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Abstract

Mycotoxins are the secondary metabolites of fungi which are related to specific issue in animals and human and recognize an
overall issue influencing staple harvests. The accurate identification of mycotoxigenic fungi stills one of the most basic zones
for mycological ordered explorations on account of the significance of mycotoxins and to some degree befuddle condition of
the systematic. The utilization of PCR to distinguish mycotoxigenic fungi is drawing into extensive consideration. These
techniques depend on the isolation of genes responsible for mycotoxin biosynthesis. In general, only a couple of mycotoxins
which their natural chemistry was resolved adequately to empower the improvement of the probes of the gene pathway. The
basic of PCR analysis was described as the alternative assay because the microbiological and chemical methods for detection
and identification of mycotoxigenic fungi are time cumbersome and time-consuming. For a viable distinguishing proof of
utilization to the food manufacture and to avoid misidentification, probably it is more valuable to think about a collection of
isolates grouped as a single taxon that can produce mycotoxin. So, this review is aiming to explore the PCR as a promising,
specific, and reliable technique for the identification of mycotoxigenic fungi e.g., aflatoxigenic, ochratoxigenic, and

mycotoxigenic Fusarium species.
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1. Introduction

Problems of food safety and health hazards
associated with the occurrence of toxigenic fungi
producing mycotoxins in food and feedstuffs have
been recognized as a serious public health concern,
particularly in developing countries. Presence of
fungi on susceptible foodstuffs can be identified
visually or indirectly by their effects on foodstuffs as
they grow. Traditional techniques to identify
pathogenic fungi depending on cultivation and
morphological examination required man-power and
time consuming. In addition, traditional methods may
be not suitable to identify fungi species in grains with
heavy infection of moulds [1]. So, rapid sensitive and
cost effectiveness technique for the detection of these
toxigenic fungi and their secondary metabolites is
urgently needed.

The prepared accessibility of DNA sequence
information has prompted major developments in the

investigation of the systematics, biochemistry and the
biology of fungi. The presentation of molecular
techniques has permitted critical strides to be made in
genomics, and in numerous territories of connected
mycology molecular based methodologies have
gotten to be standard for strain characterization,
pathogen recognition and recognizable proof.
Molecular strategies are currently beginning to give
significant bits of knowledge into how fungi function
in the environment, where they are available, and
how they interact with related living organisms. The
PCR technique is an intense strategy with far
reaching applications of molecular biology. Thus the
enzymatic response permits in vitro the amplification
of a specific target DNA sequence, allowing for the
isolation, sequencing and cloning of a single
sequence among many. The nucleic acid arrangement
can be cloned, adjusted or analyzed or even
uncommon groupings can be recognized using PCR
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amplification. Kjell Kleppe who was working in the
laboratory of H. Gobind Korana (recipient of the
Nobel Prize in 1968) initiate a description of the PCR
fundamental concepts and describe a process of in
vitro DNA amplification involving oligonucleotide
primers and DNA polymerase [2]. He published the
first description of the technique in Journal of
Molecular Biology in 1971 [3]. Fourteen years Later,
PCR assay was invented by Kary B. Mullis from
biotech company Cetus Corporation of Emeryville,
California, who shared the 1993 Nobel Prize in
Chemistry for this work. Since the improvement of
this technique in 1985, the affectability, specificity
and pace of this innovation have prompted the
advancement of numerous techniques for an
extensive variety of natural exploration ranges and all
classes of life forms. Broad applications for PCR
were found in numerous fields of mycology and
including systematic, contagious hereditary qualities,
nature and plant pathology, soil microbiology,
restorative mycology, fungi biotechnology among
numerous others. PCR based analysis was conducted
as an alternative assay of time consuming and
cumbersome chemical and microbiological traditional
methods for most mycotoxigenic fungi.

2. PCR principle

PCR technique is based on in vitro replication of
specific DNA sequences using enzymatic reaction
mostly containing two synthetic oligonucleotide
DNA primers [4, 5]. The capability of PCR for
amplifying can be done from tiny of template DNA
within a large background of irrelevant sequences
(genome). The main three steps for PCR can be
summarized as shown in Fig. (1) [6] and as follows:
I. Denaturation: in this step the double strand of
DNA-template melts open to single strand DNA at
high temperature ranged between 90 and 95 °C. The
Hot-star tag-polymerase is activated by this step. II.
Annealing: hydrogen bonds are formed between
single stranded primer and single stranded bases of
template, which conducted at a specific annealing
temperature. 111. Extension, which is conducted at 72
°C at the end of the annealed primers to add
nucleotide to create a complimentary copy strand of
the target DNA [5, 7]. The products are separated
after amplification by the agarose gel electrophoresis
then directly visualized after ethidium bromide
staining.
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3. PCR reaction basic components

The DNA template, DNA polymerase,
oligonucleotide primers, and deoxy- ribonucleotide
triphosphates (dNTPs) are mixed together in an
appropriate buffer containing magnesium ions (such
as MgCly). This reaction mixture volume is generally
ranging from 25 to 100 pl [8].

3.1 DNA template

The DNA template contains the region of the
DNA fragment to be amplified. The quality of DNA
template affects the outcome of the PCR. For
example, Great amounts of RNA can chelate Mg?
and decrease the PCR amplification yield. Moreover,
contaminated DNA may include PCR inhibitors that
can reduce the reaction competence [9]. Furthermore,
the template should be high molecular weight. This
can be checked by running an aliquot on an agarose

gel.

3.2 Primers

The primers are single-stranded consist of four
nucleotides that bind to any strand of genetic material
[10]. PCR application mostly success is dependent on
primer specificity, concentration and the sequence
thereof. For designing primers, some important
characteristics should be taken into consideration,
which include: the length of primer should be 15-30
bases, G/C content should range between 40 and 60
% showed balanced distribution of G/C and A/T rich
domains which are not complementary to each other
at the 3' ends and have melting temperature that allow
annealing temperature of 52-58 °C, which can be
reached 45-65 °C. Primer concentration levels
between 1 and 6 uM are optimal. Moreover, higher
primer concentrations may enhance the miss priming
and gathering of the nonspecific product. Also the
decrease of concentrations affects the reaction in
lower yields [9, 11].

3.3 DNA polymerase

It considers the enzyme key in the whole process
that links individual four bases nucleotides to
generate the resultant PCR product. For more regular
PCR applications Taq polymerase considered the
standard PCR enzyme. The enzyme was basically
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Fig. 1. Principle of PCR amplification (Rajapaksha et al., 2019) [6]

isolated from thermophilie eubacterium Thermus
aquaticus [12]. Lately it is supplied as a recombinant
enzyme from E. coli. The enzyme is free on
nonspecific endo-or exo -nuclease. Also it consists of
a single polypeptide chain with a MW of
approximately 95 kDa. It is a 5 —'3' DNA
polymerase which loss 3'—5' activity. The enzyme is
stable during prolonged, repetitive high temperature
incubations.

3.4 The concentration of MgCl,

Free Mg?* concentration be contingent on the
concentration levels of the compounds which bind
with the ion, including free pyrophosphate, dNTP,
and EDTA. All forms of Mg?* are soluble complexes
with the dNTPs and provide the real substrate of the
polymerase recognize. Excess MgCl, may enhance
nonspecific primer binding and increase the non-
specific background of the reaction. Mg?* should be
empirically optimized for each new application [4].

Egypt. J. Chem. 64, No. 8 (2021)

3.5 Deoxynuceoside triphosphate concentration
(dNTP)

Deoxynucleoside triphosphate (dNTP) is the
substrate for DNA polymerizing enzymes known to
be limited in their concentration level in cells because
the enzyme specified to synthesize deoxynucleotides
from ribonucleotides, ribonucleotide reductase
(RNR), is synthesized and enzymatically activated as
cells enter the S phase [13]. The most commonly
concentration used for NTP in PCR reaction is 200
UM for each dNTP. It is important to note that when
you increase the dNTP concentration that the MgCl,
concentration should also be increase.

