morphology (Table 3).

The ability of fungal isolates to produce ochratoxin A
(OTA) was assessed using three methods. OTA production
was confirmed by at least one method in 70 isolates (8 eggs,
18 coffee, 44 marjoram). TLC and coconut agar as-
says correlated strongly with molecular detection of the
otanpsPN gene (detected in 73 isolates). Among A. niger
isolates from coffee, the ability to produce OTA was rare;
gene encoding OTA production was detected only in one
isolate (Table 4). Unexpectedly, OTA production was con-
firmed in three 4. tubingensis isolates, suggesting possible
variation in toxigenic capacity.

Statistical analysis showed no significant differences
between phenotypic and PCR identification (p = 0.138),
nor between phenotypic identification and sequencing (p
= (.138). PCR and sequencing identification results were
in complete agreement.

Statistical analysis also showed no significant differenc-
es among species in OTA production capability across the
different detection methods (p > 0.05; coconut cream agar:
p =0.508; TLC: p = 0.508; real-time qPCR: p = 0.305).

DISCUSSION

This study focused on the identification and charac-
terization of microscopic filamentous fungi isolated from
the surface of chicken eggshells, fermented green coffee
beans, and dried marjoram. Combining phenotypic and
genotypic methods, several potentially toxigenic species
of the genera Penicillium and Aspergillus were identified.

Of the 179 isolates, the majority originated from
eggshell surfaces (93 isolates), suggesting that eggs
can serve as significant carriers of environmental
contaminants, including filamentous consis-
tent with previous findings [27, 28, 29, 30]. Notably,

the ochratoxigenic species P. verrucosum, typically associ-

fungi,

ated with cereal substrates, was also identified among the
eggshell isolates, as previously described by Schmidt-Hey-
dtetal. [31].

In green coffee beans (34 isolates), species of sections
Nigri (A. niger, A. tubingensis) and Circumdati (A. wester-
dijkiae, A. ochraceus) were predominantly detected, align-
ing with reports of thermotolerant and xerotolerant fungi
in coffee [32, 33, 34, 35]. Although coffee is considered a
high-risk commodity for OTA contamination, we observed
notable variability in OTA production among isolates.

Dried marjoram (52 isolates) exhibited the highest
contamination rate with OTA-producing fungi, primarily
A. niger, A. carbonarius, and A. tubingensis, supporting
findings by Dimi¢ et al. [36] and other studies [37, 38, 39].

Phenotypic identification based on macroscopic and
microscopic traits was verified by conventional PCR and
sequencing of the internal transcribed spacer (ITS) region.
While phenotypic methods allowed preliminary classifi-
cation, molecular techniques revealed misclassifications,

particularly distinguishing A. niger from A. tubingensis

Table 4. Number of isolates producing ochratoxin A

Species Commodity Number of isolates gPCR CCA TLC
P. verrucosum chicken eggs 8 8 8 8
A. carbonarius marjoram 3 3 3 3
A niger coffee 4 1 0 0
- g marjoram 42 41 40 40
A. ochraceus coffee 10 10 9 9
A. westerdijkiae coffee 8 8 8 8
. . coffee 1 1 1 1

A. tubingensis marjoram 2 1 1 1
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and A. carbonarius. These findings highlight the morpho-
logical similarity within section Nigri and the essential
role of molecular methods [10, 40]. Results corroborate
previous reports emphasizing the necessity of ITS se-
quencing and PCR for accurate species-level identification
in morphologically similar fungi [41].

Sequencing fully confirmed PCR-based identifications,
and variability in ITS amplicon sizes proved the genomic
region’s suitability for distinguishing related species. This
underscores the robustness of molecular approaches in
mycological diagnostics.

Ochratoxin A (OTA) production was evaluated using
three methods: otanpsPN gene detection, cultivation on co-
conut cream agar, and TLC. Among the Aspergillus species,
A. ochraceus is widely recognized as the principal OTA
producer [42], followed by A. carbonarius and A. niger,
which are also frequently implicated in OTA contamination
of food commodities [43]. Additionally, A. westerdijkiae has
been identified as a significant OTA-producing species, with
toxigenic potential comparable to that of 4. ochraceus [44].

