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ALTERNATIVE METHODS TO CONTROL Fusarium spp. AND
MYCOTOXINS PRODUCED IN STORED GRAINS IN IRAQ

Hussein Ali Salman AL-SAHHO

Erciyes University, Graduate School of Natural and Applied Sciences
Ph. D. Thesis, March 2026
Supervisor: Assoc. Prof. Dr. Siimer HORUZ
Second Supervisor: Assoc. Prof. Dr. Kevser KARAMAN

ABSTRACT
Fusarium spp. are one of the most important fungi that attack plants and cause significant
crop losses, especially in wheat. This study was conducted to detect Fusarium spp. in
wheat samples collected from Iraqi silos and to find natural alternatives to chemical
fungicides in inhibiting toxin production. We tested the efficacy of Dodonaea viscosa
plant extract (DVE) at concentrations of 0.5%, 1.0%, and 1.5%, nanoparticles (chitosan
nanoparticles loaded with DVE) at a concentration of 0.75, ozone gas at a flow rate of 2.4
L/min for 30-60 minutes, and sea salt (regular or nano) at four concentrations (1, 2, 2.5,
and 3%) to inhibit the growth of Fusarium spp. strains and the production of
deoxynivalenol (DON) and moniliformin (MON) toxins. After the strains were
phenotypically identified, seven strains were then characterized belonging to three
Fusarium species: F. oxysporum, F. pseudograminearum, and F. chlamydosporum. The
above-mentioned treatments were statistically significant and showed a clear effect in
reducing the growth of all Fusarium spp. strains. The results indicated that the greatest
inhibitory effect was achieved by nano-salt, chitosan nanoparticles loaded with DVE,
DVE and ozone treatments, respectively. Nano-sea salt contributed to the inhibition of
mycotoxin production. The highest inhibition rate for DON toxin in nano-sea salt was
recorded in F. pseudograminearum strain 3 at a rate of 83.38%, while the highest

inhibition rate for MON toxin production was 87.69% in F. chlamydosporum strain 8.

Key words: Dodonaea viscosa, Fusarium spp., DON, MON, Ozone, Sea Salt
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IRAK’TA DEPOLANAN BUGDAYDA GORULEN Fusarium TURLERININ VE
URETTIKLERI MiIKOTOKSINLERIN KONTROLUNE YONELIK
ALTERNATIF YONTEMLER

Hussein Ali Salman AL-SAHHO

Erciyes Universitesi, Fen Bilimleri Enstitiisii
Doktora Tezi, Mart 2026
) Danisman: Dog¢. Dr. Siimer HORUZ
Ikinci Damisman Dog. Dr. Kevser KARAMAN
OZET
Fusarium spp., bitkilere 0onemli zararlar veren ve oOzellikle bugdayda onemli {iriin
kayiplarina yol acan en onemli fungus cinslerinden biridir. Bu calisma, kimyasal
fungisitlere dogal alternatifler bulmak amaciyla yapilmistir. Bu ¢alismada, Fusarium spp.
suslarinin biiyiimesini ve deoxynivalenol (DON) ve moniliformin (MON) toksinlerinin
tiretimini engellemek i¢in Dodonaea viscosa etanol ekstrakti (DVE) %0.5, %1.0 ve %1.5
konsantrasyonlarinda, nanopartikiiller (DVE yiiklii kitosan nanopartikiilleri) %0.75
konsantrasyonunda, 30 ve 60 dakika boyunca 2.4 L/dakika akis hizinda ozon gazi ve dort
farkli konsantrasyonda (1, 2, 2.5 ve 3%) deniz tuzunun (normal veya nano) etkinligi test
edilmistir. izolatlar fenotipik olarak tanilandiktan sonra, polimeraz zincir reaksiyonu
(PCR) teknolojisi kullanilarak yedi izolat li¢c Fusarium tiirtine ait F. oxysporum, F.
pseudograminearum ve F. chlamydosporum olarak karakterize edilmistir. Yukarida
anilan islemler Fusarium spp. izolatlarina uygulanmis ve islemler istatistiksel olarak
anlamli bulunarak tiim Fusarium spp. izolatlarinin biiylime hizlarini azaltmada belirgin
bir etki gostermistir. Sonuglara bakildiginda, en biiyiik etki sirastyla nano tuz, DVE yiikli
kitosan nanopartikiilleri, etanol ekstrakti ve ozon gazi ile elde edilmistir. Deniz tuzu, nano
Olcekte islendiginde, mikotoksin {iretiminin inhibisyonuna katkida bulunmustur. DON
toksini i¢in en yiiksek inhibisyon oran1 %83.38 ile F. pseudograminearum 3'te, MON
toksini iiretimi i¢in en yiiksek inhibisyon oranit %87.69 ile F. chlamydosporum 8'de

kaydedilmistir.

Anahtar Kelimeler: Dodonaea viscosa, Fusarium spp., DON, MON, Ozon, Deniz Tuzu
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INTRODUCTION

The ancient world and its civilizations recognized wheat as an essential part of human
food. Mesopotamia, the Nile Valley, Anatolia, and Greece were the primary homes for
its cultivation. It belongs to the genus Triticum spp. in the Poaceae (grass) family
(Ahmed, 2005). Wheat cultivation has spread to wide areas of the world, including
tropical, subtropical, and even high-altitude regions (Shewry, 2009). Wheat flour is an
important source of carbohydrates, protein, fats, and minerals. (Igbal et al., 2022). The
world is heading towards greater wheat production due to population growth and
increased consumption of flour as a staple on the table. Hard wheat produces bread, while
pastries are made from soft wheat. In addition, flour, one of the products of the milling
process, is a secondary product that contains a high percentage of vitamins and fiber
(Ahmed, 2005). It requires preserving grains and preventing their damage, the presence
of regular warehouses with high efficiency in grain storage, and grain types and sizes that
vary according to need. In storing wheat, ideal conditions are required to prevent insect
and microorganism infestations, such as fungi and bacteria, and to ensure grain
preservation for an extended period. Several processes must be carried out before storage,
such as removing all impurities, stones, minerals, and plant materials other than wheat.
This process is essential for achieving high-quality yields, reducing pollution, and

lowering drying and equipment maintenance costs (Inamdar and Suresh, 2014).

Chemical pesticides have caused severe damage to workers, grains and the environment,
despite their limited effectiveness. Therefore, it was necessary to search for alternative
materials that are safer for the environment, workers and crops and that do not leave any

residues (Khader et al., 2001).

Fungal diseases are important causes of wheat crop damage, and their transmission may
occur through soil or seeds. Many plant diseases can infect wheat and cause damage

during growth, including rot, seed diseases, and seedling drop (Ishtiaq et al., 2019). Fungi



are no less dangerous than other pests on grains, in addition to the fact that this effect may
be transmitted to humans and animals through the secretion of mycotoxins. Studies and
research have proven that there are more than 400 types of mycotoxins that are dangerous
to human health and sometimes lead to cancer (Oadi, 2020). Numerous studies support
the presence of Fusarium spp. in wheat in the field, but research supporting the study of
stored grains and their infection with Fusarium spp. are limited (Chehri et al., 2010).
Fusarium spp. are crucial fungi that can infect grains before and during harvest, and the
infection is then transmitted to storage and causes grain damage (Lacey et al., 1999). The
most important of these toxins that pose a risk to humans and animals are: aflatoxins
(AFs), ochratoxins (OTs), trichothecenes, zearalenone (ZEN), and ergot alkaloids, in
addition to deoxynivalenol, nivalenol (NIV), and HT-2 toxins (HT-2), deoxynivalenol,
nivalenol and fumonisin B1 (Eskola et al., 2001; Ji et al., 2019).

Deoxynivalenol (DON) is a mycotoxin, a type of trichothecene, and is known as a
vomiting toxin. It is one of the toxins secreted by F. pseudograminearum (Cui et al.,
2022). Moniliformin (MON) is also a mycotoxin produced by Fusarium spp., and there
are approximately 40 species fungi that can produce this toxin (Ivi¢ et al., 2009; Radi¢ et
al., 2019). In addition to Fusarium spp., Penicillium spp., and Aspergillus spp., some
fungi infect cereals. Penicillium spp. causes damage to cereals and often infects cereals
in temperate regions. They are storage fungi and produce mycotoxins (Eskola et al., 2001,

Jietal., 2019).

The use of extracts and natural materials as alternatives to chemical pesticides is a goal
of many researchers seeking to avoid the problems these pesticides can cause. They have
found that these materials can be suitable alternatives because they are harmless, naturally
decompose, and are environmentally friendly (Kim et al., 2005). Many plants have been
used to produce plant extracts. In this study, Dodonaea viscosa a plant native to tropical
and subtropical regions of the Americas, Africa, and Australia, was used. This plant has
different species which may vary in leaf size and shape. Its leaves are also considered an
effective treatment for wounds and other ailments, such as rheumatism, digestive
problems, and skin diseases (Beshah et al., 2020). Nanotechnology was used in this study
to increase the efficiency of the ethanolic extract of D. viscosa and sea salt, and to enhance
the materials used, such as their large surface area and chemical and physical properties.

Nanotechnology can be defined as the process of producing materials with one or more



dimensions on a scale of 100 nanometers or less (Peters et al., 2014). The ethanolic extract
was converted into nanoparticles by binding it to nano chitosan, which has been used in
agricultural applications due to its important properties, such as biodegradability and
environmental friendliness when used in fertilizers and seed coatings (Ibrahim and Thalaj,
1998). In addition, it is used as a nanomaterial due to the combination of pesticides or
chemicals with chitosan through ionic or covalent bonds, or encapsulating these materials
with chitosan matrices due to its homogeneous and stable encapsulation property
(Kashyap et al., 2015). Some studies have confirmed the effectiveness of ozone gas in
preserving and storing rice without any damage for 12 months when exposed to ozone
for 180 minutes (Nur et al., 2015). Exposure of barley to ozone also helped to affect the
growth of Fusarium spp. and mycotoxins produced, and maintain the quality of barley
(Dodd et al., 2011). Due to the need to search for other and many alternatives, to
traditional and chemical methods, and to apply low-cost and effective treatments as well
as alternatives against pathogens, including fungi, sea salt was also used in this study as
one of the means to affect the Fusarium spp. and test its effectiveness in inhibiting growth

and production of mycotoxins.

In this study, the ethanolic extract of D. viscosa (DVE) in its normal and nano
formulation, ozone gas at different concentrations and exposure times, and sea salt in its
normal and nano formulation were used to detect the ability of these treatments to inhibit
the growth of Fusarium spp. strains and their ability to inhibit the production of toxins

(DON and MON).