4. Factors affect the success and PCR limitation

The whole chemical and physical factors can be
modified for a potential increase in yield, sensitivity
or specificity although all these factors are not
independent. Because PCR is so sensitive, any form
of sample contamination by any DNA trace amount
can serve as templates resulting in false positive [14,
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15]. Some prior sequence data is needed to design
PCR primers. Therefore, PCR mainly used for
identification the occurrence or absence of a known
pathogen or gene. Moreover, in a rare case, incorrect
nucleotides can be incorporated into the PCR
sequence by the DNA polymerase [15]. Another
problem that can affect the application successful is
that the specificity of PCR may be changed by
nonspecific binding of the primers that are similar but
not completely identical to target DNA [15]. Products
from previous reactions, even in aerosol, cross
contamination, pipettes, bench surfaces, could all act
as sources of contamination.

5. DNA isolation from microorganisms (bacteria,
fungi, biofilms)

A variety of DNA extraction procedures are
available and could be attributed to the heterogeneity
of the sample composition [16]. Sample from
environmental sources differ in terms of chemical
composition and may contain substances that could
be co-extracted with the DNA that may interfere with
the subsequent PCR analysis. It may have critical
implications for the subsequent analysis and validity
of the deductions, especially when the analysis
involves PCR based DNA profiling [16]. To avoid
introduction of false negatives or reduced PCR
amplifications it is imperative that high-quality with
DNA, free from any polymerase inhibitors, is
extracted. On other hand it is easier to extract DNA
from pure cultures and it is easier from young
cultures than from older ones. Cell thickness,
secretion of secondary metabolites such as certain
polysaccharides could interfere with the extraction
procedure [17]. The existing techniques to extract
DNA from bacteria and viruses showed limited
release of DNA when applied to fungi [18]. This is
due to the structure of the cell wall, which
characterized as rigid, laminated, and complex. This
structure makes the cell wall of fungi resistant to lysis
by the common methods employed for other
microorganisms [19]. For DNA extraction, the
microorganisms are lysed either by chemical,
enzymatic, physical means or a combination thereof.
DNA may be purified by phenol/chloroform
extraction followed by alcohol/salt precipitation. The
cationic detergent, hexadecyltrimethyl ammonium
bromide (CTAB) is commonly of DNA from plants
[20, 21] and microorganisms [22] that produce large
quantities of polysaccharides. To eliminate the
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remaining polysaccharides during DNA extraction,
the precipitation of DNA is modified and performed
by Aboul-Maaty and Oraby [23] via increasing the
concentration of NaCL and CH;COOK.

6. Detection of mycotoxins producing fungi by
PCR

About quarter of the annually production of
foods is contaminated with fungi, which have the
ability to produce toxins. Till now, more than 300
different types of mycotoxins are identified, however
about 20 mycotoxins produced by different species
are relevant to human and animal health. For
example, the estimated loss of wheat yields due to the
presence of pathogens ranged between 12 and 20%
around the world [24]. The influences of mycotoxins
on human and animal health range from
immunosuppressive,  teratogenic,  tremorgenic,
nephrotoxic, hepatotoxic to carcinogenic effects due
to their molecular structure. Some mycotoxicoses are
documented by epidemiological studies [25-27]. It is
important to use appropriate methods to control the
mycological infection of food and feed commodities
to reduce the risk of mycotoxigenic fungi to human
and animals. Traditional methods for the
mycotoxigenic fungi detection are considered culture
methods, which require well trained fungal
taxonomist as well as their time-consuming. Selective
media can be simplified use for taxonomic
classification, but the time required is long [28].
Therefore, uses of the PCR-based technologies can
reduce the detection time to several hours instead of
several days. The diagnostic of PCR protocol to
detect the mycotoxigenic fungi is an indirect method.
Positive PCR can, along these lines is taken as a sign
for the sample possibly contains mycotoxins.
Moreover, the PCR approach, nonetheless, has a
detriment due to the measurement of the fungi
biomass is difficult and albeit certain PCR-based
evaluation strategies were described earlier and they
are excessively relentless for routine investigation
[29]. The accessibility of one of kind target
successions, which are particular for the mycotoxin-
producing fungi, is essential for the improvement of
asymptomatic PCR. These objective sequences may
not be available in strains of the same species which
cannot produce mycotoxins. The gene that code for
the enzyme of the mycotoxin biosynthetic pathway is
the partners for mycotoxigenic fungi (mycotoxin
biosynthetic gene). Up till now, only some of
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mycotoxin  biosynthetic pathways genes were
identified. At the genetic level, the best biosynthetic
pathways are those from the trichothecens [30], the
aflatoxins [31], sterigmatocystin [32], patulin [33].
Different PCR-based methods were created to
distinguish and measure the mycotoxigenic fungi
which were distinguished based on the specific target
DNA from mycotoxigenic genes, the ribosomal DNA
or remarkable DNA band from random amplified
polymorphic DNA (RAPD) examination.

7. Biosynthetic Genes of Mycotoxins

7.1 Aflatoxinogenic fungi

Aflatoxins are secondary metabolites for different
species of the genus Aspergillus such as A. flavus, A.
parasiticus and A. nomius [34, 35]. Aflatoxins can be
found in various food commodities including corn,
rice, peanuts, cottonseed oil, Brazil nuts, copra (dried
coconut), pistachios, figs, and spices, grown in
tropical and subtropical areas of the world [36 -39].
A. flavus is profoundly related systematically to A.
oryzae just like A. parasiticus to A. sojae and they
share 90% nucleotide sequence homology [40].

ATG

melting temperature, and 53" overlap. A G/C
substance of 40-60% and a length of 23-28
nucleotides were proposed as general rules for
specific annealing. The advancement of a multiplex
reaction is the primer location is considered to be
another critical viewpoint. They must be picked in a
manner that the subsequent PCR products are
effectively isolated by agarose gel electrophoresis.
These primer binding sites for the discovery of
aflatoxigenic fungi with the PCR system is illustrated
in Fig. 2 [41]. It is clear now that the presence of
introns in two of the amplicons did not impact the
results. It was also demonstrated that the intron
position and the length were extremely preserved in
the aflatoxin biosynthetic genes. Fig. 3 showed the
results of the run of the multiplex PCR investigations
with aflatoxigenic fungi DNA [42]. Aflatoxin-
producing strains showed the same triplet pattern
after electrophoretic separation in the PCR products.
The aflatoxigenic A. flavus strains were identical to
that of the A. parasiticus strains and demonstrating
the homology of the aflatoxin biosynthetic genes in
both species [43]. The sequence of a portion of the
genes is now known, distributed, and clarified [44].
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Fig. 2. The primer binding sites of the three aflatoxin biosynthetic gene-specific primer pairs used for
multiplex PCR. Thick lines represent the aflatoxin biosynthetic gene coding sequences, cross-hatched boxes

indicate intron sequences (Geisen, 1998) [41].

A technique particular to the aflatoxin-producing
fungi should be fit for distinguishing between these
firmly related species, aflatoxin-producing and non-
producing strains. Because of the multifaceted nature
of a PCR system, several requirements should be
met. In addition, the reaction Kkinetics of the
distinctive primer sets should ensure similar amounts
of PCR products that delivered during a reaction.
The reaction kinetics are emphatically reliant on the
primer design: G/C content, secondary structures,
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The aflatoxin genes located in the 54™ cluster and are
organized in 8 chromosomes which belong to
aflatoxins production [45]. The aflatoxin gene cluster
activation is mainly regulated by aflR and aflS [46,
47]. Curiously, the genes are sorted out in a manner
that the gene encoding the principal chemical in the
pathway is situated toward one end of the cluster and
alternate genes follow in the same request as the
enzymatic responses in the biosynthetic pathway
(Fig. 4) [48]. In the multiplex PCR, the entire
aflatoxin biosynthetic gene cluster can be secured and
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incomplete cancellations of the cluster were
identified [42].

