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ABSTRACT

The study focused on the molecular identification of organisms associated with bread mold with the aim of
isolating, characterizing, and accurately identifying fungal contaminants responsible for bread spoilage. One gram (1
g) of a contaminated bread sample was serially diluted and cultured on Potato Dextrose Agar (PDA). The pure isolates
were coded as GBMF1, GMBF2, GBMF3, and GBMF4, and incubated for another three days. Pearson correlation
was used to determine if there is a difference in the genetic distance between the isolates at p = 0.05. After incubation,
the fungal structures were observed under the x40 objective lens for microscopic characterization. Morphological and
microscopic characterization suggested that the isolates belonged to the genera Aspergillus, Cladosporium, Penicillium,
and Fusarium. Genomic deoxyribonucleic acid (DNA) was successfully extracted from two of the isolates (GBMF1 and
GBMF4) with purity ratios ranging from 1.70 to 1.80 and concentrations between 24 and 31 ng/uL. Polymerase Chain
Reaction (PCR) amplification of the internal transcribed spacer (ITS) region produced clear bands of approximately
600 bp, confirming the presence of fungal DNA. Sequencing and Basic Local Alignment Search Tool for nucleotides
(BLASTn) analysis revealed that isolate GBMF1 had 100% similarity with Aspergillus niger, while isolate GBMF4
showed 75-88% similarity with Fusarium equiseti and related taxa. The findings demonstrate that combining

morphological and molecular techniques provides accurate and reliable identification of fungi in spoiled bread.
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Practically, the study emphasizes the need for strict hygiene in bread production, proper storage, and routine molecular

surveillance to ensure food safety and reduce public health risks associated with mycotoxigenic fungi.

Keywords: Bread; Contaminants; Fungi; Gene; Mold; Polymerase Chain Reaction

1. Introduction

Bread is one of the most widely consumed staple
foods worldwide, providing essential carbohydrates, fiber,
and energy to millions of people. Among various types of
bread, the fermentation process that involves Saccharo-
myces cerevisiae (baker’s yeast) is pivotal for leavening
dough, contributing to the texture, flavor, and volume of
the final product. Bakeries maintain specific environmen-
tal conditions such as optimal temperature and humidity to
promote yeast activity, which, unfortunately, also creates
an environment conducive to the growth of unwanted mi-
croorganisms, particularly molds. Mold contamination in
bread is not only detrimental to product quality but also
poses significant health risks due to the potential produc-
tion of mycotoxins "'\ Molds such as Aspergillus, Peni-
cillium, and Fusarium are responsible for the production
of harmful secondary metabolites, which can have severe
toxicological effects on human health ¥, Mycotoxins,
such as aflatoxins, ochratoxins, and trichothecenes, are of
particular concern in food safety, as they can accumulate in
bakery products and pose long-term health risks when con-
sumed over time. These mycotoxins can lead to diseases
including liver cancer, immune suppression, and neurologi-
cal disorders ™. Therefore, accurate identification of mold
species is crucial in evaluating the associated health risks
and implementing appropriate quality control measures to
mitigate these risks in bakery products. Mold contamina-
tion in bread not only affects food safety but also reduces
the shelf life of the product, as molds thrive in moist, warm
environments typically found in bakery production areas .

Historically, mold species in bakery products have
been identified based on their phenotypic characteristics,
such as colony morphology, color, and texture. However,
phenotypic identification methods have significant limita-
tions. Many mold species exhibit similar morphological
traits, making them difficult to differentiate with high ac-
curacy. Additionally, such methods require specialized ex-
pertise and are often prone to misidentification due to the

. .. . 6
overlapping characteristics between species '”. Moreover,

traditional methods are time-consuming, which makes
them less suitable for routine monitoring of mold contami-
nation in bakery settings.

In response to these challenges, molecular techniques
have emerged as reliable alternatives for fungal species
identification. Among these methods, DNA barcoding has
become a widely adopted approach for the identification of
fungal species, including molds. DNA barcoding involves
amplifying specific regions of the fungal genome, followed
by sequencing and comparison with known databases. The
internal transcribed spacer (ITS) region of the ribosom-
al ribonucleic acid (RNA) gene is the most used genetic
marker for fungal barcoding due to its high variability
between species and relative conservation within species
1. This method allows for more precise identification of
fungal species compared to traditional phenotypic meth-
ods. Research on the improvement of shelf life, hardness,
chewability and gumminess of bread was demonstrated by
using ancestral enzymes through bioinformatics analyses ™.
This helps to improve activity and thermal stability. This
bioinformatics and silico method offers a breakthrough in
bread research. Similarly, bread being a staple food and the
most common to every class of people in Nigeria, the ap-
plication of molecular analyses and the use of bioinformat-
ics analyses is significant to help keep a database of bread
mold-causing microbes that may be injurious to public
health. The study is important because there are few data
on bread mold in Nigeria.

However, despite the advantages of DNA barcoding,
several challenges remain in accurately identifying mold
species, particularly those that are closely related. Many
species of molds share highly similar or identical ITS se-
quences, making it difficult to distinguish them using this
marker alone. Additionally, variations in primer-binding
sites can lead to incomplete or inaccurate amplification,
further complicating the identification process . To ad-
dress these limitations, researchers have advocated for the
use of multiple genetic markers in combination with the
ITS region to enhance species-level discrimination. Target-
ing other regions of the fungal genome, such as the large
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subunit (LSU) and small subunit (SSU) ribosomal RNA
genes, has shown promise in improving the resolution of
fungal identification "),

Recent studies have highlighted the importance of
incorporating multiple primer pairs to enhance the accura-
cy of mold species identification. By amplifying different
regions of the fungal genome, a combination of primers
can increase the specificity and sensitivity of mold de-
tection, allowing for the identification of a broader range
of species !"”. This approach is particularly beneficial in
identifying molds that produce different mycotoxins but
are genetically similar, which is crucial for risk assessment
in food safety . Moreover, the use of multiple primer
pairs can improve the reliability of molecular techniques
in routine quality control testing, particularly in the food
industry, where accurate mold identification is essential for
product safety. This study aims to improve the molecular
identification of organisms from bread mold.

This study is limited to the molecular identification
of fungal organisms isolated from bread mold. It involves
the culturing and isolation of fungal species from contam-
inated bread, the extraction of genomic DNA from pure
isolates, and molecular identification through Polymerase
Chain Reaction (PCR) and sequencing.