CHAPTER 1

GENERAL INFORMATION AND LITERATURE STUDY

1.1. Problem Statement

The research aimed to verify the presence of Fusarium spp. in stored grains in Iraq and
to assess the effects of alternative chemical fumigation methods used to control Fusarium
spp. in stored wheat. The potential of these materials and treatments to reduce the

production of mycotoxins associated with the growth of Fusarium spp.
1.2. Purpose of the Research

Chemical pesticides and insecticides have long been used to control insects and fungi in
grain stores. This poses a risk to the environment and workers in this field, as it also leaves
behind waste after fumigation, in addition to its high cost. This research aims to
demonstrate the effects of alternative methods and materials that are cheaper, derived
from nature, do not affect workers or the environment, do not generate waste, and do not
affect food. The effect of these methods and materials was studied on seven Fusarium
spp. isolates, which were phenotypically and genetically identified. The effects of
ethanolic and nano extracts of D. viscosa, as well as sea salt and ozone gas, on strains
isolated from grain stores across different governorates in Iraq, were also studied. The
effect of these materials and methods on the production of DON and MON mycotoxins

was revealed.
1.3. Significance of the Research

Fungal infections and the associated production of mycotoxins pose a significant threat
to human and animal health. This fungal infection may be transmitted from the field to
silos and grow further in grain stores when suitable conditions are present. Fusarium spp.

are one of the important fungi that infect grains and cause diseases in wheat fields. It



produces different types of mycotoxins. In this study, Fusarium spp. species were isolated
and treatments were applied to them. The effect of the chemical alternative treatments on
the growth of these isolates and their potential to produce toxins were revealed. Modern
techniques, such as nanotechnology, were used to achieve maximum effectiveness by
converting the alcoholic extract of D. viscosa into nanoparticles using chitosan. Sea salt
was also converted into nanoparticles by grinding it in specialized mills and treating it

with ozone gas at varying concentrations.
1.4. Literature Review
1.4.1. Wheat (Triticum aestivum)

People rely primarily on grains for their diet, most notably rice and wheat (Mrema et al.,
2012). They have noted that wheat cultivation and its presence in ancient civilizations are
very old, and archaeologists have established that Mesopotamia is its original home. The
Sumerian civilization in southern Iraq, specifically the city of Kish, 65 miles south of
Baghdad, is believed to be the birthplace of bread-making. It is thought that the first wheat
seeds were used around 3500 BCE, and archaeologists have found wheat seeds in parts
of Tiirkiye, Egypt, Syria, and Ethiopia (Cooper, 2015; Kayhan, 2014). The wheat grain
has a unique structure that gives it distinctive properties. One of these parts is the
endosperm, which contains between 81-84 % starch (Rajendran, 2003). The germ also
constitutes 3% of the wheat grain and contains vitamins, enzymes, minerals, antioxidants,
and fats (Khaled et al., 2023). Wheat provides a high calorie content due to its
carbohydrate content and is also a rich source of minerals, vitamins, and proteins (Al-
Sharmani et al., 2019). China and India are the world's largest wheat producers (Pon &
Bhalla, 2013). Global wheat production in 2024 reached approximately 798 million tons
and wheat production of Iraq was 5.23 million tons (FAO, 2024). After the crops mature
and at the appropriate time, they are harvested, which is the first step in the process by
which wheat is obtained, and then transported by specialized carriers to warechouses
prepared for this purpose until they are consumed (Yousef et al., 2016). The process of
cleaning grains before storage plays a key role in extending their shelf life, as eliminating
microorganisms present in wheat is crucial to preventing further spoilage (Bevan et al.,
1997). Non-wheat materials, minerals, foreign matter, stones, clay clumps, soil, other

grain seeds, and damaged or diseased wheat are removed (Miller, 2019; Maheshwari,



2018). The moisture content of grains ranges between 10% and 14%, which plays a key
role in their storage safety. There are several methods to reduce the moisture content of
grains after harvest, such as exposing them to sunlight to limit fungal growth and activity
(Yousefetal., 2016). Various chemicals are used to eliminate pests that harm wheat, such
as insects, fungi, rodents, and others, through a process called fumigation. However, the
use of chemicals can pose environmental and health hazards to workers, affect the quality
and properties of the food, and leave residues (FAO, 2014). Countries strive to stabilize
their wheat stocks to meet their populations' needs and control the quantity and price in
local markets, given the variation in production rates from one season to another.
Therefore, providing adequate storage facilities for the crop is crucial to controlling this

variability (Bevan et al., 1997).
1.4.2. Fungi Associated with Wheat

Many fungal diseases can infect plants and crops, and they are divided into two main

groups that are considered the most important and most common:

Obligate fungal diseases: Loose smut, Wheat leaf rust or brown rust, wheat stem rust or
black rust, striped rust or yellow rust, powdery mildew, karnal Punt, flag smut, and
common bunt. Non-obligate fungal diseases: Fusarium head blight, tan spots, septoria

disease, common root rot, crown root rot, and black point (Kayim et al., 2022).

Field fungi, storage fungi, and rot fungi are three groups of fungi that can attack grains at
different stages. The genera Fusarium spp., Alternaria, Helminthosporium, and
Cladosporium are the most common species that can infect grains before harvest in the
field. The second group includes species from the genera Aspergillus and Penicillium. In
contrast, the third group grows and feeds on crop and plant residues, including
Chaetomium spp., Papulospora spp., Fusarium graminearum, and Sordaria spp.

(Christensen & Kaufmann, 1965).
1.5. Fusarium

Fusarium spp. are a type of filamentous fungi, and it is a large genus within it.
Filamentous fungi, which come from the Latin fusus, meaning spindle, are closely related

to plants and spread in the soil (Desjardins and Proctor, 2007). Fusarium spp. comprises



approximately 300 phylogenetically distinct species. Research has identified 20 species
groups and 9 monophyletic strains. Soil is the ideal environment for many Fusarium spp.,
and it can be considered a parasite and has the ability to transform into necrotic fungi.
Fusarium spp. has been responsible for significant economic losses in many crops,

causing vascular wilt, root rot, and stem rot (Rampersad, 2020).

Fusarium spp. are a controversial fungus with significant variation in its morphological
characteristics, although similar morphologies may differ in other ways. Since its
discovery by Heinrich Friedrich Link in 1809, no unified taxonomic system has been
established for Fusarium spp., as their classification has been chaotic. Fusarium spp.
includes over 1,000 species (Stakheev et al., 2016). Fusarium spp. are a pathogen group
and a significant source of many plant diseases that can affect plants, particularly grains.
Controlling it before harvest is crucial, and even during storage, conditions must be
provided to prevent the growth of this fungus, in turn, is a source of numerous
mycotoxins, including trichothecenes of types A and B, zearalenone (ZEA), and fusarium
ergot (FBs). Group A includes T-2 toxin, HT-2 toxin, neosolaniol (NEO), and 4,15-
diacetoxyscoprinol (DAS). Group B includes nivalenol (NIV), deoxynivalenol (DON),
and its derivatives 3-acetyl (3-AcDON) and 15-acetyl (15-AcDON), and fusarenone-X
(Topi et al., 2020). Fusarium spp. have two life cycles: Fusarium spp is characterized by
having two types of life cycles, sexual and asexual. Some types of Fusarium spp. produce
sexual spores (meiotic), which are produced in airborne spores that cause plant pollution
(Dweba et al., 2017). Approximately 20% of Fusarium spp. reproduce sexually, known
Conidia major and minor are the mode of reproduction of Fusarium spp., an asexual

Deutromycota (Deacon, 2005).

Scientific classification of Fusarium spp. Kingdom: Fungi , Division : Ascomycota , Class

: Sordariomycetes , Order : Hypocreales , Family : Nectriaceae , Genus : Fusarium .

Studies indicate that there are large numbers of species in the classification of Fusarium
spp. that may reach a thousand species. The classification process for the genus is
complex; different methods, various schemas and tables are used for classification.
Selected species include; F. avenaceum, F. bubigeum, F. culmorum, F. graminearum, F.
langsethiae, F. oxysporum, F. poae, F. solani, F. sporotrichioides, F. tricinctum, F.

verticillioides, F. virguliforme (Moretti, 2009).



1.5.1. Factors Affecting the Growth of Fusarium spp.

The Fusarium spp. fungus spreads across different environments, especially in the soil
(Burgess et al., 1987) or plant residues (Rheeder et al., 1990) in a reconstituted form or
within the plant tissue (Zeller et al., 2003). Fusarium spp. fungus causes many plant
diseases, including seedling damping-off disease, Fusarium wilt disease, and head blight
of wheat. It is the most effective fungal disease in grain crops (Burgess et al., 1987). Some
factors affect the growth of Fusarium spp., such as temperature, light, pH, and the type
of nutrient medium. Some studies mentioned that fungi grow in a wide range of
temperatures, such as F. oxysporum, it grows between 10-35 °C, although the optimum
growth temperature is 27-28°C (Gordon, 2017; Kraft, 1994; Fravel et al., 1996).
Fusarium spp. tends to grow better in an acidic medium, the highest level of growth was
recorded at pH 5-6 (Cochrane, 1958). The optimum pH for growth of F. oxysporum and
F. solani ranged from 4.5 to 6.0, while this range varied when compared to F.
graminearum and F. equiseti, which grew at pHs of 3.5 and 6.5, respectively. Light
intensity also affects fungal growth, with F. solani reaching its highest growth rate in 12

hours of light and 12 hours of darkness (Kumar et al., 2010).
1.5.2. Major Diseases Caused by Fusarium spp.

Many fungal pathogenic infections are caused by Fusarium spp., which result in
infections that reduce crops and have an economic impact, in addition to crop losses and
damage. Fusarium head blight (FHB) is considered one of the most important and
dangerous diseases that affect grains, and the leading cause of this disease is the Fusarium
graminearum fungus (Beccari et al., 2022). Fusarium graminearum is one of the types of
Fusarium spp. that infects grains, especially wheat, and causes Fusarium head blight
(FHB), which is a devastating disease affecting wheat in different regions of the world,
and the mycotoxins such as deoxynivalenol (DON) that it produces affect the quality of
grains and the impact on animal health (AlTaweel et al., 2017). Researchers stated that
FHB, in addition to its seriousness, is that the plant may be infected with this disease due
to more than 17 species of Fusarium spp. The most common and proven species are
Fusarium graminearum, Fusarium poae, Fusarium avenaceum, and Fusarium
culmorum, which are among the most important species to contract this disease (Beccari

et al., 2018). When humidity reaches 80-92% and temperatures between 20 and 30°C,



the release of ascospores and macrospores is stimulated, and infection occurs via wind
and rain (Bolanos, 2018). There are many types of mycotoxins produced by F.
graminearum. It has a significant toxic effect on humans and animals, including
nivalenone, zearalenone, deoxynivalenol, and moniliformin, the external symptoms of
this disease can be distinguished by the color of infected ears, which change to pink and
orange (healthy ears are green). Cold and humid weather is an ideal environment for
producing these germs; disease symptoms appear on the heads, stalks, and ears of grains
(Kayim et al, 2022). Some studies have indicated that other types of Fusarium spp.
because of this disease, such as Bipolaris sorokiniana, Cephaliosporium gramineum,
Fusarium graminarium and Fusarium culmorum, wheat root rot occurs, with an infection
rate of 34.32% in rain-fed areas. Soil fungi are more than 30 species and may be present
on seeds; these fungi increase the infection rate of crops. These fungi include: Alternaria
spp., Rhizoctonia spp., Fusarium spp., and Bipolaris spp., and replanting wheat
simultaneously with planted varieties' sensitivity to the fungi that cause root rot disease
(Muhammed & Hussein, 2022). F. culmorum, F. pseudograminearum, F. equiseti, F.
solani, and Drechslera halodes caused root and crown rot of common and durum wheat
and barley (Fernandez & Conner, 2011; Moubark, & Abdel-Monaim, 2011). The
infection of a plant with the common root rot disease causes symptoms on the roots,
including necrotic lesions, dry and warm areas are considered the most common areas for
the growth of this disease. The common root rot and crown root rot may infect many
fields and farms in India, Australia, Europe, and China, and the percentage of losses was
as high as 75%. Some Fusarium species are responsible for infecting Zea mays L. with
certain types of fungal diseases. Fusarium species are common fungal pathogens in
maize, causing diseases such as seedling blight, stem rot, and ear rot. Fusarium
gramminerum, Fusarium fugicurii (FFSC), and Fusarium proliferatum are among the
dominant species causing ear rot in maize (Del Palacio et al., 2023). The fungus Fusarium
oxysporum schlickend. FR. f. species lycopersici (Sac.) (FOL) may infect tomato crops
with Fusarium wilt disease (Pandey et al., 2024).