1 2 3 45

6 7 89 10

Ochratoxin A (OTA) is a secondary metabolite
created by Aspergillus and Penecillium fungi
contaminated a wide variety of foodstuffs such as
oats, beans coffee, instant coffee, beer, wins, cocoa,
dried fruits, grapes as well as different tissues of
animal origin [50, 51]. OTA have variety of harmful
impacts, including  nephrotoxic-having  been
connected to the Balkan Endemic Nephropathy,
immunotoxic, cancer-causing, teratogenic incidences
[52, 53]. OTA is a complex molecule joining the
amino acid and the polyketide structure basically of
the mycotoxin citrinin. Obviously, OTA is unique
concerning citrinin. Specific types of fungi may
deliver a few mycotoxins, but not all fungi produce
mycotoxins. The most important OTA producers

00 Vere surveyed by A. ochraceus, A. niger and A.

carbonarius in coffee. Recent advances in molecular

800 piology and fungal metabolite investigation brought
600 about the depiction of some critical new OTA-
400 Creating species by European scientists (Frisvad et

al., 2004) [54]. A. westerdijkiae, which nearly looks
like A. ochraceus, is currently perceived as the
primary OTA producer in coffee. The traditional
method for identification of ochratoxigenic
organisms from food tests are time-consuming and
require high information of fungal taxonomy.

Fig. 3. Agarose gel of the multiplex PCR products of different A. flavus, A. parasiticus and A.
versicolor strains. Chromosomal DNA of these strains was isolated and subjected to PCR analysis using
the aflatoxin biosynthetic gene specific primer. Lane 1, A. versicolor BFE294; lanes 2 to 4, A. flavus
BFE301, BFE310, BFE311; lanes 5 to 7, A.flavus BFE84, BFE292, BFE302; lanes 8 to 9, A. parasiticus
BFE291, BFE293; lane 10, 100 bp ladder (Pharmacia, Uppsala) (Geisen, 1996) [42].

Traditional morphological strategies for the detection
of aflatoxigenic fungi can't recognize the strains that
have or not have the ability to produce aflatoxin. On
the other hand, the PCR methodology can recognize
both genetic modifications if the non-producing
phenotype is due to the cancellation of the
biosynthetic gene cluster or a section thereof or
nucleotide changes at the primer binding sites.
Moreover, several genes can be recognized in one
reaction at once. Several primer sets were added to
the reaction mixture and the reaction was done at an
optimized temperature. Most of the amplicons get to
be noticeable after electrophoresis of the products.
Multiplex PCR with up to 18 primers has been
depicted [49].

7.2 Ochratoxegenic fungi
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Indeed, even with taxonomic expertise, identification
is commonly difficult in some genera of fungi that
contain a substantial number of related species. The
use of molecular biology techniques can conquer
these issues. PCR system has permitted quick
discovery of ochratoxigenic species without the
requirement for isolating pure culture. In this concern
the A. westerdijkiae and A. ochraceus can create
OTA in culture medium. A. westerdijkiae and A.
ochraceus are fundamentally the same as, and several
isolates previously recognized as A. ochraceus are
currently identified as A. westerdijkiae, including the
original OTA-producing strain (NRRL 3174).
Several Brazilian strains of both species indicated
nucleotide varieties that recognize A. westerdijkiae
and A. ochraceus [55]. In ITS1, all sequences of A.
westerdijkiae varied from the A. ochraceus sequences
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by processing a C instead of a T at positions 76 and
80. Likewise, A. ochraceus has an erasure of a T at
position 89. In ITS2, particular nucleotides at
position 494-495 (AT) characterized the strains of A.
westerdijkiae, compared with a TC at this position in
A. ochraceus. Besides, a T at position 487 is
disappeared only in A. ochraceus strains [50].
Different enzymes can be relied upon to catalyze key
reactions in the formation of OTA. A polyketide
synthase is estimated to be essential in OTA
biosynthesis because the isocoumarin group of OTA

is a pentaketide likely to be formed from a
polyketide synthesis pathway [56]. Two sequences
no preserved in the acyltransferase domain of a
polyketide synthase gene, intended Acl2RL3, was
utilized as an objective sequence to distinguish A.
carbonarius by PCR [57]. The primer pair
Acl2RL_OTAF/given its structure. Ac12RL-OTAR
created a 141-bp PCR primer in all A. carbonarius
isolates tested, while no different species gave a
positive result with this PCR set. This primer pair
was effectively utilized to specifically measure A.
carbonarius in grape tests [58]. In the recent 5 years,
several molecular methods for the distinguishing
proof and quick detection of ochratoxigenic species
without the requirement for disengaging isolating
pure culture have been distributed. These methods
include traditional PCR, real time PCR, RT real-time
PCR, and microarray innovation [59]. As of recently,
they have been utilized as a part of research labs to
recognize putative mycotoxin-producing fungi in
culture or even in food tests to get data on the
epidemiology and ecology of ochratoxigenic species
or to obtain fundamental data on gene expression.
The utilization of molecular examines in routine
analyses in the food and feed industries remains a
challenge. Specificity, sensitivity and simplicity of
investigation are all zones that must be enhanced
before these molecular examines become helpful for
practical applications. Besides, OTA biosynthesis is
ineffectively =~ comprehended  concerning  the
combination pathways of other economically
important mycotoxins. Better learning of the genes
required in OTA biosynthesis is important to
adequately foresee the danger of OTA production.

7.3 Fusarium genus

Until 10 vyears ago, morphological strain
determination and quantification by agar-plating
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strategies were the main procedures to evaluate
fungal diseases. These strategies were elaborate and
the obtained results may not generally reflect the
natural biological situation. Toward the end of the
1990s, various groups everywhere throughout the
world began with the molecular characterization of
the genus Fusarium and defined several in the
genome of most conspicuous Fusarium species as
reasonable for the discrimination of isolates.
Considering these characteristic sequences initially
connected for taxonomic studies, quantitative PCR
measures were improved from the turn of the
millennium up to this point. PCR tests for certain
species were also improved.

Fusarium genus is mainly classified into 4 species:
Fusarium graminearum species (FGS), the Fusarium
fujikuroi species (FFS), the Fusarium oxysporum
species (FOS), and the Fusarium solani species
(FSS). FGS, F. graminearum, F. culmorum, F.
cerealis, F. avenaceum, F. acuminatum, F.
tricinctum, F. sporotrichioides, and F. poaeare
known to be associated with common cereal diseases
[24, 60, 61]. The genus Fusarium includes several
mycotoxigenic species of economic as well as human
and health significance [62]. Some of these strains
have been identified as etiological agents in various
human infectious diseases, particularly in immune
incompetent individuals [63].

7.3.1 Mycotoxigenic Fusarium Species

Mycotoxins  produced by various plant
pathogenic Fusarium species include fumonisins,
fusaproliferin, fusaric acid, gibberelic acid, DON, and
zearalenone [64 -66] all of which were found to
contaminate animal and human feed and foods.
Rheeder et al. (2002) [64] reported eight Fusarium
species in the Liseola section capable of producing
fumonisins. Members of the Fusarium genus have
been reported to infect a range of crop plants
including barley, maize and wheat [67]. F.
verticilliodes, F. proliferatum (Section Liseola) and
F. nygami (Section Dlamini) are the most
proliferative producers of FB1 [68], though F.
subglutinans, F. anthophilum, F. globsum (Section
Liseola), F. napiform (Section Dlamini), F.
oxysporum var. redolens (section Elegans) and F.
poliphialidicum (Section Anthrosporiella) produce
FB1 in smaller amounts [64]. F. oxysporum [62] F.
graminearum, F. sporotrichioides, F. poae and F.
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culmorum, are reported as producers of trichotecenes
[65]. F. equisiti produces Zearalenone (ZEN),
fusarochromanones, [69] beauvericin and
trichothecenes such as T-2 toxin, nivalenol [62].

aflA (fas2/hexA) Acetate
aflB (fas1/hexB) - —> \l’
alfC (pksA/pksL) Polyketide
aflD (nor1) NOR
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alfw (moxY)
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A
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The fumonisin biosynthetic pathway in Fusarium
species starts with the development of a direct

—3 VERB
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VERA
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ST/ DHST

aflP (omtA) —> ‘1,
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DHOMST
aflQ (ordA) 5
afil (cypA) ‘l’
Aflatoxins

Sugar utilizing genes

= C1-4, nadA?, hxtA, gicA, sugR
Unassigned

= afiT
Pathway regulators

= aflR, aifS (aflJ)

Fig. 4. Aflatoxin biosynthetic pathway (Dodia et al., 2014) [48]

NOR: Norsolorinic acid; AVN: averantin; HAVN: 5'-hydroxyaverantin; OAVN: oxoaverantin; AVF:
Averufin; HVN: hydroxyl versicolorone; VHA: versiconalhemiacetal acetate; VAL.: versiconal; VERB:

versicolorin B; VERA: versicolorinA;

DMST:

demethylsterigmatocystin,  DMDHST:

demethyldihydrosterigmatocystin; ST: sterigmatocystin; DHST: dihydrosterigmatocystin; OMST: O-
methylsterigmatocystin; DHOMST: dihydro-O-methylsterigmatocystin.