The aim of this study is to identify fungal organisms
associated with bread mold using molecular techniques.

The objectives of the study are to:

1. Culture and isolate pure molds from the contaminat-
ed bread sample.

2. Extract genomic DNA from the isolated fungal cul-
tures.

3. Carry out molecular identification for accurate spe-

cies-level identification of bread molds.

2. Materials and Methods
2.1.Research Design

This study was designed as a laboratory-based ex-
perimental investigation aimed at isolating and identifying
fungal species responsible for bread mold (Figure 1). The
design combined both morphological and molecular meth-
ods to ensure accurate and reliable results. A contaminated
bread sample was collected aseptically and labeled accu-
rately. In the laboratory, the sample was serially diluted
using normal saline and cultured on Potato Dextrose Agar

(PDA) prepared according to the manufacturer’s standard
(39 g/L). Distinct fungal colonies were observed, isolated,
and sub-cultured to obtain pure cultures. The pure isolates
were first examined for morphological and microscop-
ic characteristics using Lactophenol Cotton Blue stain.
Thereafter, the isolates underwent molecular analysis,
which involved DNA extraction using the ZymoBIOMICS
DNA Microprep Kit (Zymo Research, California, USA),
PCR amplification of the ITS gene region using ITS1 and
ITS2 primers, and agarose gel electrophoresis to confirm
successful amplification """’ The PCR products were pu-
rified and subjected to Sanger sequencing for molecular
identification. Sequence data were analyzed using Chro-
masLite and BioEdit for editing, while BLAST search on
the National Center for Biotechnology Information (NCBI)
database was used to identify related species "'”. Phyloge-
netic analysis was carried out using MEGA11 software to
determine evolutionary relationships between the isolated

fungi and closely related reference species.

Bread collection

l

Bread decay process
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Figure 1. Flow chart of DNA sequencing of bread mold contam-
inated at the Biology and Biotechnology Laboratory, University
of Port Harcourt, Nigeria.

149



Food and Drug Safety | Volume 03 | Issue 01 | January 2026

2.2. Materials

The materials used for this study include Petri dish-
es, test tubes, test tube rack, measuring cylinder, conical
flasks, beakers, weighing balance, inoculating loop, sy-
ringe, glass slides, cover slips, microscope (x40 objec-
tive), autoclave, vortex mixer, micropipettes, Nanodrop
spectrophotometer (Thermo Fisher Scientific, USA) ",
ZymoBIOMICS DNA Microprep Kit, centrifuge, gel elec-
trophoresis apparatus, and ultraviolet (UV) transillumina-
tor. The reagents include Lactophenol Cotton Blue (used
for staining and viewing fungal structures on wet mount
slides), Lactic acid (added to Potato Dextrose Agar (PDA)
after cooling to inhibit bacterial growth), Normal saline
(Analytical Sodium Chloride) 0.9 g per 100 mL, used as
a diluent for serial dilution, Safe Green dye (used for gel
visualization during electrophoresis), Tris-Borate-EDTA
(TBE) buffer (for gel preparation and electrophoresis),
primers (ITS1 and ITS2), master mix, sterile nuclease-free
water, Ethanol (70%) (used for sterilization and cleaning

of surfaces) and Agarose powder (for gel electrophoresis).

(a) Plate 1A: Picture of Contaminated Bread after Seven Days In
the laboratory of the Department of Biology and Biotechnology,
University of Port Harcourt, Nigeria.

All materials used throughout the analysis were
properly labelled for easy identification and traceability

throughout the study.

2.3.Sample Collection and Preparation

A loaf of bread was purchased in a geo-referenced
location in Port Harcourt using a Garmin Global Position-
ing System (GPS) (etrex, USA), and a slice was asepti-
cally removed and placed into a sterile container (Figure
2, Plates 1A and 1B), then covered with a little part open
and left at ambient room temperature (2830 °C) for seven
days. A contaminated bread sample was transported to the
laboratory in a sterile polyethylene bag after visible mold
growth appeared on the bread surface. In the laboratory,
one gram (1 g) of the moldy area was aseptically collected
using a sterile spatula, placed on a sterile aluminum foil,
weighed on a digital weighing balance, and then trans-
ferred into 9 mL of Normal saline to make a ten-fold serial

dilution for culture and isolation.

(b) Plate 1B: Contaminated bread from where fungi isolates were
derived.

Figure 2. Bread contamination and decay process.

2.4. Sterilization Procedures

All glassware, reagents, and equipment used in this
study were properly sterilized to maintain aseptic condi-
tions and prevent cross-contamination. The culture media
and glassware were sterilized in an autoclave at 121 °C for
15 min under a pressure of 15 psi. Work surfaces and in-
struments such as inoculating loops were wiped with 70%

ethanol before and after use, while the loops and needles

were sterilized by flaming in a Bunsen burner before each

inoculation.

2.5.Media Preparation (Potato Dextrose Agar)

Potato Dextrose Agar (PDA) was used for cultur-
ing and isolating fungi from the contaminated bread. The
standard preparation ratio according to the manufactur-

er’s specification for PDA is 39 g/L. Accordingly, 39 g of
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PDA powder was weighed using an analytical balance and
dissolved in 1 L (1,000 mL) of distilled water in a coni-
cal flask. The mixture was heated gently until completely
dissolved. The medium was autoclaved at 121 °C for 15
min to sterilize it. After cooling to about 45 °C, lactic acid
was added aseptically to the medium to inhibit bacterial
growth. The sterilized medium was then poured into sterile
Petri dishes and allowed to solidify.

2.6. Serial Dilution and Culture Technique

A ten-fold serial dilution was carried out to reduce
microbial load in the bread sample prior to culturing. Six
sterile test tubes (107'—107°) were arranged on a rack, each
containing 9 mL of sterile normal saline (0.9 g NaCl per 100
mL distilled water). One gram of the moldy bread sample
was homogenized in 9 mL of sterile normal saline to prepare
the stock solution (107" dilution). A 1 ml aliquot from the
first tube was transferred sequentially to the next test tube,
up to the sixth tube, to achieve dilutions up to 107°.

Using the spread plate method, 0.1 mL from appro-
priate dilutions was transferred onto the solidified PDA
plates. The inoculum was evenly spread using a sterile
glass spreader. The plates were incubated in an inverted
position at room temperature (25-28°C) for 3 days. Dis-
tinct colonies showing different morphological features
were sub-cultured onto fresh PDA plates to obtain pure iso-
lates. Pure isolates were then obtained, coded as GBMF1,
GBMF2, GBMF3, and GBMF4, and stored in sterile con-
ditions for further morphological and molecular analyses.