Depending on the interaction between plants and fungi, fungi may obtain food from plants
as decomposers or live with plants as beneficial symbionts (Eskola et al, 2001; Ji et al.,
2019). Many plants are susceptible to Fusarium spp. infection, which is important for

human and animal nutrition, and the infection varies from one plant to another, as it can
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infect seedlings, roots, stems, and heads. The infection leads to a noticeable loss in the
material value and quality of the crop. Crown rot (CR) is among the major diseases caused
by Fusarium head blight (FHB) and root rot (RR). It may cause wilting, stunting, and
necrosis of the plant, which varies according to the severity of the infection, two of the
most dangerous wheat diseases worldwide are Fusarium CR and Fusarium FHB (Askun,

2018).
1.6. Mycotoxin

Mycotoxins (MTs) are toxic secondary metabolites produced by many fungal genera,
such as Aspergillus spp., Penicillium spp., Alternaria spp., Fusarium spp. Furthermore,
the origin of mycotoxins dates back to ancient Greece, consisting of two syllables: the
first, mykes, meaning fungus, and the second, toxium, meaning poison. The different
studies and research have proven that over 400 types of mycotoxins exist (Oadi, 2020).
The most significant importance was placed on 12 mycotoxins due to their dangerous
effects on humans, animals, and plants (WHO, 2018). Mycotoxicosis is the term used for
poisoning associated with exposure to mycotoxins. Mycotoxicosis symptoms depend on
the type of mycotoxin, the concentration and length of exposure, and the age, health, and
sex of the exposed individual (Bennett and Clich, 2003). Mycotoxins play a significant
role in affecting plant condition, and studies have shown that they weaken plants by
inhibiting protein synthesis and cell division. One of the most important factors that lead
to a plant becoming infected with fungi is the plant’s genetic predisposition to infection,
manufacturing practices, and environmental conditions such as temperature, humidity,
and climate in general overall climate (Bryla et al., 2022). Research and studies in this
field indicate that about 25% of global grain production worldwide has been contaminated
with mycotoxins (Pal, 2017). The minimum concentrations of mycotoxins in food must
not exceed specified international standards. It has not been proven that eating foods
containing fungal toxins does not affect public health, and such foods are not without risk.
There is evidence that aflatoxin B1 is a major cause of liver cancer in humans (Alkadri,
2012). Contamination of crops with mycotoxins caused significant losses, leading to
decreased crop productivity and losses amounting to more than one billion five hundred
million dollars due to only three types of mycotoxins: aflatoxins and Fusarium spp.

toxins, and trichotoxins (Oadi, 2020; Bhatnagar et al., 2006). Aflatoxins, ochratoxin A,
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fumonisins, tricothecins, and zearalenone are most important toxins that can be found in

foods and have a significant impact on human health (Pitt, 2000).
1.6.1. Factors Affecting Mycotoxin Production

Many different factors affect the production of mycotoxins, such as the type of crop,
climatic factors, like humidity and temperature, harvesting process, storage conditions.
Studies have confirmed that insect infestation of grains contributes to the development of
the fungal condition and the intensity of its growth (Gnonlonfin et al., 2013). Climatic
conditions may not directly affect fungi, but they do affect plants, which in turn affect
toxin-producing fungi, thereby encouraging or inhibiting toxin production in that
environment. Areas with only arid or hot climates are less likely to experience fungal
infections than areas with both arid and hot climates. Aflatoxin production was lower than
under normal conditions in the presence of low-oxygen environments (Popovski & Celar
,2013). Fusarium graminearum is one of the types of Fusarium spp. that infects grains,
especially wheat, and causes Fusarium head blight (FHB), which is a devastating disease
affecting wheat in different regions of the world, and the mycotoxins such as
deoxynivalenol (DON) that it produces affect the quality of grains and the impact on
animal health (AlTaweel et al., 2017). Grain damage due to Fusarium has become a
standard indicator of the presence of dioxynevalinol (DON) toxins, and also indicates
infection of the grain by the fungus Fusarium graminearum. Furthermore, the variation
in (DON) concentrations in field trials was related to the effect of environmental factors
and the relationship between (DON) concentration and disease severity (Palazzini et al.,
2015). In addition to temperature, humidity, and other climatic factors, sunlight affects

fungi and their production of mycotoxins (Miraglia et al., 2009).

Interest in Fusarium spp. began in the 1800s with the observed association between
Fusarium spp. infected grain and animal toxicosis and continued with Wollenweber and
Reinking's work on Fusarium spp. taxonomy in 1935 (Ozeren, 2022). Inoculation studies
are currently being conducted worldwide, including in Turkiye, on inbred lines and
varieties to identify corn genotypes resistant to Fusarium spp. In this context, attempts
are being made to determine the level of resistance by inoculating plant stems and ears in
the field (Cengiz, 2016). The main Fusarium spp. toxins are fumonisin, trichothecene,

and zearelenone (Sardjono et al., 1998; Adejumo et al., 2007). In addition to these toxins,
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many other toxins, such as fusarochromanone, fusaproliferin, wortmannin, sambutoxin,
moniliformin, fusaric acid, fusarin C, equisetin, and fusariosin, are also produced by
Fusarium spp. (Ozeren, 2022). The mycotoxins produced by Fusarium spp. are the most
common and have been studied by researchers due to frequent contamination of foods
and crops with these toxins Deoxynivalenol, nivalenol, zearalenone, T-2 toxin, and
fumonisin B1 (Fang et al., 2019). The toxins produced by Fusarium spp. are naturally
occurring secondary metabolites (secondary metabolites (mnd p threat to global grain
production, leading to food and animal feed contamination (Ferrigo et al., 2016).
Fusarium spp. affects the plant economically by infecting the plant with various diseases
that cause indirect losses, such as limiting seed germination, or infection with stem rot,
etc., which affect crops directly. The effect of Fusarium spp. on plants varies depending
on many factors, such as temperature, humidity, and environmental conditions, the toxins
produced by Fusarium spp. are naturally produced secondary metabolites, they pose a

threat to global grain production, leading to food and animal feed contamination.
1.6.2. Major Mycotoxins
1.6.2.1. Fumonisins

In 1988, researchers described the mycotoxin fumonisins (Bennett and Clich, 2003).
Fumonisins as mycotoxins produced mainly by some species of Fusarium spp., such as
F. verticillioides as well as by F. proliferatum, F. napiforme, and F. nygamai (Chehri et
al., 2010). Fusarium spp. are classified into four groups: (A, B, C, and P), they represent
more than 28 types of fumonisins (Alshannaq & Yu, 2017). Mycotoxins contain a
backbone of 20 aliphatic carbon atoms, which is modified with methyl, hydroxyl, and
amino moieties, and two esterified 1,2,3-propanetricarboxylic acid side chains, which are
characteristic features (Kaltner et al., 2017). Fusarium spp. can cause brain diseases in
horses and hepatitis in rats (Chehri et al., 2010). The World Health Organization (WHO)
indicated that the concentration of this toxin is 2 micrograms/kg of body weight, the
maximum permissible limit for Fusarium spp. toxins as a whole or individually (Kaltner
etal., 2017). Fumonisins B1 (FB1) is one of the most common Fusarium spp. mycotoxins
(Ug et al., 2021). Some studies have shown the presence of fumonisins in rice fields in
several countries, including China, Argentina, Korea, and the United States, as well as in

sorghum fields in Brazil and India, wheat fields in Spain were also surveyed for FB1
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contamination and found to be present in 8 out of 17 wheat samples, at concentrations
ranging from 0.2 to 8.8 mg/kg (average 2.9 mg/kg) (Shephard et al., 2005). Below is a

brief overview of the toxins detected in this study.
1.6.2.2. Deoxynivalenol (DON)

Deoxynivalenol (DON) is one of the most important toxins contaminating grains such as
corn, wheat, and barley. It is a fungal poison produced by Fusarium spp., forming the
leucotoxin triad. It dramatically affects the health of humans and animals by stimulating
appetite loss and increasing plasma levels of the satiety hormones cholecystokinin and
peptide (Hui Jia et al., 2017). Morooka and his group were the first to discover and
diagnose this toxin in Japan in 1972. It is a secondary metabolite of the fungus F.
graminearum. Isolated from barley, it is called emetic poison (Vomitoxin), a name given
to it by Vesonder in 1973 (Abdul Razzaq, 1989). DON belongs to the type B trichothecene
group, it contains an epoxy group between carbon atoms 12 and 13. Also, it contains a
trichothecene ring, one primary hydroxide group, two secondary hydroxide groups, and
a carbonyl group on carbon atom 8 (Deijn et al., 1997). DON is a solid chemical substance
that forms white crystals with a low molecular weight of 296.32 da, it can dissolve in
water and polar solvents such as ethanol, ethyl acetate, methanol, and chloroform; it is
also not affected by high temperatures (Eriksend et al., 1998). Many studies have shown
that DON has high resistance and stability at high temperatures, such as those encountered
during cooking extended storage periods (Ehling et al., 1997). Deoxynivalenol,
Diacetoxyscrpenol, nivalenol, and toxin-2t are toxins of Fusarium spp. that cannot be
detected without solutions to show, as they do not absorb ultraviolet radiation and
therefore do not fluoresce (Abd al -Hamid, 2000). Other studies indicated that 12% of
DON toxins could be reduced, and that it showed good stability at 100-120°C, while it
was partially destroyed at170°C (Wolf et al., 1999).

The human body is sensitive to disease, and this sensitivity increases through its effect on
growth regulators. Studies have shown that DON toxin affects these regulators, as well
as its effect on protein synthesis, by inhibiting it by reducing the level of ribosomes. In
addition, it inhibits the synthesis of DNA and RNA (Rotter, 1996). Intestinal poisoning
with DON toxin, through oral ingestion has a significant impact on humans; the

symptoms are nausea, dizziness, headache, vomiting, fever, and diarrhea. These
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symptoms are very similar to Bacillus cereus poisoning. The percentage of DON toxin
ranged between 1 and 40 micrograms/gram, among this high percentage, 7.818 victims
were poisoned in China due to eating wheat and yellow corn contaminated with the toxin
DON (Luo, 1988). This poison also clearly affected the absorption of nutrients, including
sugars, lipids, and amino acids, the inhibition rate of food conversions ranged from 1
microgram/liter to 5 micrograms/liter, and its effect and inhibition rate were 50% and
76%, respectively. In addition, it has a significant effect on antibodies in the body, as it
reduces them; thus, the body becomes more susceptible to viral and bacterial diseases
(Maresca et al., 2002). In this study, a survey was conducted on wheat samples from the

governorates of Iraq to detect this toxin.
1.6.2.3. Moniliformin MON

Moniliformin (3-hydroxycyclobut-3-ene-1,2-dione) (MON) is a mycotoxin produced by
Fusarium spp., and approximately 40 species of Fusarium can produce it (Ivi¢ et al.,
2009; Radi¢ et al., 2019). The discovery of MON dates back to 1973, from Fusarium
moniliforme cultures, in a study by Cole et al. (1973). Dr. Alexis Nathaniel introduced
the moniliformin form, which is the sodium or potassium salt of sucrose
(hydrocyclobutanedione), derived from two acetate units via oxidation and hydration
reactions (Jonsson, 2017; Schiitt et al., 1998). In a study to determine the relationship
between acidic environment and MON stability, it was observed that at pH 4, 7, and 10,
MON was most stable at pH 4. The researchers reported that MON is stable in neutral or
acidic conditions, as in bread, continued heating for two hours at 50°C caused losses in
MON and made it stable under freeze-drying conditions. Water is a suitable solvent for
MON and is used as an extraction solvent (Jestoi, 2008; Sch™utt et al., 1998) reported that
F. chlamydosporum produces moniliformin, the production of this toxin has been
recorded from at least 24 species of Fusarium spp., and it has been reported that F.
oxysporum, which produces this toxin (Rabie et al., 1982; Abbas et al., 1989; Sch utt et
al., 1998). A study in Poland concluded that F. culmorum and F. graminearum may cause
FHB disease in wheat, as well as F. avenaceum. Still, it is less capable than F. culmorum
and F. graminearum, which caused a reduction in production and an increase in
moniliformin concentrations (Golinski et al., 1997). The presence of this toxin is
widespread in northern Europe resulting from the infection of wheat by several strains of

Fusarium spp., including F. proliferatum, F. nygamai, F. subglutinans, F. thapsinum, F.
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avenaceum, F. tricinctum, and F. fujikuroi. MON concentrations in wheat were low in
Finland and Norway 0.81 and 0.95 mg/kg, respectively (Jonsson, 2017). This study

investigated MON presence in wheat stores in Iraq.
1.7. Methods of Controlling and Reducing Fungi and Their Mycotoxins

After we know the reasons that help in the occurrence of mycotoxins, we must know the
most important methods that help in avoiding the occurrence of mycotoxins, including
lowering the crop storage temperature, reducing the moisture content, and storing in
typical warehouses to avoid insect infestation, which are also among the factors that help
in the occurrence of mycotoxins (Ismail, 2014). Preventing the occurrence of mycotoxins
starts from the field through efficient harvesting operations, transporting grains, eating
them, drying them, storing them, and the problems that accompany them and avoiding
them, all of this creates a suitable environment for preventing mycotoxins and their
occurrence, poor storage conditions, such as a temperature between 25 and 32 °C, are
considered an optimal temperature for the occurrence of mycotoxins. Likewise, the
relative humidity, which ranges between 80-100%, is also one of the best humidity levels
for this to occur, in addition to a very important factor, which is the moisture content of

the crop, when it is between 16-30 be in its ideal conditions (Oadi, 2020).