7.3.2 Mycotoxegenic Fusarium (Fumonisin)

Fumonisins, a family of food-borne mycotoxins,
were first isolated in 1988 from cultures of F.
verticillioides (Sacc.) Nirenberg then known as F.
moniliforme [70]. The natural occurrence of
fumonisins is worldwide reported [61, 71] with the
highest levels of contaminated maize for human
consumption occurring in Transkei, Egypt and China
[36, 72].
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dimethylated polyketide and buildup of the
polyketide with alanine, trailed by a carbonyl
decrease, oxygenations, and esterification with two
propane-1,2,3-tricarboxylic acids. To date, the genes
for fumonisin biosynthetic have been mapped in the
F. verticillioides genome. The whole 42-kb
fumonisin biosynthetic gene is truant from F.
graminearum however, flanking genes guide to F.
graminearum genomic contig 1.159. Fumonisin
polyketide synthase (FUM1) was the primary
fumonisin gene to be cloned and is the stay of a
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group of 15 co-controlled fumonisin biosynthetic
genes. Gene-disruption concentrates on have
established that eleven of these genes are required for
fumonisin  biosynthesis.  Fumonisin  polyketide
synthase is an iterative Type 1, diminishing,
polyketide synthase with seven practical domains
(ketoacyl synthase, acyl transferase, acyl transorter
protein, ketoacyl reductase, dehydratase, methyl
transferase, and enoyl reductase). The gene clusters
for the biosynthesis of fumonisin were confirmed to
have 16 core genes (Fig. 5) (Proctor et al. 2013) [73].
Generally, it is thought that by quantifying genomic
DNA which codes the core genes in mycotoxin
biosynthesis refers to the amount of the mycotoxin in
the detected samples. In recent study cases, the genes
involved in mycotoxin biosynthesis and frequently
used in quantifying the amount of the Fusarium-
producing mycotoxin are FUM6 and FUMS8 for
fumonisin. In 2013, multiplex real-time PCR assay
with a competitive internal amplification control to
detect fumonisin-producing Fusarium species using
the primer sets named FUMI13 is developed by
Rashmi and co-workers [74]. The cluster additionally
encodes an aminotransferase (FUM8), a C-3 carbonyl
reductase (FUM13), and cytochromes P450 and
different catalysts that catalyze oxygenations at C-5
(FUM3), C-10 (FUM2) and an undetermined site
(FUM®6). Four genes (FUM7, FUM10, FUM11,
FUM14) are required for tricarballylic acid
esterification. At the inverse end of the cluster from
FUM1 are genes encoding a transporter protein
(FUM19) and for two proteins (FUM17 and FUM18)
with anticipated capacities in fumonisin self-
protection and sphingolipid breakdown. Interruption
of these genes had little or no impact on fumonisin
production, showing that their capacities might be
repetitive or not required for fumonisin biosynthesis.

PCR-based methods sensitive have been improved to
detect the toxigenic Fusarium species, and especially
to identify nonproducing sub-populations or
nontoxigenic strains within the toxigenic species.
DNA markers were used in conjunction with
phylogenetic methods to distinguish between groups
of toxin producers and nonproducers. Gonzélez-Jaén
et al. (2004) [75] developed an intergenic spacer -
restriction fragment length polymorphism (IGS-
AFLP) assay which could identify a polymorphism
associated with toxigenic strains of F. verticillioides
[75]. Other authors have highlighted the presence of
intraspecific polymorphism for such assays. The
application of AFLP and IGS/EF-lasequence
variation led to the definition of two F. verticillioides
sub-groups, based on a contrast between efficient
producers of fumonisin, and nontoxigenic strains
from Central and South American banana fruits [76].
The same nontoxigenic population was also exploited
by Patifio et al. (2006) [77] to generate an IGS-RFLP
assay diagnostic for toxigenicity [77]. The non-
toxigenic isolates were crossable in vitro with MP-A
testers (corresponding to Gibberella moniliformis),
but showed only about 50% genetic similarity.

7.3.3 Trichothecenes-producing Fusarium spp

Trichothecenes are produced by Fusarium spp.
including F. graminearum, F. sporotrichioides, F.
poae, F. culmorum and F. langsethiae [65, 78, 79]
and can be produced by species from other genera,
for example, Myrothecium and Trichothecium [80].
Trichothecenes mycotoxins include T-2 toxin,
deoxynivalenol, nivalenol, and diacetoxyscirpenol
(DAS). The trichothecene are naturally occurred
worldwide and has been accounted in North America,
Asia, Africa, South America, and Europe in corn,
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Fig. 5. Fumonisin gene cluster in Fusarium moniliformis (Proctor et al., 2013) [73].
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wheat, grain, oats, rice, vegetables, and different
products [81, 82]. The gene clusters for the
biosynthesis of tichothecenes were confirmed to have
12 core genes. Bluhm et al. (2002) [83] focused on
the gene TRI6 to deliver two PCR diagnosis for
trichothecene-producing species. These methods
were utilitarian only from template of F. culmorum,
F. graminearum, or F. sporotrichioides, all of which
are known to be good producers of trichothecenes
[83]. One assay directed to biosynthetic genes have
been designed for the same purpose was TRI5,
encoding the catalyst of the isomerization and
cyclization of farnyl phosphate to trichodiene [84],
and this assay could identify trichothecene-producing
Fusarium spp. both from in vitro and from infected
grains [85, 86]. A second test abused the trichodiene
synthase relative TOX5, and this was not just ready
to distinguish the presence of F. graminearum and F.
culmorum DNA in grain tests [85]. Eventually, a
method has been improved based on TRI13, and used
to investigate the toxigenic capability of several
Iranian isolates of F. graminearum [87].

8. Conclusions

Definition of species may be difficult in the
fungi due to morphological variation between species
is regularly missing or difficult to perceive, as many
species lack a known teleomorph. Phylogenetic
investigations are along these lines especially
significant to allocate disconnects to their right
species. We have talked here about a variety of
DNA-based tools that consider a quick and reliable
finding of Fusarium spp. inside the Liseola and
Discolor sections, and for the identification and
quantification of toxin-producing isolates. PCR-based
techniques are moderately direct and quick yet are
not mistake free. Their precision should increase as
the informative loci from more isolates of different
provenance are sequenced. During the most recent 5
years, several molecular assays for the identification
and quick detection of ochratoxigenic species
without the requirement for isolating pure culture
have been distributed. These assays include
conventional PCR, real-time PCR, and microarray
innovation. Now, they have been utilized as a part of
research  laboratories to recognize  putative
mycotoxin-producing fungi in culture or even in food
samples to get data on the study of disease
transmission and nature of ochratoxigenic species or
to secure fundamental data on gene expression. The

Egypt. J. Chem. 64, No. 8 (2021)

utilization of molecular methods in routine
examinations in the food and food industries remains
a  challenge. Specificity, affectability and
effortlessness of investigation are all areas that must
be enhanced before these molecular assays get to be
valuable for handy applications. Besides, OTA
biosynthesis is poorly understood relative to the
synthesis pathways of other economically important
mycotoxins.