2.7.Microscopy and Identification of Fungal
Isolates

Each pure colony was examined macroscopically
for colony color, texture, and surface morphology. A small
portion of the fungal growth was mounted on a clean glass
slide with a drop of Lactophenol Cotton Blue stain. The
preparation was covered with a coverslip and examined
under a compound microscope using the x40 objective
lens. Microscopic features such as spore shape, septation,
and arrangement of conidia were observed and compared
with standard fungal identification keys to determine the

probable genera.

2.8. Molecular Analysis and Fungal Isolation

Molecular analysis was carried out to identify the
fungal isolates at the genetic level through DNA extraction,
amplification, and sequencing. The process involved fun-
gal DNA isolation, barcoding through PCR, gel electro-
phoresis, and Sanger sequencing

Genomic DNA extraction was performed using
the Zymo BIOMICS DNA Microprep Kit (Zymo Re-
search, USA) with ZR Bashing Beads at MyAfroDNA
Laboratory, Port Harcourt, Nigeria. Each fungal culture
was scraped and transferred into a bead-bashing tube.
Mechanical disruption was carried out using a vortexer
for optimal cell lysis. The remaining steps: lysis, DNA
binding, washing, and elution, followed the manufac-
turer’s instructions. The eluted DNA was stored at —20
°C until further use. DNA concentration and purity were
determined using a Nanodrop spectrophotometer (Ther-
mo Fisher Scientific, USA). Absorbance readings at 260
nm were used to calculate DNA concentration, while the
260/280 nm ratio assessed purity. DNA samples were ei-
ther processed immediately or stored at —20 °C for down-

stream applications.

2.9.Fungal Barcoding (ITS PCR Amplifica-
tion)

Molecular identification of fungal isolates was per-
formed by amplifying the Internal Transcribed Spacer (ITS)

region using universal primers:

ITS1 Forward: 5’-CTT GGT CAT TTA GAG GAA
GTA A-3°

ITS2 Reverse: 5°-GCT GCG TTC TTC ATC GAT
GC-3°

The PCR reaction mixture contained 2 pL of DNA
template, 1 pL of each primer, 4 pL of PCR master mix,
and nuclease-free water to make up the final volume. The
amplification was carried out under the following thermal
conditions: initial denaturation at 95 °C, followed by 35
cycles of denaturation, annealing, and extension, with a
final extension at 72 °C. The PCR products were analyzed
by agarose gel electrophoresis to confirm successful am-

plification.
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2.10. Gel Electrophoresis and Sanger Se-
quencing

A 2% agarose gel was prepared by dissolving 0.6 g
of agarose in 30 mL of 1X Tris-Borate-EDTA (TBE) buf-
fer. The solution was heated to dissolve the agarose com-
pletely and allowed to cool to about 45 °C. Safe Green dye
(30 pL) was added to the gel solution for DNA visualiza-
tion. The gel was poured into a casting tray with pre-in-
serted combs and allowed to solidify. After solidification,
4 pL of each PCR product and a molecular marker (100
bp ladder) were loaded into the wells. Electrophoresis was
performed, and the gel was viewed under a UV transillu-
minator. Positive amplification was indicated by visible
DNA bands of approximately 600 base pairs.

PCR products were purified and subjected to Sanger
sequencing using the BigDye™ Direct Cycle Sequencing
Kit. Sequencing reactions were prepared with M13-tagged
ITS primers, purified, and run on a genetic analyzer via
capillary electrophoresis. The sequence data obtained were
analyzed using chromatogram visualization software to
determine accurate base calls. The generated nucleotide
sequences were compared with reference sequences in the
NCBI GenBank database using the BLASTn algorithm for

species identification.

2.11. Sequence Analysis and Phylogenetic Re-
lationship

The DNA sequences generated were viewed and ed-
ited using ChromasLite and BioEdit software. Sequence
similarity searches were performed using BLASTn against
the NCBI (National Centre for Biotechnology Informa-
tion) database (https://blast.ncbi.nlm.nih.gov/Blast.cgi)

to identify closely related fungal species. The aligned se-

quences were analyzed using ClustalW, and phylogenetic
trees were constructed using the Neighbor-Joining method
%] implemented in MEGA version 11 "), Bootstrap analy-
sis with 500 replicates was performed to evaluate the reli-
ability of the tree branches. The evolutionary relationship
was inferred between the isolates and closely related taxa,
showing Aspergillus niger clustering closely with its ref-
erence strain, while the Fusarium-related isolate showed a
weak association due to low sequence similarity.
Statistical Analysis

Pearson’s product-moment correlation was done to
compare whether there was any significant difference be-
tween percent genetic identity and distance between bread

molds. All analysis was done in R statistical environment

4.2.2 (R Development Core Team).

3. Results

3.1.Fungal Plate Count from Bread Mold
Sample

Table 1 shows the colony-forming units (CFU) ob-
tained from bread mold samples cultured on Potato Dex-
trose Agar (PDA) at different dilutions (1074, 1075, 10°°).
The highest colony counts were recorded at the 10 dilu-
tion (89 and 73 CFU), while the counts decreased progres-
sively at higher dilutions (26 and 29 CFU at 10°%; 24 and 5
CFU at 107°). This trend indicates a high fungal load in the
original bread sample, reflecting heavy contamination. The
consistency between replicate plates shows good experi-
mental reliability. High CFU values at lower dilutions are
typical of heavily colonized bread samples, where molds
such as Aspergillus, Penicillium, Cladosporium, and Fu-

sarium thrive under warm and humid conditions.

Table 1. Fungal Plate Count from Bread Mold Sample Retrieved from Biology Biotechnology Laboratory, University of Port Har-

court, Nigeria (+SE).

Colony Count (CFU
Sample ID/Dilution y ( )
Plate 1 Plate 2
GBM PDA 10°* 89 73
GBMPDA 10° 26 29
GBM PDA 10°¢ 24 5
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3.2. Morphological and Microscopic Charac-
terization of Fungal Isolates from Bread
Mold

Table 2 presents the macroscopic (colony morphol-
ogy) and microscopic (spore and hyphal features) char-
acteristics used to presumptively identify fungal isolates.
GBMF1 showed dense black aerial mycelia with globose
spores and non-septate hyphae, typical of Aspergillus spe-
cies. GBMF?2 exhibited grey colonies with septate hyphae,
consistent with Cladosporium species. GBMF3 had blue-
green colonies and chain-forming conidia, identifying it as
Penicillium. GBMF4 displayed white fluffy mycelia with
macroconidia, typical of Fusarium species. These obser-
vations align with established fungal identification guides,
confirming that bread molds can be accurately identified
through cultural and microscopic analysis before molecu-

lar confirmation.