While P. verrucosum, A. ochraceus, A. carbonarius,
and A. westerdijkiae showed OTA production by all meth-
ods, among coffee-derived 4. niger isolates, the biosyn-
thetic gene was detected in only one, and no OTA was vis-
ible on agar, diverging from reports of consistent OTA pro-
duction in this species [35, 45, 46]. This discrepancy may
be attributed to lower incubation temperatures and shorter
duration (25 °C and 5 °C for 7 days), which are known to
suppress OTA biosynthesis [47]. According to Medina et
al., elevated temperatures (e.g., 37 °C) may stimulate sec-
ondary metabolite biosynthesis as a stress response [48].
Similarly, Belli and Akar note that OTA is produced dur-
ing the stationary growth phase, typically after 14 days of
incubation [49].

Interestingly, OTA production was detected in three
A. tubingensis isolates, a species generally considered
non-ochratoxigenic [39, 50, 51, 52]. Similar findings by
Gherbawy et al. suggest that under certain conditions, A.
tubingensis may produce OTA, emphasizing the need for
individual strain assessment [53]. This highlights the need
for individualized evaluation of toxigenic potential, even
in species not classically considered OTA producers.

Statistical analysis showed strong concordance between
phenotypic and molecular identification, confirming the re-
liability of PCR and ITS sequencing while acknowledging
the limitations of morphology-based approaches [10].
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This study provides novel insights into the presence
and toxigenic profiles of microscopic filamentous fungi
in commonly consumed food matrices of both animal and
plant origin. It demonstrates that even species traditionally
considered non-toxigenic may pose potential risks under
specific environmental conditions. By integrating morpho-
logical and molecular methods with chemical detection of
mycotoxins, the study highlights the necessity of a mul-
ti-tiered approach to ensure accurate fungal identification
and mycotoxin risk assessment. These findings contribute
valuable knowledge to the fields of food safety, mycotoxi-
cology, and fungal diagnostics and may support future im-

provements in regulatory monitoring practices.

CONCLUSIONS

This study addressed the identification of microscop-
ic filamentous fungi isolated from chicken egg surfaces,
fermented green coffee beans, and dried marjoram and
evaluated their ability to produce ochratoxin A (OTA). By
combining phenotypic methods with molecular (PCR, ITS
sequencing) and chemical approaches, several species of
Aspergillus (A. niger, A. tubingensis, A. ochraceus, A. car-
bonarius, A. westerdijkiae) and Penicillium verrucosum
were successfully identified.

Molecular analyses confirmed the reliability of pheno-
typic identification but also revealed discrepancies among
closely related species, emphasizing the need for inte-
grated methods. OTA production testing through coconut
cream agar, thin-layer chromatography, and PCR detection
of the otanpsPN gene showed a high level of concordance,
with the highest proportion of positive isolates found in
marjoram. Integrated approach revealed species previous-
ly underrecognized as OTA sources, including P. verruco-
sum in eggs and A. fubingensis in herbs. The occurrence of
OTA production in isolates traditionally deemed non-toxi-
genic highlights the necessity for ongoing verification and
strain-specific evaluation.

The study highlights the importance of rigorous mon-
itoring for OTA-producing fungi in both plant- and ani-
mal-derived foods. Combining morphological, molecular,
and chemical analyses provides a comprehensive strategy
for fungal identification and mycotoxin risk assessment,
contributing valuable insights for food safety and public

health protection.



Future research should focus on studies refining
food safety standards and supporting regulatory ef-
forts in mitigating mycotoxin exposure risks globally,
such as study of environmental and genetic factors in-
fluencing OTA biosynthesis in atypical producers like
A. tubingensis; longitudinal studies assessing OTA accu-
mulation across production and storage phases; and de-
velopment of rapid, field-deployable molecular assays for
early screening of OTA producers in diverse food environ-

ments.
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