Certain steps must be taken to prevent or reduce the incidence of mycotoxin
contamination, segregation of grains (wheat, rice, corn, etc.), figs, beans, almonds,
walnuts, and hazelnuts is important, as these crops are often susceptible to aflatoxin
contamination. Examination is carried out for signs of mold, and any faded, moldy grains
or those showing signs of fungal infection are discarded (Ogbonna et al., 2021).
Mycotoxin contamination of crops increases with several factors, including temperature,
humidity, moisture content, and the condition and integrity of the grains, therefore, it is
essential to create an environment unfavorable to fungal growth and contaminants by
planting resistant varieties, regulating harvest times, ensuring grain safety, and reducing
grain moisture content, controlling grains and preventing insect infestation also
contributes to fungal infection control, in addition to lowering storage temperatures
(Semple et al., 1989; Matny, 2014). It is also important to purchase and store healthy and
fresh grains or crops, and to store them in optimal storage conditions as much as possible

to avoid insect infestation and damage resulting from storage, which is a suitable
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environment for fungal growth and, consequently, the production of mycotoxins,
diversifying food and nutritional sources also helps reduce the mycotoxins the human
body may be exposed to, while providing a healthy diet to improve human nutrition, an
important note is that grains and crops should not be stored for long periods (Ogbonna et

al., 2021).
1.7.1. Physical Control

To understand how to manage and control fungi, we must understand the factors that can
affect their growth and cause disruptions that can inhibit or eliminate them, these factors
include: temperature, light, nutrients, pH, water activity, and aeration, most fungi grow
between 10 and 35°C, although some thrive in extreme temperatures (Ali et al., 2017).
Drying grains is an effective method for inhibiting fungal growth and thus preventing
mycotoxins; providing a safer environment and reducing potential damage to the grain
during harvest and before storage (Langseth et al., 1993). Airtight storage is an important
method that has shown positive results in affecting the growth of microorganisms, this
method depletes oxygen, transforming the environment into an unsuitable environment

for fungal growth (Mohapatra et al., 2016).

The results of steam treatment of DON toxins at different temperatures, 110, 135, 160,
and 185°C, with different steam speeds: 0.65, 1.3, 1.5 m/s, showed a significant effect on
reducing DON toxin concentrations, the inhibition rate reached 52% when the steam
temperature was 185°C and the toxin was exposed for 6 minutes (Pronyk et al., 2006).
The effect of magnetized water on controlling Fusarium wilt disease in tomatoes, caused

by the fungus Fusarium oxysporum, and on tomato production when using magnetized

water (3000 Gauss) was studied. Inhibition of fungal growth by 100% (Hatem, 2020).
1.7.1.1. Ozone application

Many microorganisms have been treated with ozone; studies have proven it is a powerful
oxidizing agent (Khader et al., 2001). The first person to discover it was Christian
Friedrich Schonbein in 1839 (Zhu, 2018). The name ozone is named after the Greek word
“Ozein”, which means “smell” (Catal and Ibanoglu, 2012). Grains were treated with
ozone in the twentieth century and used as a sterilizing agent for organic matter on their

surfaces (Campabadal et al., 2013). Ozone was used for several purposes, including



17

sterilizing drinking water in France in 1906, treating shellfish in France in 1936, and
disinfecting swimming pool water in America in 1918, it was also used to disinfect
salmonella from peeled eggs in Russia in 1977. In 1997.0zone was declared safe for food
processing. It was deemed GRAS (generally recognized as safe) for bottled water in the
USA (Sopher et al., 2002). Ozone is a molecule consisting of the union of three oxygen
atoms (O3), this occurs by splitting the oxygen molecule into two atoms (free radicals),
then, due to the increase in energy, it tends to combine with another oxygen atom to form
O3 (trioxygen atoms), one of the most important features of ozone gas is its odorless

density of 2.144 g/L (Campabadal, 2013).

Ozone penetration depends on many factors including ozone concentration and the period
of exposure. (Raila et al., 2006). Studies have shown that one of the most important
factors in slowing ozone penetration into grains is high humidity, which reduces the effect
on microbial growth and the presence of insects and microorganisms (Steponaviciené et
al., 2012). The type of wheat also played a role in ozone penetration; the penetration of
water treated with ozone under the same conditions was easier in soft wheat than in hard

wheat (Ibanoglu, 2002).

Increasing ozone concentration was associated with a significant decrease in treatment
time, with insect mortality rates varying depending on their ozone resistance and
sensitivity (Allen et al., 2003). Some studies confirmed that treatment occurs at
temperatures between 20 and 40°C (Hansen et al., 2013). Other studies showed that
fungal contamination is less resistant to ozone, with faster penetration associated with
higher temperatures (Steponavicini et al., 2012). The duration of treatment, whether long
or short, depends on several factors, such as the type of insect or microorganism, the
ozone concentration, and others (Allen et al., 2003). Studies have shown that fungal
contamination removal increased 2.2-fold when the grain moisture content was 15.2%.
When it rose to 22%, removal tripled at a concentration of 700 ppm. The number of fungal
spores decreased from 19.6% to 4.2% when the water activity of the barley decreased
from 0.98 to 0.88 after 5 minutes of treating the barley with ozone (Allen et al., 2003;
Mujumdar and Beke, 2003).

According to Dodd et al. (2011), the application of ozone at a concentration of 26 mg/cm?

for 120 minutes, following 2 and 6 hours of steeping, eliminated Fusarium spp. and the
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mycotoxins it may produce, while preserving the barley. Ozone also affected Fusarium
spp. growth and mycotoxin production, and its effects on DON were measured.
Furthermore, it helped maintain barley quality. The effect of ozone treatment can vary
depending on the type of fungus and its interactions with biological factors during the
treatment procedure it is noted that 96% of fungal spores were eliminated when ozone
was applied to fungi growing on barley at a rate of 0.16 mg/g of ozone (Isikber and
Athanassiou, 2015). El-Desouky et al. (2012) demonstrated that ozone is an effective
means of inhibiting AFB1 in wheat, as using ozone at a dose of 40 ppm resulted in an
83.21% inhibition of this toxin after 20 minutes of exposure water treated with ozone 1.5
and 11.5 mg ozone /1 could reduce the total number of bacteria, yeasts and fungi by
immersing the grains in water treated with ozone (Ibanoglu, 2002; Allen et al., 2003).
Savi et al. (2014) showed that ozone gas, at a concentration of 60 mmol/mol for 120
minutes, reduced the growth of the fungus F. graminearum and caused the decomposition
of DON, however, it did not cause any physical or chemical changes in the grain. The
rate of DON degradation in Fusarium graminearum was correlated with the length of
exposure to ozone and the increase in its concentration, this rate increased directly with
increasing concentration and treatment period, the degradation rate reached 93.6% when

ozone gas was used to treat 1 pg/ml of DON solution at a gas concentration of 10 mg/L

(Lietal., 2015).
1.7.2. Biological Control

Researchers have developed numerous biological pesticide products to control root, fruit,
and leaf diseases. Among the most important biological control agents (BCAs) are the
bacteria Bacillus, Bantoya, Streptomyces, Trichoderma, Clonostachys, Pseudomonas,
Burkholderia, and some yeast species (Lahlali et al., 2022). Due to the negative effects
of chemical pesticides used to control fungi, some microorganisms have been developed
as an alternative to these pesticides, which cause significant harm to humans and the
environment. Examples include the bacteria Bacillus subtilis, B. megaterium,
Trichoderma viride, T. harzianum, and P. fluorescens (Abdul Kader et al., 2021). To
effectively manage diseases using biopesticides, environmental changes and other
influencing factors must be identified as a viable and economically sound approach.
These factors may affect the pathogen, microbial product, or plant, and include water,

nutrition, seeds, light, field management, plant protection, machinery technology, air,
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soil, population density, and others (Sondram et al., 2023). From another perspective,
biological methods raise concerns about potential harm from nutrient uptake and the

release of microbial metabolites (Afsah-Hajri et al., 2020).

It is essential to understand how organisms interact through direct and indirect contact
and to identify biological control mechanisms. Interaction types are classified as
symbiotic, primary cooperative, commensal, neutral, competitive, antagonistic, parasitic,
and predative (Pall and Gardner, 2006). One method of biological control of toxic fungi
is to introduce and treat the soil with non-toxic fungal species, such as Aspergillus flavus
and A. parasiticus, which have significantly reduced aflatoxin contamination. Non-toxic
strains of Fusarium verticillioides have also been successful in reducing or eliminating

fungi capable of producing fumonisin (Conti et al., 2020).
1.7.3. Chemical Control

Chemical control (using pesticides) is the most widely used method worldwide, despite
the damage it causes to the environment and non-target organisms, because it is easy to
apply. It provides clear, quick results and can be applied across various environments
(Panth et al., 2020). Chemicals occupied a distinguished and important place in pest
control programs in the methods used to manage and control pests. The beginning was
with lime sulfur in the middle of the nineteenth century. Many fungicides with therapeutic
properties later mainstays until recently (Knight et al. 1997; Morton and Staub, 2008).
Organic and inorganic salts are widely used because they are generally low-toxic to
mammals. They can also be used as acidity regulators, food preservatives, and

antimicrobials (Olivier et al., 1998).

Studies have shown that many salts can inhibit fungal growth. Types such as sodium
sulfide, ammonium carbonate, and sodium chloride have been used. Their effectiveness
has been proven against the fungus 4. flavus growing on corn for 28 days at
concentrations of 1, 2, 3, 4, and 5%. Ammonium carbonate at a concentration of 2% was

the best concentration used (Thanaboripat et al., 2010).

On the other hand, calcium carbide was used at concentrations of 0.1 and 0.125% g/L, as
it reduced A. flavus biomass and spore concentrations, and affected AFB1 toxin

production (Abdel Aziz, 2015). Oxidizing agents played a major role in inhibiting
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trichothecene toxins; Sodium hypochlorite (NaOCI) at 0.25% for 4 hours demonstrated
good results in inhibiting biological activity (Rai et al., 2012).

Using sodium chloride at a concentration of 120 mg/g significantly inhibited the
production of. A. flavus by 100% with a reduction in 1AFB production after it was
incubated for 7 and 12 days, no effect of sodium chloride salt appeared when it was used
at a concentration of 40 and 80 mg/g after infection for 14 days, while this concentration
had an effect on AFB1 production and decreased by 41% and 54% (Thanaboripat et al.,
1992).

Tiirkkan (2013), reported that 26 different salts, including ammonium carbonate,
ammonium bicarbonate, and sodium metabisulfite, were applied to the fungus Fusarium
oxysporum f. sp. cepae. Each of these salts completely inhibited fungal growth, with no

significant differences in inhibition rates.
1.7.3.1. Effect of sea salt on fungi

Salt is a chemical compound used in human food, food processing, and preservation.
According to the World Health Organization (WHO), a person's daily salt intake should
be around 5 grams (less than 2 grams of sodium) (Chudy et al., 2025). Common table salt
(sodium chloride) is known for enhancing the flavor of food. It has a crystalline structure
and is extracted from salt mines or seawater (Shen et al., 2022). Salt has been used for a
long time to preserve food, especially meat and fish. Saline solution has been used and

proven to be more effective than dry salt.

Research has shown that salt can inhibit microbes at a concentration of 3-5%, and at high
concentrations of 20-15% in preserving meat and fish, the effectiveness of saline solution
lies in intracellular tonicity, equivalent to the force generated by a saline solution with a
concentration of 0.85 - 0.9%. These saline solutions for bacterial dilutions are prepared
at this concentration so that no change occurs inside the cell, and intracellular osmosis of

microbial cells (Al-Muslih, 1990; Wade et al., 2000).