3.3.Macroscopic and Microscopic View of
Fungal Isolates from Bread Mold

Table 3 visually complements Table 2, providing
photographic documentation of the isolates. The macro-

scopic view illustrates colony color, texture, and growth

pattern on PDA, while the microscopic view highlights
spore and hyphal morphology. These images serve as a
reference for correlating visual traits with molecularly
confirmed genera (Aspergillus, Cladosporium, Penicil-
lium, and Fusarium). The consistency between morpho-
logical and molecular data reinforces the reliability of
classical mycological techniques in preliminary fungal

identification.

3.4.Mean DNA Concentration and Purity of
Fungal Isolates

Table 4 shows the purity and concentration of ge-
nomic DNA extracted from fungal isolates GBMF1 and
GBMF4. Purity ratios (A260/A280) of 1.70-1.80 indicate
good-quality DNA, suitable for PCR amplification. The
mean DNA concentrations ranged from 25 to 30 ng/uL,
sufficient for downstream molecular analyses. The repro-
ducibility between duplicate samples (GBMF1: 24-26
ng/uL; GBMF4: 29-31 ng/puL) demonstrates consistent
DNA extraction performance. These results confirm that
the extraction and purification methods effectively isolat-
ed intact DNA with minimal protein contamination. Also
see Appendix A, Table A1 for further details of purifica-

tion process.

Table 2. Morphological and Microscopic Characterization of Fungal Isolates from Bread Mold Retrieved from Biology Biotechnolo-

gy Laboratory, University of Port Harcourt, Nigeria.

Isolate ID Macroscopic Features Microscopic Features Probable
Genera

GBMF1 Black aerial dense mycelia with spore, white Presence of globose black spores in cluster. Aspergillus
margin, cracked yellow reverse. Presence of thick-walled nonseptate hyphae

GBMF2 Grey, black reverse, non-crack, cream margin, Presence of septate-bound hyphae, no space Cladosporium
slow-growing circular, domed-shaped, dry seen
mycelia

GBMF3 Blue-green, cream reverse, non-crack, white Presence of greenish spores in chains Penicillium
circular margin with dry rough mycelia

GBMF4 Fast growing, white non-crack reverse, white Presence of thick walled, macroconidia Fusarium

margin, white fluffy dense mycelia, smooth
surface

153



Food and Drug Safety | Volume 03 | Issue 01 | January 2026

Table 3. Macroscopic and Microscopic View of Fungal Isolates from Bread Mold Retrieved from Biology Biotechnology Laboratory,
University of Port Harcourt, Nigeria.

Isolate ID Macroscopic View on PDA Microscopic View Probable Genera

GBMF1 Aspergillus
GBMF2 Cladosporium
GBMF3 Penicillium
GBMF4 Fusarium

Table 4. Mean DNA Concentration and Purity of Fungal Isolates from Bread Mold Retrieved from Biology Biotechnology Laborato-
ry, University of Port Harcourt, Nigeria (+SE).

Isolate Code PCR Purity (A260/A280) DNA Concentration (ng/pL)
GBMF1 ITS 1.80 25
GBMF4 ITS 1.70 30
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3.5. Fungal DNA Detected Using PCR

The ITS PCR reactions were successful in ampli-
fying the targeted fungi’s ITS region across all isolates.
The agarose gel electrophoresis result shows distinct DNA
bands at approximately 600 base pairs, corresponding to

the internal transcribed spacer (ITS) gene region (Plate 2,

600 bp

as shown in Figure 3). The presence of clear, sharp bands
in lanes representing isolates GBMF1 (S6) and GBMF4
(S7) confirms successful PCR amplification. The uniform
band intensity indicates good DNA template quality and
efficient amplification by the ITS primers. This result vali-
dates the molecular detection of fungal DNA and supports

subsequent sequencing analysis.

ITS gene

Figure 3. Plate 2: Representative Gel of Detected Fungal DNA (ITS Gene Amplification) retrieved from bread mold at the Laborato-
ry of Biology and Biotechnology, University of Port Harcourt, Rivers State, Nigeria.

3.6. Molecular Identification of Fungal Iso-
lates Using Sanger Sequencing

The molecular identification of the fungal isolates
using GenBank revealed distinct levels of similarity with
known sequences (Table 5). Isolate GBMF1 showed a
100% match with Aspergillus niger strain Ct201, indicat-
ing that this isolate can be confidently identified as Asper-
gillus niger. This perfect match suggests that the genetic

sequence of GBMF1 is identical to the reference strain in

Table 5. Fungal Species Identified

the database. In contrast, isolate GBMF4 exhibited an 88%
match with Fusarium equiseti strain KolF-557, suggesting
that while GBMF4 is closely related to Fusarium equiseti,
it may not be the same species. The lower percentage iden-
tity could reflect genetic variation within the species, dif-
ferences between strains, or the possibility that the isolate
belongs to a closely related species. The results confirm
the identification of GBMF1 as Aspergillus niger, while
GBMF4 is likely Fusarium equiseti, but with some genetic

divergence.

Using Sanger Sequencing (+SE).

Isolate Code Closest GenBank Name of Species % ldentity
GBMF1 Aspergillus niger strain Ct201 Aspergillus niger 100
GBMF4 Fusarium equiseti strain KolF-557 Fusarium equiseti 88
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3.7.BLAST Analysis and Phylogenetic Tree
Construction for Isolate GBMF1

BLASTn analysis of the ITS sequence of isolate
GBMF1 showed 100% query coverage, an E-value of 0,
and 100% sequence identity with several Aspergillus ni-
ger strains in the NCBI database. The top BLASTn hits
included Aspergillus niger strain Ct201 (GenBank Ac-
cession: PQ787748.1), isolate DNik7 (MZ474945.1), and
strain VT66 (OR625091.1), among others. All the closest
matches displayed perfect sequence alignment, confirm-

ing that the internal transcribed spacer (ITS) region of

100
100 | |

L

100

GBMF1

GBMF1 is identical to that of known 4. niger isolates.
Based on these molecular characteristics and sequence
homology, isolate GBMF1 is conclusively identified as
Aspergillus niger (GenBank Accession: PQ787748.1).
The phylogenetic tree (Figure 4) was generated using the
Neighbor-Joining (NJ) method with 500 bootstrap repli-
cations in MEGA. Isolate GBMF1 clusters closely with
Aspergillus niger (GenBank Accession: PQ787748.1)
with strong bootstrap support, confirming its taxonomic
placement within the Aspergillus niger clade. The tree
was rooted using an appropriate outgroup sequence to en-

hance phylogenetic resolution.