9. Conflicts of interest

No potential conflict of interest was reported by the
authors.

10. References

1. Fredlund, E., Gidlund, A., Pettersson, H., Olsen,
M., Borjesson, T., Real-time PCR detection of
Fusarium species in Swedish oats and correlation
to T-2 and HT-2 toxin content. World Mycotoxin
Journal, 3, 77-88 (2010).

2. Templeton, N.S., The polymerase chain reaction:
History methods, and applications. Diagnostic
Molecular Pathology, 1, 58-72 (1992).

3. Kleppe, K., Ohtsuka, E., Kleppe, R., Molineux,
I., Khorana, H.G., Studies on polynucleotides.
XCVI. Repair replication of short synthetic
DNA's as catalysed by DNA polymerases.
Journal of Molecular Biology, 56, 341-361
(1971).

4. Edel, V. Polymerase Chain Reaction in
Mycology: an Overview. In: Bridge, P.D., Arora,
D.K., Reddy C.a.,, and Elander, R.P. (ed.).
Application of PCR Mycology P.1-20 (1997).

5. Yu, M., Cao, Y., Ji, Y., The principle and
application of new PCR Technologies. IOP
Conf. Ser. 100 012065:
Earth and Environmental Science, (2017).

6. Rajapaksha, P., Elbourne, A., Gangadoo, S.,
Brown, R., Cozzolino, D., Chapman, J., A review
of methods for the detection of pathogenic
microorganisms. Analyst, 144, 396 (2019).

7. Rahman, M.T., Uddin, M.S., Sultana, R., Moug,
A., Setu, M., Polymerase Chain Reaction (PCR):
A Short Review. AKMMC Journal, 4, 30-36
(2013).

8. Innis, M.A., Gelfand, D.H., PCR Protocols: A
Guide to Methods and Applications (M.A. Innis,
D.H. Gelfand, J.J. Sninsky and T.J. White, eds),
p. 3-12. Academic Press, San Diego, (1990).

9. Lee, M.D., Fairchild, A., Sample preparation for
PCR. In: Maurer, J.(ed). PCR Methods in Food.
Pp 41-51. The University of Georgia, Athens,
GA, USA (2006).



4261

PCR ASSAY AND ITS APPLICATION TO IDENTIFY MYCOTOXIGENIC ...

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

Powledge, T.M., The polymerase chain reaction.
Advances in Physiology Education, 28, 44-50
(2004).

Lorenz, T.C., Polymerase chain reaction: basic
protocol plus troubleshooting and optimization
strategies. Journal of Visualized Experiments
(63):€3998, (2012).

Tindall, K.R., Kunkel, T.A., Fidelity of DNA
synthesis by the Thermus aquaticus DNA
polymerase. Biochemistry, 27, 6008-13 (1988).
Hofer, A., Crona, M., Logan, D.T., Sj6berg,
B.M., DNA building blocks: Keeping control of
manufacture. Critical Reviews in Biochemistry
and Molecular Biology, 47, 50-63 (2012).

Smith, C., Osborn, M., Advantages and
limitations of quantitative PCR (qPCR)-based
approaches in  microbial ecology. FEMS
Microbiology Ecology, 67, 6-20 (2009).
Garibyan, L., Avashia, N., Research Techniques
Made Simple: Polymerase Chain Reaction
(PCR). Journal of Investigative Dermatology,
133, e6 (2013).

Fortin, N., Beaumier, D., Lee, K., Greer, C.W.,
Soil washing improves the recovery of total
community DNA from polluted and high organic
content sediments. Journal of
Microbiological Methods, 56, 181-191 (2004).
Fredricks, D.N., Fiedler, T.L., Marrazzo, J.M.,
Molecular Identification of Bacteria Associated
with Bacterial Vaginosis. New England Journal
of Medicine, 353, 1899-1911 (2005).

Kumar, C.M., Mugunthan, M., Evaluation of
three DNA extraction methods from fungal
cultures. Medical Journal Armed Forces India,
74, 333-336 (2018).

Zhang, Y.J., Zhang, S., Liu, X.Z., Wen, H.A,,
Wang, M., A simple method of genomic DNA
extraction suitable for analysis of bulk fungal
strains. Letter of Applied Microbiology, 51, 114-
118 (2010).

Tamari, F., Hinkley, C.S., Ramprashad, N., A
Comparison of DNA Extraction Methods
using Petunia  hybrida Tissues. Journal of
Biomolecular Techniques, 24, 113-118 (2013).
Heikrujam, J., Kishor, R., Mazumder, P.B., The
Chemistry Behind Plant DNA Isolation
Protocols, Biochemical Analysis Tools, Methods
for Bio-Molecules Studies, O-M. Boldura, C.
Balta, N.S. Awwad, Intech Open, DOI:
10.5772/intechopen.92206 (2020).

Umesha, S., Manukumar, H.M., Raghava, S., A
rapid method for isolation of genomic DNA from
food-borne fungal pathogens. 3 Biotech, 123, 1-9
(2016).

Aboul-Maaty, N.A., Oraby, H.A., Extraction of
high-quality genomic DNA from different plant
orders applying a modified CTAB-based

Egypt. J. Chem. 64, No. 8 (2021)

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

method. Bulletin National Research Center, 43,
25 (2019).

Kuzdralinski, A., Kot, A., Szczerb, H., Nowak,
M., Muszyniska, M., A Review of Conventional
PCR Assays for the Detection of Selected
Phytopathogens of Wheat. Journal of Molecular
Microbiology and Biotechnology, 27, 175-189
(2017).

Abdel-Wahhab, M.A., El-Kady, A.A., Hassan,
AM., Abd EIl-Moneim, O.M., Abdel-Aziem,
S.H., Effectiveness of activated carbon and
Egyptian montmorillonite in the protection
against deoxynivalenol-induced cytotoxicity and
genotoxicity in rats. Food & Chemical
Toxicology, 83, 174-182 (2015).

Abdel-Wahhab, M.A., Salman, A.S., lbrahim,
M.LM, El-Kady, A.A., Abdel-Aziem, S.H.,
Hassan, N.S., Waly, A.l, Curcumin
nanoparticles loaded hydrogels protects against
aflatoxin Bsi-induced genotoxicity in rat liver.
Food & Chemical Toxicology, 94, 159-171
(2016).

El-Nekeety, A.A., El-Kady, A.A., Abdel-
Wahhab, K.G., Hassan, N.S., Abdel-Wahhab,
M.A., Reduction of individual or combined
toxicity of fumonisin By and zearalenone via
dietary inclusion of organo-modified nono-
montmorillonite in rats. Environmental Science
and Pollution Research, 24, 20770-20783
(2017).

Burnett, J., Fungal populations and species, New
York: Oxford University Press, (2003).

Ptaza, G.A., Upchurch, R., Brigmon, R.L.,
Whitman, W.B., Ulfig, K. Rapid DNA
Extraction for Screening Soil Filamentous Fungi
Using PCR Amplification. Polish Journal of
Environmental Studies, 13, 315-318 (2004).
McCormick, S.P., Hohn, T.M., Desjardins, A.E.,
Isolation and characterization of Tri3, a gene
encoding 15-O-acetyltransferase from Fusarium
Sporotrichoides. Applied and Environmental
Microbiology, 62, 353-359 (1996).

Baquido, A.C., Rodriges, A.G., Lopes, E.L.,
Tralamazza, S.M., Zorzete, P., Correa, B.,
Expression of Genes by Aflatoxigenic and
Nonaflatoxigenic Strains of Aspergillus flavus

Isolated from Brazil Nuts. Foodborne
Pathogens and Disease, 13, 1-7 (2016).
Kelkar, H.S., Keller, N.P., Adams, T.H.,

Aspergillus nidulans stcP Encodes an O-
Methyltransferase  That Is Required for
Sterigmatocystin Biosynthesis. Applied
and Environmental Microbiology, 62, 4296-4298
(1996).