Abbas Al-Hamiri and Hussein (2020) showed the effect of common salt from local
markets on the growth of A. flavus in PDA culture medium. He recorded an inhibition

rates of 3.17% and 3.52% at concentrations of 100/gm3 and 2.5, respectively, with no
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effect at 1%. Meanwhile, concentrations of 100/gm3, 2.5, and 1 ml of sea salt on a micro

scale did not achieve reasonable inhibition rates, with 0, 5.8, and 12.58%, respectively.

Sodium chloride was applied to assess its potential to inhibit A. flavus growth, and it was
found to have no effect at concentrations of 40 and 80 mg/g after 14 days of incubation.
Still, the production rate of AFBI toxins decreased to 41% and 54%. Applying sodium
chloride at a concentration of 120 mg/g helped inhibit the fungus by 100% (Thanaboripat
etal., 1992).

When applying a concentration of 10% sodium chloride to chicken feed, the growth of 4.
flavus was inhibited by 100% (Aboul-Nasr, 2014). Trichothecene toxins were removed

by oxidation with NaOCIl. Chemically, it is a potent oxidizing agent (Rai et al., 2012).

Sodium chloride, and sodium bisulfide were applied at concentrations of 1, 2, 3, 4, and
5%, and all of these salts helped reduce and prevent the growth of 4. flavus on maize

(Thanaboripat et al., 2010).

Wade et al. (2000) reported that sodium chloride solution affects some Fusarium spp.
genus that cause plant diseases. When the solution was used at a rate of 0.25 - 0.5 g
sodium chloride/liter on cyclamen plants grown in soil contaminated with F. oxysporum,
this led to a reduction in the mortality rate and a reduction in the effect and severity of the
disease. This study evaluated and studied the effectiveness of micro- and nano-sized sea
salt on fungal growth and mycotoxin production. To the best of our knowledge, no
research has examined the effect of sea salt in nano status on Fusarium spp. producing

MON toxins.
1.7.4. Plant Extracts

Plants and their parts, such as leaves, bark, seeds, and flowers, have been traditionally
used in many parts of the world, in addition to the products derived from these parts, such
as oils and ashes, they have been used to control insects and microbes for a long time.
Plant derivatives have been used as insecticides and fumigants, and are characterized by

their biodegradability (Dubey et al., 2008).

Some studies have indicated that vegetable oil has played a role in preventing fungi

growth and damage to stored grains through insect infestation. This type of application
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has been applied in India, where the oil acts as a barrier that prevents the growth of fungi
by reducing and limiting the oxygen reaching it and acting as a barrier to prevent moisture
leakage, one of the features of this application is its effectiveness in storing grains and

low cost (Mohapatra et al., 2016).

Flavonoids, isoflavonoids, terpenoids and their derivatives, they are natural plant
derivatives, studies have proven their effect on fungi and the possibility of using them as
an alternative to chemical substances. They have been used against fungi in stored grains;
two fruit peels were used separately: lemon and pomegranate, lemon peels inhibited
aflatoxin production by 100% when the rice was stored for three months at 18% humidity
and 25°C. Pomegranate peels had a similar effect when the storage period was extended

to 4 months (Naseer et al., 2014).

Many studies have confirmed the ability of plant essential oils to prevent fungal growth.
However, their use in grain stores requires permits from regulatory bodies, and most

experiments remain limited to laboratory settings (Mohapatra et al., 2016).

Proved that the ethanolic and aqueous extract of cress, rue and fenugreek plants inhibited
the growth of the fungus F. veticilloides in varying proportions. It was found that the
powder of the flower buds of carnation at a concentration of 1000 - 2000 mg/liter had a
high inhibitory activity against 13 types of Aspergillus spp. by the food poisoning method
(Kareem et al., 2009).

The antifungal activity of eugenol in a model system against the fusaria (F. oxysporum
and F. avenaceum) was investigated, the radial growth of 4. terreus and F. avenaceum
was inhibited at 140 mg/liter, and the growth of F. oxysporum was completely inhibited
at 150 mg/liter (Campaniello et al., 2010).

Plants produce various chemical compounds that differ in composition, quantity,
distribution, and degree of accumulation within the plant, as well as in their metabolic
processes and biological functions. Each compound has multiple and unique properties
and functions (Siddiqi, 2021). The following are examples of plant chemical compounds:
Tannins are water-soluble plant compounds, specifically natural polyphenols, used in
various fields, including lipid oxidation, regulation of oxidative enzymes, antioxidant

activity, and metal chelation. They also possess anti-inflammatory and antimicrobial
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properties in the human body, making them highly valuable in numerous applications

within the food and medical sectors (Singh & Kumar, 2020).

Saponins are active compounds with diverse biological functions, including emulsifying
foaming agents and non-ionic surface tension reduction. They are used in the food
industry as food additives (Krigel et al., 2017). Alkaloids are naturally occurring
nitrogenous compounds found in most plants, characterized by their complex structure
and wide distribution (Gutierrez-Grigalva et al., 2020). Flavonoids are naturally occurring
phenolic compounds produced by plants; they are phenolic compounds found in fruits,
vegetables, grains, and other plant parts such as roots, stems, and flowers. They can affect
vital cellular enzymes and act as antioxidants and anti-inflammatories (Panche et al.,
2016). Flavonoids are insect attractants and play an important role in protecting plants
from ultraviolet radiation. Studies have also shown them to have antiviral and antifungal
properties (Kaurinovic and Fastag, 2019). Resins are fat-soluble compounds found in
herbaceous plants. They contain both volatile and non-volatile components and are
characterized by their viscosity. They also play an important role in preventing bacterial
infection (Bernhoft, 2010). Trees direct stored resin to the site of infection through special
channels to combat pathogens that invade the plant or mechanical damage (Slinski et al.,
2015). Terpenoids are chemical compounds found in plants and nature. They are a major
component of essential oils and are used in therapeutic applications due to their
antibacterial activity (Cox-Georgian et al., 2019). Glycosides are plant compounds that
are secondary metabolites linked to monosaccharides, oligosaccharides, or uronic acid in
various forms (Bernhoft, 2010). Cyanogenic glycosides are important toxic glycosides
that produce hydrogen cyanide, a fungicidal compound. It has been shown to affect the

fungal hyphae of the rice fungus Magnaporthe grisea (Dey, 2016).
1.7.4.1. Dodonaea viscosa plant

Dodonaea viscosa is believed to have originated in Australia, but it is found throughout
the tropics and subtropics. The plant is distributed across Africa (Sudan, Ethiopia,
Somalia), Asia (Iraq, Malaysia, India), South America (Brazil, Bahamas, Bermuda,
Cuba), and North America (Mexico, United States). D. viscosa is a plant belonging to
Kingdom: Plantae, Subkingdom: Viridiplantae, Infrakingdom: Streptophyta,
Superdivision: Embryophyta, Division: Tracheophyta, Subdivision: Spermatophytina,



24

Class: Magnoliopsida, Superorder: Rosanae, Order: Sapindales, Family: Sapindaceae,

Genus: Dodonaea, Species: D. viscosa (Al-Snafi, 2017).

D. viscosa is a medicinal plant belonging to the Sapindaceae family, commonly known
as sticky hopbush. It contains chemical compounds of great importance in medicine,
known as secondary metabolites. D. viscosa contains numerous alkaloids, glycosides,
saponins, tannins, flavonoids, volatile oils, and some beneficial acids (Al-Aubaidi, 2016).
D. viscosa is characterized by being a tall tree that can reach up to 5 meters, and
sometimes it may be smaller. Its leaves are alternate, simple, spirally arranged, with a
thick petiole that can reach 0.2 cm in length. The leaf has a pointed tip and a drooping
base, and it has with about 16 pairs of secondary veins. The flower stalk reaches 0.5 cm

in length, and the inflorescence can reach 7 cm (Maresca et al., 2002; Manjulatha, 2012).
1.7.5. Nanotechnology

Nanotechnology can be defined as the process of producing materials with one or more
dimensions on a scale of 100 nanometers or less, consisting of separate functional parts
either internally or on the surface, or forming aggregates or agglomerations with a size
greater than 100 nanometers. (Peters et al., 2014). Nanoparticles can be classified into
organic and inorganic nanoparticles (Ealia & Saravanakumar, 2017). Richard
Feunemann, the physicist who pioneered nanotechnology in 1959, and whose 1982
invention marked the beginning of the nanoscale world, was followed by further
developments, including the invention of another microscope, the atomic force
microscope. These microscopes were further developed until a high-energy electron
microscope was introduced in 2002. This development enabled the indirect observation

of atoms and molecules (Azamal Husen & Siddiqi, 2014).

Nanotechnology relies on producing and manufacturing molecules with specific, planned
specifications by rearranging of atoms (Neal, 2008; Sassolas et al., 2012). This principle
is the basis of nanotechnology, as reducing the size of a molecule is directly proportional

to the reaction rate (Guzman et al., 2009).

Nanoparticles achieve their function through multiple forms of contact with the bacterial
cell, using various methods, such as hydrophobic interactions, van der Waals forces,

electrostatic attraction, and receptor-ligand interactions, they then target the metabolic
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pathway, which has a direct relationship and significant impact on the cell membrane,
they then target ribosomes, lysosomes, DNA, and enzymes, which represent essential cell
components, this disrupts cell permeability, inhibits enzymes, disrupts electrolyte
balance, and disrupts proteins, most antibiotics and other therapeutics that can affect
microbial cells involve contact with the outer cell wall and then affect it in various ways,
however, nanoparticles differ in that they can penetrate the bacterial cell and inhibit its
function through three mechanisms: inducing oxidative stress, releasing metal ions, and

non-oxidative mechanisms (Wang et al., 2017).

One of the mechanisms by which nanoparticles work is to disrupt and damage
mitochondrial DNA and the mitochondrial membrane, producing reactive oxygen species
(ROS), which damage mitochondrial proteins and lipids, triggering inflammation and
apoptosis, they interact with the sulthydryl group, disrupting the mitochondrial transport
chain and metabolic enzymes, disrupting the plasma membrane and DNA replication,
they may also affect the cellular membrane and disrupt its structure, nanoparticles are
characterized by their ability to transport the drug or substance to a specific location (Dutt

etal., 2023).
1.7.5.1. Chitosan and nanotechnology

Chitin is a biopolymer that serves as the primary raw material for chitosan production. It
is abundant in nature, second only to cellulose, and is found in eukaryotic organisms such
as insects, fungi, and crustaceans (Eliyah & Hamblin, 2016). Its history dates back to
1859 with the work of Charles Roget, and it was named chitosan by Hoppe-Seyler in
1894. It has been used in diverse fields, including food, agriculture, medicine,

pharmaceuticals, and packaging (Morin-Crini et al., 2019).

The properties enjoyed by chitosan, such as biological decomposition and insect, gave it
the characteristic of use in agricultural applications without fear of damage to the
consumer and not damage the environment. Its use in fertilizers, sheets and seeds paint,
Chitosan is characterized by the presence of amino groups that give the ability to melt in
mitigating acids (pH <6) and through this property it can be used to purify and treat
sewage water by forming complexes with mineral ions, for soluble chitosan under mild
conditions, depending on the pH (Ibrahim & El-Zairy, 2015). The US Food and Drug

Administration approved chitosan as a safe food additive, and it was also approved in
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Japan in the nineties of the last century, as it is considered a biologically active substance
(Morin-Crini et al., 2019). Chitosan showed the ability to be used as an antimicrobial
against Escherichia coli, and studies have shown that crustacean chitosan has a greater
antibacterial ability than insect chitosan during the same incubation period of 49 hours
and at the same pH 5.0 (Biiytikyoriik, 2021). Chitosan inhibits plant pathogens, including
fungi, by halting the growth of suppressor fungi or killing them with fungicides, chitosan
acts as a stimulant, activating and enhancing plant defense responses against pathogens,
thereby increasing plant defense reactions against pathogens, thus accelerating the
response and halting the pathogen's invasion, it can be considered an inducer of resistance

(Benhamou et al., 1994).