Aspergillus welwitschiae strain CBS 139.54b (OL711714.1)
Aspergillus niger strain LJJ19-HLJ048 (ON231643.1)
Aspergillus niger strain V166 (OR625091.1)

Aspergillus sp. isolate 190 (PP070031.1)

Aspergillus niger isolate ITCC-7787 (MW692863.1)
Aspergillus sp. isolate 372 (PP070172.1)

Aspergillus niger isolate AH 08 (MZ277273.1)

Aspergillus niger isolate DNik7 (MZ474945.1)

Aspergillus niger strain Ct201 (PQ787748.1)

Figure 4. Phylogenetic relationship of isolate GBMF1 with closely related taxa based on ITS. sequences. Aspergillus niger is the di-
minat fungal strain in the GBMF1 isolate. Similarly, 4. welwitschiae branched off from A. niger.

3.8.BLAST Analysis and Phylogenetic Tree
Construction for Isolate GBMF4

BLAST analysis of isolate GBMF4 produced weak
but notable alignments, with the closest hits to Knoxdavie-
sia capensis showing 85.5% sequence identity, low query
coverage (26%), and an E-value of 6 x 107¢. Additional
matches were found with Emericellopsis sp. and Fusarium
equiseti, though these showed even lower identity values
(75-88%) and similarly limited coverage. The occurrence
of multiple genera among the top hits, coupled with the

low coverage and moderate identity, indicates that the

sequence may belong to a divergent or underrepresented
lineage in the database. While K. capensis appears as the
closest reference, the limited alignment strength prevents a
confident species-level assignment. Thus, GBMF4 is most
appropriately described as an unidentified fungal isolate
with tentative affinity to Knoxdaviesia. The phylogenetic
tree (Figure 5) was constructed using the Jukes—Cantor
model with 500 bootstrap replicates, and bootstrap val-
ues are shown at the nodes. The analysis clusters GBMF4
within diverse taxa, including Knoxdaviesia capensis,
Emericellopsis sp. and Fusarium equiseti. (See Appendix
B for the structure of the isolates).
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Figure 5. Neighbor-Joining phylogenetic tree based on ITS gene sequences showing the relationship of isolate GBMF4 with refer-

ence sequences.

Note: The legend shows a base pair of 0.05. It shows that K. capensis and Ceratocystis spp isolates originate from the same ancestral group.

Correlation between percent genetic identity and dis-
tance between species of bread mold

There was no correlation between the percent genetic
identity and distance between bread mold (¢ = —0.2165, df
= 8, p-value > 0.05; cor = —0.3223452). However, the neg-
ative correlation sign indicates a tendency for the percent
identity to drop with increasing distance between species
of bread mold.

4. Discussion

The study on the molecular identification of or-
ganisms on bread mold revealed a diverse assemblage of
fungal species belonging to the genera Aspergillus, Clad-
osporium, Penicillium, and Fusarium. These fungi are
frequently associated with bakery products and are known
to cause significant post-production spoilage. The high
colony counts recorded at the lower dilution level (107
indicate a high degree of fungal contamination in the bread
sample. This observation suggests that bread stored under
warm and humid conditions provides a favorable environ-

ment for fungal growth, particularly when packaging and

handling are inadequate. Similar results were reported by
Faparusi and Adewole (2019) "*, who isolated Aspergillus
and Penicillium species as the dominant contaminants in
bread sold in southwestern Nigeria. Nuhu and Yusuf (2023)
(%1 also found comparable fungal loads in bread samples
from Yobe State, Nigeria, attributing contamination to poor
hygiene during production and post-baking exposure.

The morphological and microscopic characteriza-
tion supported the preliminary identification of these fungi
before molecular confirmation. The macroscopic features,
such as the dense black mycelia of Aspergillus, the grey sep-
tate colonies of Cladosporium, and the blue-green colonies
of Penicillium, correspond to descriptions found in classical
mycological references. These features are consistent with
earlier findings by Ajmal et al. (2022) ", who observed
similar morphological traits in bread-borne molds. The pres-
ence of Fusarium species in the sample also aligns with the
report of Sitoe et al. (2025) """, which identified Fusarium
oxysporum and Fusarium equiseti as secondary invaders of
starchy foods under moist storage conditions. These mor-

phological results illustrate that the bread matrix serves as a
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rich substrate for diverse fungi capable of surviving environ-
mental stress and nutrient competition.

The DNA extraction results revealed purity ratios
(A260/A280) ranging from 1.70 to 1.80, which fall with-
in the acceptable range for high-quality DNA suitable
for PCR analysis. These findings align with the results of
Langsiri et al. (2025) "*, who reported similar purity val-
ues when extracting DNA from filamentous fungi using
silica-based and column methods. Adequate purity and
concentration are critical for successful molecular analysis
because contaminants, such as polysaccharides or proteins,
can inhibit enzymatic amplification "', The observed DNA
concentration values between 24 and 31 ng/uL confirm
that sufficient DNA was extracted for molecular work, as
supported by Methodology for Extracting High-Molecu-
lar-Weight DNA from .

The PCR amplification using ITS primers success-
fully produced distinct DNA bands of approximately 600
base pairs, corresponding to the expected size of the internal
transcribed spacer (ITS) region of fungi. The ITS region is
widely recognized as the universal DNA barcode for fun-
gal identification due to its variability among species and
conservation within genera ®”. The presence of clear, sharp
bands in all positive isolates in this study indicates the suc-
cessful amplification of the fungal ITS region and confirms
that the extracted DNA was free from inhibitors.