Puel, O., Galtier, P., Oswald, I.P., Biosynthesis
and Toxicological Effects of Patulin. Toxins
(Basel), 2, 613-631 (2010).


https://pubmed.ncbi.nlm.nih.gov/?term=Tindall+KR&cauthor_id=2847780
https://pubmed.ncbi.nlm.nih.gov/?term=Kunkel+TA&cauthor_id=2847780
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garibyan%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23399825
https://www.ncbi.nlm.nih.gov/pubmed/?term=Avashia%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23399825
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=23399825
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=23399825
https://www.sciencedirect.com/science/journal/03771237/74/4
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tamari%20F%5BAuthor%5D&cauthor=true&cauthor_uid=23997658
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hinkley%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=23997658
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ramprashad%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23997658
http://jbt.abrf.org/
http://jbt.abrf.org/
https://www.scopus.com/authid/detail.uri?authorId=8087610600&amp;eid=2-s2.0-84973883529
https://www.scopus.com/authid/detail.uri?authorId=8087610600&amp;eid=2-s2.0-84973883529
https://www.scopus.com/authid/detail.uri?authorId=55413619800&amp;eid=2-s2.0-84973883529
https://www.scopus.com/authid/detail.uri?authorId=55413619800&amp;eid=2-s2.0-84973883529
https://www.scopus.com/authid/detail.uri?authorId=6701741353&amp;eid=2-s2.0-84973883529
https://www.scopus.com/authid/detail.uri?authorId=35602765300&amp;eid=2-s2.0-84973883529
https://www.scopus.com/authid/detail.uri?authorId=26662036900&amp;eid=2-s2.0-84973883529
https://www.scopus.com/authid/detail.uri?authorId=56559792900&amp;eid=2-s2.0-84973883529
https://www.ncbi.nlm.nih.gov/pubmed/?term=Puel%20O%5BAuthor%5D&cauthor=true&cauthor_uid=22069602
https://www.ncbi.nlm.nih.gov/pubmed/?term=Galtier%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22069602
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oswald%20IP%5BAuthor%5D&cauthor=true&cauthor_uid=22069602
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3153204/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3153204/

4262

Ibrahim M.1. & El-Kady A.A.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Davari, E., Mohsenzadeh, M., Mohammadi, Gh.,
Rezaeian-Doloei, R., Characterization of
aflatoxigenic Aspergillus flavus and A.
parasiticus strain isolates from animal feedstuffs
in northeastern Iran. lranian Journal of
Veterinary Research, 16, 150-155 (2015).
Frisvad, J.C., Hubka, V., Ezekiel, C.N., Hong,
S.B., Novékova, A., Chen, AJ., Arzanlou, M.,
Larsen, T.0O., Sklenaf, F., Mahakarnchanakul,
W., Samson, R.A., Houbraken, J., Taxonomy of
Aspergillus section Flavi and their production of
aflatoxins, ochratoxins and other mycotoxins.
Studies in Mycology, 93, 1-63 (2019).

Madbouly, A.K., lbrahim, M.I.M., Sehab, A.F.,
Abdel-Wahhab, M.A., Co-occurrence  of
mycoflora, aflatoxins and fumonisins in maize
and rice seeds from markets of different districts
in Cairo, Egypt. Food Additives and
Contaminants: Part B, 5, 112-120 (2012).

Yu, J., Current Understanding on Aflatoxin
Biosynthesis and Future Perspective in Reducing
Aflatoxin Contamination. Toxins (Basel), 4,
1024-1057 (2012).

Bandyopadhyay, R., Ortega-Beltran, A., Akande,
A., Mutegi, C., Atehnkeng, J., Kaptoge,
L., Senghor, A.L., Adhikari, B.N., Cotty, P.J,,
Biological control of aflatoxins in Africa: current
status and potential challenges in the face of
climate change. World Mycotoxin Journal, 9,
771-789 (2016).

Mahato, D.K., Lee, K.E., Kamle, M., Devi, S.,
Dewangan, K.N., Kumar, P., Kang, S.G,
Aflatoxins in Food and Feed: An Overview on
Prevalence, Detection and Control Strategies.
Frontiers in Microbiology, 10, 1-10 (2019).

Kurtzman, C.P., Smiley, M.J., Robnett, C.J., Wic
klow, D.T., DNA relatedness among wild and
domesticated  species in  the Aspergillus
flavus group. Mycologia, 78, 955-959 (1986).
Geisen, R., PCR methods for the detection of
mycotoxin producing fungi. In: Applications of
PCR in mycology, eds. P.P. Bridge, D.J.
Arora, C.A. Reddy, R.P. Elander. Wallingford
CAB International. Chapter 11, p. 243-264
(1998).

Geisen, R., A multiplex PCR reaction for the
detection of potential  aflatoxin  and
sterigmatocystin producing fungi. Systematic
and Applied Microbiology, 19, 388-392 (1996).
Yu, J., Chang, P-K., Cary, JW., Wright, M.,
Bhatnagar, D., Cleveland, T.E., Payne, G.A.,,
Linz, J.E., Comparative Mapping of Aflatoxin
Pathway Gene Clusters in  Aspergillus
parasiticus and Aspergillus Flavus. Applied and
Environmental Microbiology, 61, 2365-2371
(1995).

Egypt. J. Chem. 64, No. 8 (2021)

44

45.

46.

47.

48.

49.

50.

51.

52.

53

54.

. Yu, J., Woloshuk, C.P., Bhatnagar, D., Cleveland,
T.E., Cloning and characterization of avfA and
omtBgenes involved in aflatoxin biosynthesis in
three Aspergillus species. Gene, 248, 157-167
(2016).

Georgianna, D.R., Payne, G.A., Genetic
regulation of aflatoxin biosynthesis: From gene
to genome. Fungal Genetics and Biology, 46,
113-125 (2009).

Price, M.S., Yu, J., Nierman, W.C., Kim, H.,
Pritchard, B., Jacobus, C.A., Bhatnagar, D.,
Cleveland, T.E., Payne, G.A., The aflatoxin

pathway regulator ~AfIR  induces gene
transcription inside and outside of the aflatoxin
biosynthetic  cluster. FEMS  Microbiology

Letters, 255, 275-279 (2006).

Nwachukwu, I.N., Opurum, C.C., Ekwe, D.O.,
Screening of selected grains and cashew nuts in
South East Nigeria for aflatoxigenic fungi by
multiplex PCR technique. Biological
Sciences and Pharmaceutical Research, 8, 28-36
(2020).

Dodia, S.M., Mishra, G.P., Thankappan, R.,
Dobraia, J.R., Identification of Aspergillus flavus
Isolates for Developing Biocontrol Agent Based
on the Gene-Defects in the Aflatoxin
Biosynthesis  Gene-Cluster and  Flanking-
Regions. Journal of Pure and Applied
Microbiology, 8, 4623-35 (2014).

Chamberlain, J.S., Gibbs, R.A., Ranier, J.E,,
Nguyen, P.N., Caskey, C.T., Multiplex PCR for
the diagnosis of Duchenne muscular dystrophy.
In: Gelfland, D.H., Innis, M.A., Sninsky, J.J. and

White, T.J. (eds) PCR Protocols: A Guide to
Methods and Applications. Academic Press, San
Diego, pp. 272-281 (1990).

Wang, Y., Wang, L., Liu, F., Wang, Q., Selvaraj,

J.N., Xing, F., Zhao, Y., Liu, Y., Ochratoxin A
Producing Fungi, Biosynthetic Pathway and
Regulatory Mechanisms. Toxins, 83, 1-15
(2016).

Campos-Avelar I, de la Noue, A.C., Durand, N.,
Fay, B., Martinez, V., Fontana, A., Strub, C.,
Schorr-Galindo, S., Minimizing Ochratoxin A
contamination through the use of actinobacteria
and their active molecules. Toxins, 12, 296
(2020).

Rocha, M.E.B., Freire, F.C.0., Maia, F.E.F.,
Guedes, M.L.F., Rondina, D., Mycotoxins and

their effects on human and animal health. Food

Control, 36, 159-165 (2014).