Chitosan is used as a nanocarrier to combine pesticides or chemical substances with
Chitosan via ionic or covalent bonds, or to encapsulate these substances within chitosan
arrays. Due to its properties, chitosan provides homogeneous, stable packaging (Kashyap
etal., 2015). In addition to its work as a nanocarrier for agricultural chemicals, nanoscale
chitosan can act as an enzyme promoter and an effective antifungal, antiviral, and
antibacterial agent (Figure 1) (Maluin & Hussein, 2020). The formation of chitosan
nanoparticles 1is achieved through various strategies, including autogenesis,
sedimentation, emulsion cross-linking, consolidation of emulsion droplets, reverse

micelles, and sieving (Kashyap et al., 2015).
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Figure 1. Chitosan nanoparticles and their applications in various fields
(Chandrasekaran et al., 2020)
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The high surface area of chitosan nanostructures that contact the surfaces of pathogens
increases the mechanism's efficiency due to chitosan's small size; it thus enhances the
absorption and penetration of chitosan into plant tissues and pathogens (Maluin &
Hussein, 2020). There are many areas where chitosan nanoparticles (chitosan NPs) can
be used, as they can encapsulate drugs or active molecules and act as nanocarriers that
deliver treatments to specific locations with control (Yanat & Sheron, 2021). Chitosan
nanoparticles have a positive surface charge and are highly biocompatible, which adds to
their ability to adhere to mucosal membranes (Mohammed et al., 2017). Chitosan
encapsulates plant actives, enabling controlled release and thereby enhancing their
effectiveness. This also reduces waste due to their high bioavailability, furthermore, their
nanoscale size facilitates greater cell penetration, protecting both the cell and DNA from
the toxic effects of pesticides (Maluin & Hussein, 2020). One of the nano chitosan
mechanisms of action is the electrostatic interaction between it as a carrier of positive
charge and the cell membranes with negative charge. This interaction results in a change
in the permeability of the membranes by causing a change in the cell surface, and thus a
disruption in the flow of materials inside the cell and a disruption in the osmotic balance,
all these problems and changes may lead to cell death (Shaghati & Jassim, 2023). In this
study, the effect of the ethanolic plant extract of D. viscosa extract was evaluated, and its
effect was assessed after it was converted to the nano-state by linking it to nano-chitosan,
the effect of ozone and sea salt in its normal and nano-states was also studied. The effect
of all these treatments on the production of mycotoxins DON and MON was tested

through Fusarium strains isolated from stored wheat in different regions of Iraq.



CHAPTER 2

MATERIAL AND METHODS

2.1. Material

2.1.1. Equipment and Tools Used in the Study

The devices that are used in this study are as shown in the following table:

Table 1. Instruments and equipment used in the study

No. Apparatus Manufacturer Country of
origin
1 Autoclave LAB Tech South Korea
2 Centrifuge Labortechnik Germany
3 Incubator Memmert Germany
4 Distillation device G.F.L. Germany
5 Magnetic stirrer Schott Germany
6 Light microscope with a digital camera | Olympus Japan
7 Atomic Force Microscopy (AFM) Nanosurf company Switzerland
8 High Performance Liquid | Syknm, S401 Germany
Chromatography (HPLC)
9 Analytical balance Denver USA
10 | Microwave oven Memmert Germany
11 Laminar Flow Hood Cabinet Lab Tech Korea
12 | Water bath DAIHAN scientific co.ltd | Korea
13 | Refrigerator Concord Lebanon
14 | Primers Bioneer Korea
15 AccuPower® PCR PreMix Bioneer Korea
16 | UV-Vis spectrometer Shimadzu (UV-1800) Japan
17 | PCR and accessories Bioneer Korea
18 Fourier Transform Infrared (FT-IR) 84008 Japan
19 | X-ray diffraction (XRD) phillips xpert Holland
20 | GC-MS system QP2010 model Shimadzu Japan
21 Field-Emission =~ Scanning  Electron | Tescan Mira3 SEM French
Microscopy
22 | Planetary bal mill. ISP04 Korea Process Technology | Korea
Co., Ltd.
23 | Granite ball mill Retsch RS 200 Germany
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In this study, disposable petri dishes, cover slides, universal tubes, erlenmeyer flask,
eppendorf tube, loop, micropipettes and tips, cork borer, dextrose potato medium (PDA),
ethanol, chitosan, sodium hypochlorate, distilled water, sodium chloride were used for

laboratory studies.
2.2. Methods
2.2.1. Wheat Sampling and Isolation of Fusarium spp. Strains from Seeds

During the period from April to May 2021, wheat silos in the eighteen governorates
(Baghdad, Al-Anbar, Erbil, Basra, Babil, Dhiqar, Duhok, Diyala, Karbala, Ta'mim,
Nineveh, Najaf, Saladin, Muthanna, Maysan, Qadisiyah, Wasit, Sulaymaiyah)
representing the southern central and northern regions of Iraq were visited for wheat
sampling (Figure 2). These regions were characterized by different environmental
conditions in terms of temperature, humidity, rainfall and soil type. Samples were
collected from the warehouses and Silos of the General Company for Grain Trade
affiliated with the Iraqi Ministry of Trade according to the International Standards
Organization (ISO) 136,901.2 (Armitage, 2003). The collected samples were treated as a
composite (bulk) sample, where all subsamples from each batch were combined,
homogenized, and subsequently reduced to a 3 kg laboratory sample using a rotary
divider. All samples were placed in labeled plastic bags and stored at 4 °C until analysis.
Each wheat samples were surface-sterilized using 1% sodium hypochlorite (NaOCl) for
3 min, rinsed twice with sterile distilled water, and then air-dried on sterile filter paper.
Subsequently, ten grains per plate were cultured on PDA media, supplemented with
chloramphenicol (50 mg/L). The plates were incubated at 25 + 2 °C for 5 days, after
fungal colonies which emerging were subcultured on fresh for purification and
identification (Pitt & Hocking, 2009). Pure cultures of the Fusarium spp. strains were
kept in a refrigerator at 4°C on PDA slant media as stock cultures, and subcultures were

performed every six weeks from these stock cultures (Ramires et al., 2018).
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Figure 2. Iraq Administrative map (Zada, 2018)

2.2.2. Morphological identification of the Fusarium spp. strains

Purified strains were identified at the genus level based on macroscopic colony
characteristics (color, morphology, growth pattern) and microscopic examination with a

digital microscope.

Microscopic slides were prepared with lactophenol cotton blue stain (Olympus, Tokyo,
Japan), and fungal mrphological identification was performed according to established

taxonomic keys and standard mycological procedures (Alsohaili & Bani-Hasan, 2018).
2.2.3. Molecular identification of Fusarium spp. strains

The Fusarium spp. strains were genetically identified by Polymerase Chain Reaction
(PCR) technique using the appropriate primers, ITS1 (5
TCCTCCGCTTATTGATATGC 3') and ITS4 (5" TCCGTAGGTGAACCTGCGG 3').
DNAs of the strains were isolated using the Presto Mini gDNA Yeast kit (GBYB100,
Geneaid Biotech, New Taipei City, Taiwan) and PCR was performed in a total volume
of 20 uL containing 1 pL of each primer pairs, 6.5 pL AccuPower® PCR PreMix, 5 pL
of extracted DNA, and 6.5 puL nuclease free water (White et al.,1990). Amplification was
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performed in a thermocycler (Bio-Rad, Pleasanton, CA, USA) under the following
conditions: initial denaturation at 95 °C for 5 min, followed by 35 cycles of denaturation
at 95 °C for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 1 min, with a
final extension at 72 °C for 5 min. Prior to sequencing, PCR amplicons were separated by
electrophoresis in a 1X TAE Buffer using agarose gel (1% w/v) stained with ethidium
bromide at 0.1 pg/mL. The size of the PCR products was estimated by using a 100 bp

size marker (Bioneer, Daejeon, Korea) (Zhang et al., 2012).
2.2.4. Sequencing and data analysis

Commercially prepared PCR amplicons of each strain were sequenced in both forward
and reverse directions by an automated DNA sequencer (ABI3730XL) according to the
instruction manuals of Macrogen Company (Daejeon, Republic of Korea). The DNA
sequences were edited, and aligned, and consensus sequences were generated using the
BioEdit Sequence Alignment Editor Software version 7.1 (DNASTAR, Madison, WI,
USA). Each of the consensus sequences of the Fusarium spp. strains was subjected to the
Basic Local Alignment Search Tool (BLAST, version 2.15.0+) program and compared
with those strains available at the National Center for Biotechnology Information (NCBI)
and deposited in GenBank. For phylogenetic analysis, the accession numbers of these
strains are listed and MEGAX software (Version 10.1) was used to construct a
phylogenetic tree using the neighbor-joining method (Kumar et al., 2018). The FASTA
sequences of the three Fusarium spp. isolates identified in this study were deposited in

GenBank (supported by Macrogen, Seoul, Republic of Korea).
2.2.5 Pathogenicity test of Fusarium spp. strains

For the pathogenicity of Fusarium spp. strains, the plates method was used. A disk with
a diameter of 0.5 cm was taken from the pure fungal colony growing on PDA medium
and inoculated plates were incubated for 3 days at 25+2 °C (Christensen et al., 1988). The
wheat grains were surface-sterilized using a 1% sodium hypochlorite solution, and 10
seeds were planted at the edges of the growing colonies in the petri dish, with three
replicates. All petri dishes were incubated at 25 + 2°C until all seeds germinated. The test

was conducted twice.
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2.2.6. Preparation of ethanolic Extract for Dodonaea viscosa (DVE)

D. viscosa leaves were collected from the gardens of Baghdad University, dried and
ground into powder. To prepare the D. viscosa extract (DVE), one liter of ethyl alcohol
(96%) was added to 300 g of D. viscosa leaves powder in a glass jar and stirred for three
days at room temperature (20-25 °C), the mixture was filtered with a Buchner funnel and
then filtered with a glass funnel to remove impurities. A rotary evaporator was used to
remove the solvent and dry the solution at 40—-60. After three hours, a viscous liquid was
obtained and placed in tightly sealed containers in the freezer at —20 °C until use. After
solvent evaporation, a viscous crude extract was obtained (48.6 g from 300 g of dry leaf
powder), corresponding to an extraction yield of 16.2% (w/w), (Figure 3), (Harborne,

1973; Butler et al., 2013).

Figure 3. A) D. viscosa tree and leaves, B) Grinding the leaves into powder, C:
Extraction of ethanolic extract for D. viscosa (DVE) process

2.2.7. Identification of the Major Components of DVE Using GC-MS System

A GC-MS system QP2010 (Shimadzu, Kyoto, Japan) was used to identify of components
of DVE. Helium was used as a carrier gas, and a micro-syringe was used to inject eight
uL of DVE into the GC-MS system. The column temperature program started at 40 °C,
the injector temperature was 280 °C while the detector was at 200 °C and, the split ratio
was 1:30. The data was processed using software to match and identify the organic
compounds in the extracts. The results were evaluated by comparing the retention indices
and fragmentation patterns of the mass spectra with those stored in the computer library.
The compounds were identified by comparing their spectra with those in the NIST08.LIB

mass spectra libraries (Hameed et al., 2015).
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2.2.8. Biosynthesis of Chitosan Nanoparticles Loaded DVE

Chitosan (AC00671K, Avonchem Ltd., Macclesfield, UK) was purchased from a
commercial supplier. It was dissolved in acetic acid (200 mg/100 mL acetic acid) and
mixed with D. viscosa extract (1 g DVE/100 mL DW) in equal amounts, and the reaction
was carried out using a reflux distillation apparatus. The product was separated using
syringe filters, washed three times with pure methanol, and hot distilled water to remove
polar and irrelevant compounds, and finally dried in an electric oven at 50 °C (Abd El-
Ghaffar and Hashem, 2010). The ionic gelation method was used to produce chitosan
nanoparticles loaded with DVE. Acetic acid was used as a solvent at 1%, and 5 mg/mL
of the product (chitosan NPs loaded with DVE) was dissolved in the acetic acid solvent.
Tripolyphosphate (TPP) was used at a 1:2.5 (w/w) ratio and stirring was continued while
adjusting the pH to 7. This reaction was carried out at 25 °C and continued for 6h

(Shaghati and Jassim, 2023).
2.2.9. Measurement and Characterization of Nanoparticles
2.2.9.1. UV-Visible spectroscopy

UV-Vis spectrophotometry is a well-established, simple, and cost-effective technique for
examining the concentration, and agglomeration of nanoparticles. This technique
measures light transmitted through a sample, including both scattering and absorption.
Nanoparticles exhibit distinctive optical properties influenced by factors such as size,
shape, concentration, agglomeration, and the refractive index near their surface.
(Quevedo et al., 2021). The differentiation between the extract and the nanomaterial arises
from size-related or quantum effects, such as an increased specific surface area per unit
volume, as well as distinct reactivity, optical, thermal, electrical, and magnetic properties
(Rauscher et al., 2017). A dual-beam UV-Vis spectrophotometer (Shimadzu UV-1800/
Kyoto, Japan) was used, and all spectra were recorded in a 1 cm quartz cell at room
temperature. Distilled deionized water was used as a control, absorbance was calculated

using 200-800 nm. Concentrated samples were diluted 1:10 (Agarwal et al., 2018).
2.2.9.2. Fourier-Transform infrared spectroscopy (FT-IR)

The difference in vibrational energy of the functional groups of the compounds

corresponds to transition energies in the middle infrared region (4000-400 cm™) using a



34

FT-IR spectrometer (Shimadzu 8400S/Japan), and the functional groups were identified,
and the absorption peak is observed appears within this region (Mohamed et al., 2017).