The sequence analysis revealed that isolate GBMF1
shared 100% similarity with Aspergillus niger, a common
spoilage mold of bread and baked goods. This result cor-
responds with findings from Nuhu and Yusuf (2023) and
Olumuyiwa et al. (2025) "**"!, who reported 4. niger as the
most prevalent bread spoilage organism in Northern Nige-
ria. Aspergillus niger has been widely implicated in the de-
terioration of bread because of its ability to produce hydro-
lytic enzymes such as amylases and proteases that degrade
starch and proteins in the product **. Moreover, 4. niger
has been reported to produce mycotoxins under favorable
conditions, posing potential public health concerns . The
molecular confirmation of 4. niger in this study reinforces
its widespread occurrence and dominance in the spoilage
of carbohydrate-based food products.

In contrast, isolate GBMF4 showed partial sequence
identity (75-88%) with Knoxdaviesia capensis, Emeri-
cellopsis sp., and Fusarium equiseti. The low percentage
identity and limited query coverage suggest that this isolate

may represent a genetically divergent strain or an underrep-

resented sequence in current databases. Similar challenges
were observed by Geiser et al. (2023) and O’Donnell et al.
(2015) ®*** who noted that ITS alone often lacks resolu-
tion for distinguishing closely related or cryptic Fusarium
lineages. The results of this study support the argument by
Fusarium-1ID v3.0 (2022) that multi-locus sequencing using
elongation factor (TEF1-a)), RNA polymerase II (RPB1 and
RPB2), or B-tubulin genes provides improved phylogenetic
resolution within the Fusarium complex. Therefore, while
GBMF4 shows morphological characteristics of Fusarium,
its precise taxonomic identity may require further molecular
investigation using additional gene targets.

The combined morphological and molecular find-
ings in this study confirm the presence of multiple fungal
species contaminating bread samples, with Aspergillus ni-
ger being the most dominant. These results are consistent
with the report of Faparusi and Adewole ""“and Chilaka et
al. ™ which identified Aspergillus and Penicillium spe-
cies as major contaminants in bread. Similar findings were
documented in Brazil by Spoilage Fungi in a Bread Facto-
ry (2019), emphasizing that environmental exposure and
contaminated ingredients contribute significantly to fungal
invasion in bakery products. The identification of Fusari-
um-related isolates in this study also raises the possibility
of latent toxigenic contamination, which poses health risks
if bread is consumed after visible spoilage. The integration
of culture-based and molecular methods provided comple-
mentary insights into the fungal diversity of bread molds.
This aligns with the conclusion of Langsiri et al. (2021)
[ and Methodology for Fungal DNA Extraction (2021),
who advocated that molecular confirmation enhances the
reliability of morphological identification. The results,
therefore, demonstrate the effectiveness of the ITS-based
molecular approach in detecting and identifying fungal
contaminants in food matrices. Continuous surveillance
and molecular screening of bakery products are essential
to prevent economic losses and protect consumers from
potential mycotoxin exposure. The genetic distance be-
tween both fungal strains (GBMF1 and GBMF4) is not
significantly different, which indicates that they both orig-
inate from similar ancestral fungal parents. This similarity
can evade detection of a unique new strain, which might
metamorphose through hybridization. This calls for con-
stant bread monitoring to detect new fungal strains that
may pose a public health problem. This study is innovative

because there are limited data on bread mold in the region.
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It will thus create a database that will serve as a valuable
reference point for future sequencing of bread mold. The
study aims to expand the sample size in the future by in-
cluding additional isolates beyond those used in this study
(i.e., GBMF1 and GBMF4). A major reason for the low
number of samples collected was a lack of funds, but fu-
ture work will apply for a grant to help collect more sam-

ples for more robust results and findings.

5. Conclusions

The study on the Molecular Identification of Or-
ganisms on Bread Mold revealed that bread is highly sus-
ceptible to fungal contamination, especially when storage
and handling conditions are poor. Since bread is the main
food eaten by all classes of people, monitoring its pro-
duction and sale to the public is very important to ensure
good public health. Both morphological and molecular
analyses confirmed the presence of several fungal spe-
cies, predominantly belonging to the genera Aspergillus,
Penicillium, Cladosporium, and Fusarium. Among these,
Aspergillus niger was identified as the most prevalent and
dominant contaminant, showing 100% sequence similarity
with reference sequences in GenBank. The molecular anal-
ysis through ITS amplification and sequencing provided
precise identification of fungal isolates beyond what was
achievable through morphological observation alone. The
successful amplification of the internal transcribed spac-
er (ITS) region demonstrated the reliability of molecular
markers in fungal taxonomy and confirmed their suitability
for identifying both culturable and potentially novel fungal
species. The presence of Fusarium-related isolates with
lower sequence similarity (75-88%) also highlighted the
existence of genetically diverse or less-characterized fun-
gal strains that may require multi-locus gene sequencing
for definitive classification. The findings demonstrate that
integrating molecular techniques such as ITS sequencing
with traditional culture methods enhances the accuracy and
reliability of fungal identification in food spoilage studies.
The study underscores the need for continuous monitoring
of bakery products to prevent spoilage, economic losses,
and potential exposure to mycotoxins associated with toxi-
genic fungi such as Aspergillus and Fusarium.
Recommendations

1. Bakeries should maintain strict hygiene during pro-

duction, packaging, and distribution to prevent con-

tamination from air, surfaces, and handlers.

2. Bread should be stored in dry, cool, and well-ven-
tilated places to reduce moisture and humidity that
promote fungal growth.

3. Regular microbial testing should be carried out on
bakery environments, equipment, and finished bread
to ensure early detection of fungal contaminants.

4. Molecular identification methods such as ITS se-
quencing should be used routinely in food safety
laboratories for accurate identification of spoilage
organisms.

5. Consumers should avoid eating visibly moldy bread
and be educated on the health risks associated with
consuming contaminated bakery products.
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Appendix A

Table A1l. DNA Concentration and Purity of Fungal Isolates.