. Tao, Y., Xie, S., Xu, F., Liu, A., Wang, Y., Chen,
D., Pan, Y., Huang, L., Peng, D., Wang, X,
Yuan, Z., Ochratoxin A: Toxicity, oxidative
stress and metabolism. Food & Chemical
Toxicology, 112, 320-331 (2018).

Frisvad, J.C., Frank, J.M., Houbraken, J.,


https://www.ncbi.nlm.nih.gov/pubmed/?term=Davari%20E%5BAuthor%5D&cauthor=true&cauthor_uid=27175167
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mohsenzadeh%20M%5BAuthor%5D&cauthor=true&cauthor_uid=27175167
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mohammadi%20G%5BAuthor%5D&cauthor=true&cauthor_uid=27175167
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rezaeian-Doloei%20R%5BAuthor%5D&cauthor=true&cauthor_uid=27175167
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rezaeian-Doloei%20R%5BAuthor%5D&cauthor=true&cauthor_uid=27175167
https://www.tandfonline.com/author/Madbouly%2C+Adel+K
https://www.tandfonline.com/author/Ibrahim%2C+Mohamed+IM
https://www.tandfonline.com/author/Sehab%2C+Ahmed+F
https://www.tandfonline.com/author/Abdel-Wahhab%2C+Mosaad+A
https://www.tandfonline.com/toc/tfab20/current
https://www.tandfonline.com/toc/tfab20/current
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23202305
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3509697/
https://www.wageningenacademic.com/author/Senghor%2C+AL
https://www.wageningenacademic.com/author/Senghor%2C+AL
https://www.wageningenacademic.com/author/Cotty%2C+PJ
https://www.wageningenacademic.com/author/Cotty%2C+PJ
https://www.worldcat.org/search?q=au%3ABridge%2C+P.P.&qt=hot_author
https://www.worldcat.org/search?q=au%3AArora%2C+D.J.&qt=hot_author
https://www.worldcat.org/search?q=au%3AArora%2C+D.J.&qt=hot_author
https://www.worldcat.org/search?q=au%3AReddy%2C+C.A.&qt=hot_author
https://www.worldcat.org/search?q=au%3AElander%2C+R.P.&qt=hot_author
https://www.sciencedirect.com/science/article/abs/pii/S0956713513004131#!
https://www.sciencedirect.com/science/article/abs/pii/S0956713513004131#!
https://www.sciencedirect.com/science/article/abs/pii/S0956713513004131#!
https://www.sciencedirect.com/science/article/abs/pii/S0956713513004131#!
https://www.sciencedirect.com/science/article/abs/pii/S0956713513004131#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!
https://www.sciencedirect.com/science/article/abs/pii/S0278691518300024#!

4263

PCR ASSAY AND ITS APPLICATION TO IDENTIFY MYCOTOXIGENIC ...

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Kujipers, A.F.A., New ochratoxin A producing
species of Aspergillus section Circumdati.
Studies in Mycology, 50, 23-43 (2004).
Fungaro, M.H.P., Magnani, M., Vilas-Boas, L.A.,
Vissotto, P.C., Furlaneto, M.C., Vieira, M.L.C.,
Taniwaki, M.H., Genetic relationships among
Brazilian strains of Aspergillus ochraceus based
on RAPD and ITS sequences. Canadian Journal
of Microbiology, 50, 985-988 (2004).
O’Callaghan, J., Caddick, M.X., Dobson,
A.D.W., A polyketide synthase gene required for
ochratoxin A biosynthesis in  Aspergillus
ochraceus. Microbiology, 149, 3485-3491
(2003).
Hashem, A., Abd-Allah, E.F., Al-Obeed, R.S,,
Algarawi, A.A., Alwathnani, H.A., Effect of
carbon, nitrogen sources and water activity on
growth and ochratoxin production of Aspergillus
carbonarius (bainier) thom. Jundishapur Journal
of Microbiology, 8, e17569 (2015).
Atoui, A., Mathieu, F., Lebrihi, A., Targeting a
polyketide synthase gene for Aspergillus
carbonarius quantification and ochratoxinA
assessment in grapes using real-time PCR.
International Journal of Food Microbiology,
115, 313-318 (2007).
Vegi, A., Wolf-Hall, A.E., Multiplex Real-Time
PCR method for detection and quantification of
mycotoxigenic fungi belonging to three different

genera. Journal of Food Science, 78,70-76
(2013).
Aoki, T., O’Donnell, K., Geiser, D.M.,

Systematic of key phytopathogenic Fusarium
species: current status and future challenges.
Journal of General Plant Pathology, 80, 189-
201 (2014).

Garcia-Diaz, M., Gil-Serna, J., Vazquez, C.,
Botia, M.N., Patifio, B., A Comprehensive Study
on the Occurrence of Mycotoxins and Their
Producing Fungi during the Maize Production
Cycle in Spain. Microorganisms, 8, 141 (2020).
Leslie, J.F., Summerll, B.A., The Fusarium
Laboratory Manual. Blackwell Professional
Publishing, Ames, lowa, (2006).

Dignani, M.C., Anaissie, E., Human fusariosis.
Clinical Microbiology and Infection, 10, 67-75
(2004).

Rheeder, J.P., Marasas, W.F., Vismer, H.F. 2002.
Production of fumonisin analogs by Fusarium
species. Applied and Environmental
Microbiology, 68, 2101-2105 (2002).

Shi, W., Tan, Y., Wang, S., Gardiner, D., De
Saeger, S., Liao, Y., Wang, C., Fan, Y., Wang,
Z., Wu, A, Mycotoxigenic Potentials of
Fusarium Species in Various Culture Matrices
Revealed by Mycotoxin Profiling. Toxins, 9, 6
(2017).

Egypt. J. Chem. 64, No. 8 (2021)

66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

Perincherry L, Lalak-Kanczugowska J, Stepien
L., Fusarium-Produced Mycotoxins in Plant-
Pathogen Interactions. Toxins, 11, 664 (2019).
Jurado, M., Vazquez, C., Marin, S., Sanchis,
V., Gonzéalez-Jaén, M, T., PCR-based strategy to
detect contamination with  mycotoxigenic
Fusarium species in maize. Systematic and
Applied Microbiology, 29, 681-689 (2006).
Huffman, J., Gerber, R., Du, L., Recent
advancements in the biosynthetic mechanisms
for polyketide-derived mycotoxins. Biopolymers,
93, 764-776 (2010).
D'mello, S.R., Borodez, K., Soltoff, S.P., Insulin-
like growth factor and potassium depolarization
maintain neuronal survival by distinct pathways:
possible involvement of PI3-kinase in IGF-1
signaling. Journal of Neuroscience, 17, 1548-
1560 (1997).
Gelderblom, W.C.A., Jasiewicz, K., Marasas,
W.F.O., Thiel, P.G., Horak, R.M., Vleggar, R.,
Kriek, N.P.J., Fumonisin-novel mycotoxins with
cancer-promoting activity produced by Fusarium
moniliforme.  Applied and Environmental
Microbiology, 54, 1806-1811 (1988).
Braun, M.S., Wink, M., Exposure, Occurrence,
and Chemistry of Fumonisins and their Cryptic
Derivatives. Comprehensive Reviews in Food
Science and Food Safety, 17, 769-791 (2018).
Ibrahim, M.I.M., Biochemical Studies on
Fumonisin Mycotoxins. (PhD. Thesis) Faculty of
Agriculture, Cairo University, Egypt, (1999).
Proctor, R.H., Hove, F.V., Susca, A., Stea, G,
Busman, M., Van der Lee, T., Waalwijk, C.,
Moretti, A., Ward, T.J., Birth, death and
horizontal transfer of the fumonisin biosynthetic

gene  cluster during the  evolutionary
diversification of Fusarium. Molecular
Microbiology, 90, 290-306 (2013).