2.2.9.3. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) allows the acquisition of a very accurate, near-atomic
image to measure sample topography and provide a clear picture of the sample surface,
including roughness and other features. This examination was conducted chitosan
nanoparticles loaded with DVE to study the properties of the sample surface and ensure
that it reached the nano-size. The same examination was conducted on salt samples that
had been ground in special mills to ensure they reached a nano-size suitable for

application to the diagnosed Fusarium spp. strains (Du et al., 2008).
2.2.9.4. Field-Emission Scanning Electron Microscopy (FE-SEM)

Using scanning electron microscopy (SEM), a beam of electrons is directed at the atoms
to reveal the surface topography of the sample, providing a high-resolution image of the
sample's shape. A Scanning Electron Microscope (SEM, TESCAN-MIRA3 Czech
Republic) was used to investigate the morphology of chitosan NPs-loaded DVE at
different magnifications (100 kX, 50 kX, and 30 kX) (Shaghati, 2022).

2.2.9.5. X-ray Diffraction (XRD)

XRD analyses was performed by using XRD Philips XPert PA (Holland), the resulting
interference is for a monochromatic beam of rays. International Center for Diffraction
Data (ICDD) is an accredited body for searching the X-ray diffraction database, through
which the phase of crystalline samples is determined, and includes a wide spectrum of
samples. This measurement's range of deviation angles (20) was taken between 10 and 80

degrees using monochromatic light (1.5104 nm) from a CuKa source.
2.2.9.6. Energy-dispersive X-ray spectroscopy

EDS is one of the methods used in materials science is based on energy-dispersive X-ray
spectroscopy, in which an interaction occurs between the surface of the material and X-
rays. It is a physical phenomenon that produces a series of peaks in the electromagnetic

spectrum, which gives a picture of the atomic structure of chemical elements. This emitted
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energy is recorded and measured through an energy-dispersive spectrometer (Table 2)

(Scimeca et al., 2018).

Table 2. Analysis conditions of energy-dispersive X-ray spectroscopy

Condition used measurement
Accelerating Voltage (kV) 15.0
Beam Current (nA) 1.200
Magnification 63000
Live Time (s) 15
Preset Time (s) 15
Nb Channels 1024
Ev / Channel 10
Offset (keV) 0
Width (keV) 10

2.2.10. In Vitro Efficacy of DVE and Chitosan NPs Loaded with DVE in Inhibiting
the Growth of Fusarium spp.

The DVE was added at three concentrations (0.5, 1, and 1.5%) to each 100 mL of PDA
after autoclave, and, after the medium solidified, all plates were inoculated with each
freshly grown Fusarium spp. strains (1 cm piece in size taken with a cork hole) and placed
in the center of the plate. The control group dishes inoculated with Fusarium spp. strains
(without added DVE/nanoparticles). The experiment was conducted with three replicates
for each concentration and incubated at 25 °C for seven days in an incubator. The same
previous steps were carried out to examine the effect of the DVE-loaded chitosan NPs
with the concentration of 0.75% being used representing half the highest concentration of
the D. viscosa ethanolic extract (DVE) (Nwankiti & Gwa, 2018). The inhibition rate was
calculated using the following formula (Korsten & De Jager, 1995).

Inhibition percentage (%) = ((R - Rl)/R) x 100 (1)

Where,
R = growth diameter rate in control dishes (distance measured in mm)

R1 = growth diameter rate in treatment dishes
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2.2.11. Ozone Gas Application and Its Effects on Fusarium spp. Strains on PDA

PDA culture medium was poured into Petri dishes, and the dishes were inoculated with
Fusarium spp. strains at a rate of 1 cm? per Petri dish, with three replicates per group.
Ozone gas was generated from a corona discharge ozone generator (5000 mg/h, Anhui
Morhon Technology, China). Fusarium spp. strains were treated with ozone gas at flow
rates of 2 and 4 liters per minute for 30 and 60 minutesand the control group remained
untreated. All petri dishes were incubated at 25 + 2°C for seven days (Figure 4). Three
plates were used for each and the percentage of fungal growth inhibition were calculated

according to the equation mentioned above in paragraph 2.2.10.

il

Figure 4. The ozone gas treatment of Fusarium spp. strains

2.2.12. Efficiency of Sea Salt and Nano Sea Salt in inhibiting Fusarium spp. strains

Sea salt samples were sent to the laboratories of the Materials Department at the Ministry
of Science and Technology in Iraq for grinding and converting it to a nanoscale size using
a mill (Retsch RS 200) and a granite ball mill (Planetary Bal Mill.isp 04). The Fusarium
spp. strains were treated with the following concentrations 1, 2, 2.5, and 3% of sea salt -
nano sea salt and a control group was left untreated. A 1 cm diameter colony disc was
inoculated into the center of the plate using a cork punch from the edges of a fungal colony
grown for seven days on PDA culture medium. The plates were then incubated at 25 + 2
°C for seven days (Cooley et al., 1996). The growth rate and percentage inhibition were

calculated using the equation described in Section 2.2.10.
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2.2.13. Testing the DON and MON Mycotoxins production from Fusarium spp.

strains after treatments

For mycotoxin induction, 150 g of wheat was moistened with 100 mL of distilled water
to serve as the culture substrate. The glass incubation bottles were sterilized in an
autoclave at 121 °C and 1.5 kg/cm?2 pressure for 20 min, after which they were inoculated
with Fusarium spp. previously grown on PDA. The inoculated wheat was thoroughly
mixed and incubated at 25 £ 2 °C for 21 days. The DVE, its nano-chitosan-loaded
formulation, sea salt, nano sea salt and ozone gas were applied only during the active
toxin production phase at different concentrations. The reduction in DON and MON
levels as a direct result of the treatments interference with active mycotoxin biosynthesis
was quantified using high-performance liquid chromatography (HPLC). A HPLC system
(Syknm S4011, Stuttgart, Germany) was used to measure DON and MON concentrations,
following previously reported protocols with minor modifications (Shotwell et al., 1966;
Lai et al., 2015). For the extraction of DON and MON, 20 g of sample was mixed with
100 mL of distilled water in Nalgene bottles and shaken for 1 h using a reciprocating
shaker. The toxins mixture was then centrifuged at 3200% g for 5 min and filtered through
Whatman No. 1 folded filter paper. A 2 mL aliquot of the filtrate was diluted to 10 mL
with distilled water and clarified using a microsyringe and a 0.45 pm membrane filter.
For HPLC confirmation, another 2 mL aliquot was diluted to 10 mL with water and
loaded onto an Oasis HLB cartridge preconditioned with 5 mL of methanol followed by
5 mL of water. The cartridge was washed with 2 mL of water, dried under vacuum for 15
min, and eluted with 4 mL of methanol. The eluate was evaporated to dryness under a
gentle nitrogen stream and reconstituted in 200 pL of methanol/0.1% aqueous acetic acid
+ 1 mM ammonium acetate (20:80, v/v). HPLC separation was performed using a Zorbax
SB-C18 column (25 cm x 4.6 mm i.d.) with a mobile phase consisting of water and
acetonitrile (30:70, v/v) at a flow rate of 1.2 mL/min (Gongalves et al., 2020). Calibration
curves were constructed using certified DON and MON standards over the range of 1-5
ug/L; both curves showed linearity (R2 > 0.999). The retention times were 3.9 and 6 min
for DON and MON, respectively. LOD and LOQ values were 0.062 and 0.189 pg/L for
MON while they were 0.137 and 0.415 ng/L for DON, respectively. The following

equation was used to calculate the mycotoxin inhibition ratio:

Inhibition ratio (%) = ((BO — B1)/B0) x 100 (2)
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B0, B1 values represent the DON and MON mycotoxin concentration produced before

treatment (control group), and after treatment, respectively (Yazid et al., 2023).
2.2.14. Statistical Analysis

Laboratory experiments were conducted using three replicates for each treatment.
Statistical analysis was applied to all results and data obtained from the above-mentioned
tests. The Statistical Packages of Social Sciences-SPSS (2019) program was usedto detect
the effect of difference factors in study parameters. Least significantdifference-LSD was

used to significant compare between means in this study.



CHAPTER 3

RESULTS
3.1. Wheat Sampling
3.1.1. Wheat Sampling for Fusarium spp. Strains

A total of 51 stored wheat samples were collected from eighteen governorates in Iraq
(Table 3). Seven strains of Fusarium were isolated from seven governorates: Fusarium
pseudograminearum 2 (Duhok), Fusarium pseudograminearum 3 (Maysan), Fusarium
oxysporum 4 (Anbar), Fusarium oxysporum 5 (Nineveh), Fusarium pseudograminearum
6 (Tamim), Fusarium pseudograminearum 7 (Salah ad-Din), and Fusarium

chlamydosporum 8§ (Basra).

Table 3. Wheat sampling from different Governorates of Iraq

NO. Governorates Number of wheat samples
1 Baghdad 4
2 Al-Anbar 3
3 Erbil 2
4 Babil 2
5 Basra 2
6 Dhi Qar 3
7 Duhok 3
8 Diyala 3
9 Karbala 3
10 Ta'mim (Kirkuk) 3
11 Muthanna 3
12 Maysan 2
13 Nineveh 4
14 Najaf 3
15 Qadisiyah 2
16 Saladin 2
17 Sulaymaniyah 3
18 Wasit 4

Total 51




40

3.1.2. Morphological identificatication of Fusarium spp. strains

After isolation seven strains from wheat samples, were morphologically identified and
found to be these strains belonged to three Fusarium spp.: Fusarium oxysporum, F.
pseudograminearum, and F. chlamydosporum. On PDA medium, the colonies exhibited
soft, pale, cottony mycelial growth. Strains 4 and 5 were identified as F. oxysporum,
showing colony colors ranging from white to pale purple. Strains 2, 3, 6, and 7 were
classified as F. pseudograminearum, with colonies displaying white to cream
pigmentation. Strain 8 was identified as F. chlamydosporum, characterized by a light pink

to dark red colony color (Figure 5), (Figure 6).

Figure 5. Morphological characteristics of three Fusarium spp. on PDA. a: Fusarium
oxysporum strain 4, b: Fusarium pseudograminearum strain 7 and c: Fusarium
chlamydosporum strain 8
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Figure 6. The microscopic examination of Fusarium strains distinguished by their
morphological characteristics; A) Fusarium oxysporum growing on a PDA, B)
macroconidia of Fusarium, C) Conidiophores of Fusarium oxysporum, and D) Spore-
forming stimuli in Fusarium species
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3.1.3. Molecular identificatication of Fusarium spp. strains

The genetic identity of all strains was confirmed by (PCR) analysis, as presented in Table
4. Three Fusarium spp. strains representing the species previously identified
morphologically were further confirmed at the molecular level and deposited in the
GenBank database. Their corresponding accession numbers are: F. oxysporum strain 4
PQ721292.1, F. pseudograminearum strain 2, PQ721291.1, and F. chlamydosporum
strain 8 PQ721294.1, respectively.