Isolate Code Duplicate Purity DNA Concentration (ng/pL)
GBMF1 1 1.81 24
2 1.78 26
GBMF4 1 1.68 29
2 1.72 31

Appendix B. BLAST Analysis of Iso-
late GBMF1 and GBMF4 Respec-
tively

>GBMF1
CCGTGTCTATTGTACCCTGTTGCTTCGG-
CGGGCCCGCCGCTTAGTCGGCCGCCGAGGAGAGG-
GCGCCTCTGCCCLCLCCGaaGeecearaeeeaeea-
GAGACCCCAACACGAACACTGTCTGAAAGC-
GTGCAGTCTGAGTTGATTGAATGCAATCAGTTA-
AAACTTTCAACAATGGATCTCTTGGTTCCGGCATC-
GATGAAGAACGCAGCGAAATGCGATAACTAATGT-
GAATTGCAGAATTCAGTGAATCATCGAGTCTTT-
GAACGCACATTGCGCCCCCTGGTATTCCGGGGG-
GCATGCCTGTCCGAGCGTCATTGCTGCCCTCAAG-
CCCGGCTTGTGTGTTGGGTCGCCGTCCCCCTCTC-
CGGGGGGACGGGCCCGAAAGGCAGCGGCGGCAC-
CGCGTCCGATCCTCGAGCGTATGGGGCTTTGTCA-
CATGCTCTGTAGGATTGGCCGGCGCCTGCCGAC-
GTTTTCCAACCATTCTTTCCAGGTTGACCTCGGAT-
CAGGTAGGGATACCCGCTGAACTTAAGCATATCAA
>GBMF4
AGAGGAAGTAARMGTCSYGCAGATTC-
CRAGSGTCGCCWGKRTCCGAAATGACACARAA-
GAGAAACCTACAAASMAACAATAGTTGTATAGK-
CAAAACAAACCAACCAAACTTTAASSAATGRC-
CGKTGAGGGCCCCAAACTCTGRAASGAAG-
GGAACTTASGAGTTACAGCAAAAAAAGA-
CAAAACTTTCAAAAACGGACTCTTGGTCTGCAA-
CAATGAAGAAACAAGRA

References

[1] Vidal, A., Belova, L., Stove, C., et al., 2021. Volumet-
ric Absorptive Microsampling as an Alternative Tool
for Biomonitoring of Multi-Mycotoxin Exposure in

Resource-Limited Areas. Toxins. 13(5), 345. DOI:
https://doi.org/10.3390/toxins 13050345

[2] Manoharan, D., Natesan, S., Billamboz, M., et al.,
2024. Role of Bacteria-Derived Exopolysaccha-
rides in Inflammatory Bowel Disease with a Special
Focus on Cyanobacterial Exopolysaccharides. Ap-
plied Microbiology. 4(1), 250-274. DOI: https://doi.
org/10.3390/applmicrobiol4010017

[3] Saghir, S.A., Bancroft, J., Ansari, R., 2025. Molds and
Mycotoxins Indoors II: Toxicological Perspective.
Archives of Clinical Toxicology. 7(1), 8-40. DOI:
https://doi.org/10.46439/toxicology.7.033

[4] Huangfu, B., Chen, Y., Xu, T, et al., 2025. Mycotox-
ins and Non-Communicable Diseases: Exacerbation
and Susceptibility. Critical Reviews in Food Science
and Nutrition. 1-17. DOI: https://doi.org/10.1080/104
08398.2025.2606132

[5] Alam, S., Nisa, S., Daud, S., 2022. Mycotoxins in
Environment and Its Health Implications. In: Ahmed,
T., Hashmi, M.Z. (Eds.). Hazardous Environmental
Micro-Pollutants, Health Impacts and Allied Treat-
ment Technologies. Springer International Publishing:
Cham, Switzerland. pp. 289-318. DOI: https://doi.
org/10.1007/978-3-030-96523-5 12

[6] Noshirvani, N., Abolghasemi Fakhri, L., 2025. Ad-
vances in Extending the Microbial Shelf-Life of
Bread and Bakery Products Using Different Technol-
ogies: A Review. Food Reviews International. 41(1),
87—-112. DOI: https://doi.org/10.1080/87559129.2024.
2386029

[7] Alsulaimany, F.A., 2025. Molecular Profiling of
Fungi Using Specific Primers. Journal of King Ab-
dulaziz University: Meteorology, Environment and
Arid Land Agriculture. 35(1), 11. DOI: https://doi.
org/10.64064/1319-1039.1024

[8] Gherbawy, Y.A., Al-Harthi, H., El-Dawy, E., et al.,
2025. The Molecular Revolution in Fungal Diagnos-
tics: Bridging Gaps across Clinical, Agricultural, and
Environmental Mycology. Mycology. 1-28. DOI:
https://doi.org/10.1080/21501203.2025.2569931

[9] Tripathi, G., Rathinam, R.B., 2025. The Challeng-

160


https://doi.org/10.3390/toxins13050345
https://doi.org/10.3390/applmicrobiol4010017
https://doi.org/10.3390/applmicrobiol4010017
https://doi.org/10.46439/toxicology.7.033
https://doi.org/10.1080/10408398.2025.2606132
https://doi.org/10.1080/10408398.2025.2606132
https://doi.org/10.1007/978-3-030-96523-5_12
https://doi.org/10.1007/978-3-030-96523-5_12
https://doi.org/10.1080/87559129.2024.2386029
https://doi.org/10.1080/87559129.2024.2386029
https://doi.org/10.64064/1319-1039.1024
https://doi.org/10.64064/1319-1039.1024
https://doi.org/10.1080/21501203.2025.2569931

Food and Drug Safety | Volume 03 | Issue 01 | January 2026

es of PCR Amplification in Disease Diagnosis. In:
Das, B.K., Kumar, V. (Eds.). Laboratory Techniques
for Fish Disease Diagnosis. Springer Nature Sin-
gapore: Singapore. pp. 341-357. DOI: https://doi.
org/10.1007/978-981-96-4620-3 15

[10] Karapareddy, S., Anche, V.C., Tamatamu, S.R., et al.,
2025. Profiling of Rhizosphere-Associated Micro-
bial Communities in North Alabama Soils Infested
with Varied Levels of Reniform Nematodes. Fron-
tiers in Plant Science. 16, 1521579. DOI: https://doi.
org/10.3389/fpls.2025.1521579

[11] Adeoyo, O.R., Pletschke, B.I., Dames, J.F., et al.,
2019. Molecular Identification and Antibacterial
Properties of an Ericoid Associated Mycorrhizal Fun-
gus. BMC Microbiology. 19(1), 178. DOI: https://doi.
org/10.1186/s12866-019-1555-y

[12] Saitou, N., Nei, M., 1987. The Neighbor-Joining
Method: A New Method for Reconstructing Phyloge-
netic Trees. Molecular Biology and Evolution. 4(4),
406-425. DOI: https://doi.org/10.1093/0xfordjour-
nals.molbev.a040454