Gong, L., Jiang, Y., Cheng, F., Molecular

strategies for detection andquantification of
mycotoxin-producing Fusarium species: a
review. Journal of the Science of Food and
Agriculture, 95, 1767-1776 (2014).
Gonzalez-Jaén, M.T., Mirete, S., Patifio, B.,
Lépez-Errasquin, E., Vézquez, C., Genetic
markers for the analysis of variability and for
production of specific diagnostic sequences in
fumonisin  producing strains of Fusarium
Verticillioides.  European  Journal of Plant
Pathology, 110, 525-532 (2004).

Moretti, A., Mulg, G., Susca, A., Gonzalez-Jaén,
M.T., Logrieco, A., Toxin profile, fertility and
AFLP analysis of Fusarium Verticillioides from
banana  fruits. European  Journal of Plant
Pathology, 110, 601-609 (2004).

Patifio, B., Mirete, S., Vazquez, C., Rodriguez,
M.T., Gonzélez-Jaén, M.T., Characterization of


https://www.ncbi.nlm.nih.gov/pubmed/?term=Perincherry%20L%5BAuthor%5D&cauthor=true&cauthor_uid=31739566
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lalak-Ka%26%23x00144%3Bczugowska%20J%5BAuthor%5D&cauthor=true&cauthor_uid=31739566
https://www.ncbi.nlm.nih.gov/pubmed/?term=St%26%23x00119%3Bpie%26%23x00144%3B%20%26%23x00141%3B%5BAuthor%5D&cauthor=true&cauthor_uid=31739566
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6891594/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jurado%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16513314
https://www.ncbi.nlm.nih.gov/pubmed/?term=V%C3%A1zquez%20C%5BAuthor%5D&cauthor=true&cauthor_uid=16513314
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mar%C3%ADn%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16513314
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sanchis%20V%5BAuthor%5D&cauthor=true&cauthor_uid=16513314
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sanchis%20V%5BAuthor%5D&cauthor=true&cauthor_uid=16513314
https://www.ncbi.nlm.nih.gov/pubmed/?term=Teresa%20Gonz%C3%A1lez-Ja%C3%A9n%20M%5BAuthor%5D&cauthor=true&cauthor_uid=16513314
http://www.tandfonline.com/author/
http://www.tandfonline.com/author/
http://www.tandfonline.com/author/
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Braun%2C+Markus+Santhosh
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wink%2C+Michael
https://onlinelibrary.wiley.com/toc/15414337/2018/17/3
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Proctor%2C+Robert+H
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=van+Hove%2C+Fran%C3%A7ois
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Susca%2C+Antonia
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Stea%2C+Gaetano
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Busman%2C+Mark
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lee%2C+Theo
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Waalwijk%2C+Cees
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Moretti%2C+Antonio
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ward%2C+Todd+J
https://onlinelibrary.wiley.com/toc/13652958/2013/90/2
https://link.springer.com/article/10.1023/B:EJPP.0000032392.20106.81#auth-1
https://link.springer.com/article/10.1023/B:EJPP.0000032392.20106.81#auth-2
https://link.springer.com/article/10.1023/B:EJPP.0000032392.20106.81#auth-3
https://link.springer.com/article/10.1023/B:EJPP.0000032392.20106.81#auth-4
https://link.springer.com/article/10.1023/B:EJPP.0000032392.20106.81#auth-5

4264 Ibrahim M.1. & El-Kady A.A.

Fusarium Verticillioides strains by PCR-RFLP
analysis of the intergenic spacer region of the
rDNA. Journal of the Science of Food and
Agriculture, 86, 429-435 (2006).

78. Kokkonen, M., Ojala, L., Parikka, P., Jestoi,
M., Mycotoxin production of selected Fusarium
species at different culture conditions.
International Journal of Food Microbiology,
143, 17-25 (2010).

79. Bertuzzi, T., Leggieri, M.C., Battilani, P., Pietri,
A., Co-occurrence of type A and B
trichothecenes and zearalenone in wheat grown
in northern Italy over the years 2009-2011. Food
Additives and Contaminants B, (7) 4, 273-281
(2014).

80. Abbas, H.K., Yoshizawa, T., Shier
W.T., Cytotoxicity and  phytotoxicity  of
trichothecene mycotoxins produced by Fusarium
spp. Toxicon, 74, 68-75 (2013).

81. Milanez, T.V., Valente-Soares, L.M., Baptista,
G.G., Occurrence of trichothecene mycotoxins in
Brazilian corn-based food products. Food
Control, 17, 293-298 (2006).

82. Xue, H-L., Bi, Y., Tang, Y-M., Zhao, Y., Wang,
Y., Effect of cultivars, Fusarium strains and
storage temperature on trichothecenes production
in inoculated potato tubers. Food Chemistry,
151, 236-42 (2014).

83. Bluhm, B.H., Flaherty, J.E., Cousin, M.A,
Woloshuk, C.P., Multiplex polymerase chain
reaction assay for the differential detection of
trichothecene- and fumonisin-producing species
of Fusarium in corn meal. Journal of Food
Protection, 65, (2002) 1955-1961.

84. Hohn, T.M., Beremand, P.D., lIsolation and
nucleotide sequence of a sesquiterpenecyclase
gene from the trichothecene-producing fungus
Fusarium Sporotrichiodes. Gene, 79, 131-138
(1989).

85. Niessen, M.L., Vogel, R.F., Group specific PCR-
detection of potential trichothecene-producing
fusarium-Species in pure cultures and cereal
samples. Systematic and Applied Microbiology,
21, 618-631.

86. Niessen, L., Schmidt, H., Vogel, R.F., The use of
tri5 gene sequences for PCR detection and
taxonomy of trichothecene-producing species in
the Fusarium section Sporotrichiella.
International Journal of Food Microbiology, 95,
305-319 (2004).

87. Haratian, M., Sharifnabi, B., Alizadeh, A., Safaie,
N., PCR analysis of the Tri13 gene to determine
the genetic potential of Fusarium graminearum
isolates from Iran to produce nivalenol and
deoxynivalenol. Mycopathologia, 166, 109-116
(2008).

Egypt. J. Chem. 64, No. 8 (2021)


https://www.tandfonline.com/author/Bertuzzi%2C+Terenzio
https://www.tandfonline.com/author/Camardo+Leggieri%2C+Marco
https://www.tandfonline.com/author/Battilani%2C+Paola
https://www.tandfonline.com/author/Pietri%2C+Amedeo
https://www.sciencedirect.com/science/article/abs/pii/S0956713504002646#!
https://www.sciencedirect.com/science/article/abs/pii/S0956713504002646#!
https://www.sciencedirect.com/science/article/abs/pii/S0956713504002646#!
https://www.sciencedirect.com/science/article/abs/pii/S0956713504002646#!
https://www.sciencedirect.com/science/journal/09567135/17/4
https://www.sciencedirect.com/science/article/abs/pii/S0723202098800751#!
https://www.sciencedirect.com/science/article/abs/pii/S0723202098800751#!
https://www.sciencedirect.com/science/journal/07232020/21/4

	53. Tao, Y., Xie, S., Xu, F., Liu, A., Wang, Y., Chen, D., Pan, Y., Huang, L., Peng, D., Wang, X., Yuan, Z., Ochratoxin A: Toxicity, oxidative stress and metabolism. Food & Chemical Toxicology, 112, 320-331 (2018).
	73. Proctor, R.H., Hove, F.V., Susca, A., Stea, G., Busman, M., Van der Lee, T.,  Waalwijk, C., Moretti, A., Ward, T.J., Birth, death and horizontal transfer of the fumonisin biosynthetic gene cluster during the evolutionary diversification of Fusariu...
	79. Bertuzzi, T., Leggieri, M.C., Battilani, P., Pietri, A., Co-occurrence of type A and B trichothecenes and zearalenone in wheat grown in northern Italy over the years 2009-2011. Food Additives and Contaminants B, (7) 4, 273-281 (2014).
	85. Niessen, M.L., Vogel, R.F., Group specific PCR-detection of potential trichothecene-producing fusarium-Species in pure cultures and cereal samples. Systematic and Applied Microbiology, 21, 618-631.