[13] Tamara, S., den Boer, M.A., Heck, A.J., 2021.
High-Resolution Native Mass Spectrometry. Chem-
ical Reviews. 122(8), 7269—7326. DOI: https://doi.
org/10.1021/acs.chemrev.1¢00212

[14] Faparusi, S.I., Adewole, A.A., 2019. Characterization
of moulds associated with spoilage of bread sold in
Ilaro, Yewa-South, Nigeria. International Journal of
Biological and Chemical Sciences. 13(1), 426—433.
DOI: https://doi.org/10.4314/1JBCS.V1311.33

[15] Nuhu, M.Y., Yusuf, A.A., 2023. Microbial Quality
Assessment of Bread Sold in Yobe State, Nigeria. In-
ternational Journal of Advancement in Life Sciences
Research. 6(4), 1-5. DOI: https://doi.org/10.31632/
ijalsr.2023.v06i104.001

[16] Ajmal, M., Bedale, W., Akram, A., et al., 2022. Com-
prehensive Review of Aflatoxin Contamination, Im-
pact on Health and Food Security, and Management
Strategies in Pakistan. Toxins. 14(12), 845. DOI:
https://doi.org/10.3390/toxins 14120845

[17] Sitoe, E.d.P.E., Pacheco, F.C., Chilala, F.D., 2025.
Advances in Ozone Technology for Preservation of
Grains and End Products: Application Techniques,
Control of Microbial Contaminants, Mitigation of
Myecotoxins, Impact on Quality, and Regulatory Ap-
provals. Comprehensive Reviews in Food Science
and Food Safety. 24(3), ¢70173. DOI: https://doi.
org/10.1111/1541-4337.70173

[18] Langsiri, N., Meyer, W., Irinyi, L., et al., 2025. Op-
timizing fungal DNA extraction and purification for
Oxford Nanopore untargeted shotgun metagenomic
sequencing from simulated hemoculture speci-
mens. mSystems. 10(6), e01166-24. DOI: https://doi.
org/10.1128/msystems.01166-24

[19] Chao, A., Wang, J., Xiu, L., et al., 2025. CRISPR/
Cas-Based Biosensing Strategies for Non-Nucleic
Acid Contaminants in Food Safety: Status, Challeng-
es, and Perspectives. Journal of Agricultural and Food
Chemistry. 73(29), 18063-18075. DOI: https://doi.
org/10.1021/acs.jafc.5c04162

[20] Badotti, F., de Oliveira, F.S., Garcia, C.F., et al., 2017.
Effectiveness of ITS and Sub-Regions as DNA Bar-
code Markers for the Identification of Basidiomycota
(Fungi). BMC Microbiology. 17(1), 42. DOI: https://
doi.org/10.1186/s12866-017-0958-x

[21] Olumuyiwa, E.O., Ajetunmobi, M.T., Adeniji, O.F,, et
al., 2025. Morphological and Molecular Identification
of Fungi Isolated from Spoilt Apples in Ota Metropo-
lis. BMC Microbiology. 25(1), 360. DOI: https://doi.
org/10.1186/512866-025-04079-0

[22] Ahmad, Z., Butt, M.S., Ahmed, A., et al., 2014. Effect
of Aspergillus niger Xylanase on Dough Character-
istics and Bread Quality Attributes. Journal of Food
Science and Technology. 51(10), 2445-2453. DOI:
https://doi.org/10.1007/s13197-012-0734-8

[23] Goda, A.A., Shi, J., Xu, J., et al., 2025. Global health
and economic impacts of mycotoxins: A comprehen-
sive review. Environmental Sciences Europe. 37(1),
122. DOI: https://doi.org/10.1186/512302-025-01166-x

[24] Geiser, D.M., Al-Hatmi, A.M.S., Aoki, T., et al., 2021.
Phylogenomic Analysis of a 55.1-kb 19-Gene Dataset
Resolves a Monophyletic Fusarium That Includes the
Fusarium solani Species Complex. Phytopathology.
111(7), 1064—1079. DOI: https://doi.org/10.1094/
PHYTO-08-20-0330-LE

[25] O’Donnell, K., Ward, T.J., Robert, V.A.R.G., et al.,
2015. DNA Sequence-Based Identification of Fusari-
um: Current Status and Future Directions. Phytopara-
sitica. 43(5), 583-595. DOI: https://doi.org/10.1007/
s12600-015-0484-z

[26] Chilaka, C.A., De Boevre, M., Atanda, O.0., et al.,
2018. Stability of Fumonisin B,, Deoxynivalenol,
Zearalenone, and T-2 Toxin during Processing of
Traditional Nigerian Beer and Spices. Mycotoxin Re-
search. 34(4), 229-239. DOI: https://doi.org/10.1007/
s12550-018-0318-1

161


https://doi.org/10.1007/978-981-96-4620-3_15
https://doi.org/10.1007/978-981-96-4620-3_15
https://doi.org/10.3389/fpls.2025.1521579
https://doi.org/10.3389/fpls.2025.1521579
https://doi.org/10.1186/s12866-019-1555-y
https://doi.org/10.1186/s12866-019-1555-y
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1021/acs.chemrev.1c00212
https://doi.org/10.1021/acs.chemrev.1c00212
https://doi.org/10.4314/IJBCS.V13I1.33
https://doi.org/10.31632/ijalsr.2023.v06i04.001
https://doi.org/10.31632/ijalsr.2023.v06i04.001
https://doi.org/10.3390/toxins14120845
https://doi.org/10.1111/1541-4337.70173
https://doi.org/10.1111/1541-4337.70173
https://doi.org/10.1128/msystems.01166-24
https://doi.org/10.1128/msystems.01166-24
https://doi.org/10.1021/acs.jafc.5c04162
https://doi.org/10.1021/acs.jafc.5c04162
https://doi.org/10.1186/s12866-017-0958-x
https://doi.org/10.1186/s12866-017-0958-x
https://doi.org/10.1186/s12866-025-04079-0
https://doi.org/10.1186/s12866-025-04079-0
https://doi.org/10.1007/s13197-012-0734-8
https://doi.org/10.1186/s12302-025-01166-x
https://doi.org/10.1094/PHYTO-08-20-0330-LE
https://doi.org/10.1094/PHYTO-08-20-0330-LE
https://doi.org/10.1007/s12600-015-0484-z
https://doi.org/10.1007/s12600-015-0484-z
https://doi.org/10.1007/s12550-018-0318-1
https://doi.org/10.1007/s12550-018-0318-1