Table 4. Fusarium spp. strains gen bank accession numbers

Identity of the strains Location | GenBank acc. No
Fusarium pseudograminearum strain 2 Iraq PQ721291.1
Fusarium pseudograminearum strain 3 Iraq MT465500.1

Fusarium oxysporum strain 4 Iraq PQ721292.1
Fusarium oxysporum strain 5 Pakistan MN272279.1
Fusarium pseudograminearum strain 6 Iraq MT465500.1
Fusarium pseudograminearum strain 7 China MZ312460.1
Fusarium chlamydosporum strain 8 Iraq PQ721294.1

The phylogenetic clustering of these isolates with reference strains from different
geographical regions validates their taxonomic identity and demonstrates their genetic
relatedness at a global scale (Figure 7). This molecular confirmation not only supports
the accuracy of strain identification but also contributes to the enrichment of publicly
available Fusarium spp. genomic data from Iraq. After purification Fusarium spp. strains

were stored on PDA slant media in a refrigerator at 4°C.
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Figure 7. A phylogenetic tree was constructed for three isolates belonging to three
Fusarium spp. strains from wheat stored in Iraq. a) F. oxysporum (PQ721292.1 Iraq), b)
F. pseudograminearum (PQ721291.1 Iraq), ¢) F. chlamydosporum (PQ721294.1 Iraq)
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3.1.3. Pathogenicity test of Fusarium spp. Strains

The results showed that all tested Fusarium spp. strains caused a significant decrease in
the germination percentage of wheat seeds (Figure 8) which ranged from 16.66% to
6.66%, compared to the control treatment, which had a germination percentage of 100%
t0 96.99%, as shown in Table 5. The highest inhibition percentage was observed for strain
3, where the germination percentage decreased from 100% to 6.66%, while strain 4
showed the lowest inhibition percentage, with a decrease from 100% to 16.66%.
Inhibition rates for the other strains ranged between these two values. The test was

performed with three replicates for each strain.

Table 5. Pathogenicity test for Fusarium strains shows the effect of the fungus on seed
germination on PDA in vitro

Fusarium strains Germination rate | Germination rate (% L.S.D.
(%) control group ) with Fusarium
strains

F. pseudograminearum strain 2 96.66 +3.68 A2 10.00 +0.62 AB® 5.69 NS
F. pseudograminearum strain 3 100 £0.00 A2 6.66 £0.47 B® 9.72 *
F. oxysporum strain 4 100 £0.00 Aa 16.66 £1.04 A® 10.08 *

F. oxysporum strain 5 96.66 £3.68 A2 13.33 +0.84 AB® 9.66 *

F. pseudograminearum strain 6 100 £0.00 A2 10.00 £0.62 ABb 10.00 *
F. pseudograminearum strain 7 100 +0.00 A2 13.33 +0.84 AB® 9.85 *
F. chlamydosporum strain 8 96.66 +3.68 A 13.33 £0.84 ABb 9.66 *

L.S.D. 4.98 NS 7.083 * ---

Means having different big letters in same column and small letters in same row differed

significantly. * (P<0.05), NS: Non-Significant

Figure 8. Pathogenicity test for Fusarium spp. strains on PDA; F. pseudograminearum
strain 2, F. pseudograminearum strain 3, F. oxysporum strain 4, F. oxysporum strain 5,
F. pseudograminearum strain 6, F. pseudograminearum strain 7 and F.
chlamydosporum strain 8. The plates numbered in yellow at the bottom represent the
control group, and the others are the replicates
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3.1.4. Testing the Effect of DVE on the Growth of Fusarium spp. Strains

The inhibitory effect of DVE on the tested Fusarium spp. strains increased progressively
with rising extract concentration (Figure 9), (Table 6). At an extract concentration of
0.5%, the highest growth inhibition was observed in F. oxysporum strain 5 (63.37%),
whereas the lowest was recorded in F. pseudograminearum strain 6 (15.16%). Increasing
the extract concentration to 1.0% further enhanced the inhibitory effect, with F.
oxysporum strain 5 again showing the strongest response (67.13%), while F.
pseudograminearum strain 6 remained the least affected (20.64%). The maximum
inhibition levels were recorded at 1.5% DVE, reaching 68.94% in F. oxysporum strain 5,

compared to only 22.58% inhibition in F. pseudograminearum strain 6.

Figure 9. The effect of the ethanolic extract of D. viscosa leaves (DVE) in inhibiting the
growth of Fusarium spp. strains, (a): F. pseudograminearum strain 2, (b): F.
pseudograminearum strain 3, (c): F. oxysporum strain 4, (d): F. oxysporum strain 5, (e):
F. pseudograminearum strain 6, (f): F. pseudograminearum strain 7, and (g): F.
chlamydosporum strain 8
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Analysis of variance confirmed that the effect of DVE was statistically significant across
all strains and concentrations. Post hoc LSD analysis further revealed that the inhibition
at 1.5% was significantly higher than at 0.5% for all strains, while the differences between
adjacent concentrations (0.5% vs. 1.0% and 1.0% vs. 1.5%) were comparatively less

pronounced.

Table 6. Mean inhibition percentage (%) of Fusarium spp. strains treated with different
concentrations of D. viscosa extract (DVE)

Inhibition Ratio Inhibition Inhibition Ratio
Fusarium spp. Strains After (fog:;o DVE Af:zitig/fog)\fE After 1(?’}0 pvg | LSD-
Treatment Treatment Treatment

F. pseudograminearum strain 2 61.11 £3.51 A 66.25£3.754% | 68.00+£3.834% | 6.092 *
F. pseudograminearum strain 3 34.25+£2.07¢? 36.75+£2.41¢2 39.25+£255¢% | 5188 NS
F. oxysporum strain 4 35.85+2.37 CP 39.0242.76 €% | 42.43+£2.17 ¢ 5.863 *

F. oxysporum strain 5 63.37 £3.81 AP 67.13 £4.02 A 68.94 +4.60 A2 5.337 *

F. pseudograminearum strain 6 15.16 £0.83 P® 20.64 £2.17 P& | 2258 £1.36P* | 5.074 *
F. pseudograminearum strain 7 58.23 £2.94 Ab 63.62 £3.70 A% | 64.76£2.98 A2 5.859 *
F. chlamydosporum strain8 45.00 +2.67 B 51.75+2.81 B2 55.00 £2.62 B2 6.045 *

L.S.D. 7.537 * 7911 * 6.805* -

Means having different big letters in same column and small letters in same row differed

significantly. * (P<0.05), NS: Non-Significant

3.1.5. Identification of the components of DVE by using a GC-MS system

A total of 27 compounds were detected in the DVE based on gas chromatography—mass
spectrometry (GC-MS) analysis (Table 7). The major chemical classes identified were
glycosides, saponins, and alkaloids, the most abundant compound was 4-Cyclohexyl-1-
(furan- 2-ylmethyl)-4H,5H,7H-pyrazolo [3,4-b]pyridin-6-one, followed by 4’ ,5,7-
trihydroxy-3,6- dimethoxyflavone, 6-methoxy-2-[2-(imidazol-1-yl)ethoxy]-8-
nitroquinoline, and 3-heptanol (TMS derivative), Dodonaea viscosa is a member of the
Sapindaceae family and has been reported to contain antimicrobial, antitoxic, and
cytotoxic bioactive compounds (Al-Snafi, 2017). It also contains catechol, a phenolic
compound known for its inhibitory effects against certain fungi and bacteria, including
Fusarium oxysporum and Penicillium italicum (Kocagaligkan et al., 2006). In addition,

neophytadiene, a terpenoid constituent of the leaf extract, has been documented as a
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strong antioxidant and an active antimicrobial agent against fungal and microbial

infections (Pratama et al., 2019).

Omosa et al. (2014) further reported the isolation of flavonoids such as 5-hydroxy- 3,4’
,7-trimethoxyflavone, santin, and pinocembrin, as well as diterpenoids including dodonic
acid and hautriwaic acid from the leaf surface exudates of D. angustifolia, these
phytochemical classes exhibit strong chemical similarity to the major constituents
identified in the present study, therefore, the current findings strongly confirm that D.
viscosa possesses a phytochemical profile predominantly characterized by flavonoids and

diterpenoids (Figure 10).

TIC: Hussan Al spiit D\data.ms

Figure 10. Gas chromatography-mass spectrometry (GC-MS) chromatogram of the
ethanolic D. viscosa extract
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Table 7. Identified components of ethanolic leaf extract of D. viscosa using GC-MS

system
Peak RT Area% Name

1 13.612 0.6533 Catechol

2 18.309 0.437 Methyl 4-O-methyl-.beta.-D-xylopyranoside

3 20.183 0.537 Benzene, 1,2-dimethoxy-4-(1-propenyl)-

4 21.588 0.5637 Neophytadiene

5 22.858 0.6602 n-Hexadecanoic acid
2H-2,4a-Ethanonaphthalene, 1,3,4,5,6,7-hexahydro-2,5,5-

6 23.197 0.3448 trimethyl-

7 24.019 2.509 Diallylphenylvinylsilane

8 24.548 0.7617 9,12,15-Octadecatrienoic acid, (Z,Z,72)-

9 27.067 3.2703 Phosphinic acid, diphenyl-, methyl ester

4H-1-Benzopyran-4-one, 2,3-dihydro-5,7-dihydroxy-2-

10 27.725 1.5871 phenyl-, (S)-

11 27.814 3.0364 Alizarin, 1,2-O-(phenylboranediyl)-

12 28.323 9.2764 3-Heptanol, TMS derivative

(3aR,9aS)-2,2,3a-Trimethyl-3,3a,4,5-
13 28.526 6.6795 tetrahydroindeno[7a,1-b]furan-7(2H)-one
4-Cyclohexyl-1-(furan-2-ylmethyl)-4H,5H,7H-

14 29.158 32.2167 pyrazolo[3,4-b]pyridin-6-one

15 29.484 9.379 6-Methoxy-2-[2-[imidazol-1-yl]ethoxy]-8-nitroquinoline

16 29.585 2919 Cyclohexanol, 1-ethynyl-

17 29.959 0.9615 16-Heptadecyn-4-one, 1,2-dihydroxy-

18 30.549 0.4411 Eicosane

19 30.773 1.169 trans-1-Methyl-7-methylenebicyclo(4.4.0)decan-3-one
2-(4-Hydroxyphenyl)-3,6,7-trimethoxy-5-hydroxy-4H-1-

20 31.554 1.9718 benzopyran-4-one (penduletin)

21 32.118 0.5439 Eicosane

22 32.375 9.8093 4',5,7-Trihydroxy-3,6-dimethoxyflavone

23 32.437 1.1655 Vitamin E

24 32.586 0.9355 Naphthalene, 6-(1-ethylpropyl)-1,2,3,4-tetrahydro-

25 32.742 1.6076 3,4'-Di-O-methyleupalitin
2-(4-Hydroxyphenyl)-3,6,7-trimethoxy-5-hydroxy-4H-1-

26 33.665 3.8315 benzopyran-4-one (penduletin)

27 36.211 2.7323 D: A-Friedooleanane

3.1.7. Conformational and morphological analysis of chitosan NPs loaded with DVE

3.1.7.1. UV-Visible Spectroscopy

Ultraviolet (UV—Vis) spectrophotometer was used as an initial confirmatory technique to
verify the biosynthesis of chitosan NPs loaded with DVE. The UV—Vis spectrum of the
DVE (Figure 11.A) exhibited two characteristic absorption bands at 266 nm (OD =~ 2.358)
and 233 nm (OD = 0.297), which are typical for aromatic phenolic and flavonoid
compounds, in contrast, the spectrum of the DVE-loaded chitosan nanoparticles (Figure
11 B) revealed a distinct bathochromic (red) shift in the main peak toward 275 nm (OD

~ 2.613), accompanied by a secondary absorption band at 341 nm, indicating strong
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intermolecular interactions between DVE phytochemicals and the protonated amino
groups of chitosan. This wavelength shift, along with the notable increase in absorbance
intensity, confirms the successful encapsulation and molecular stabilization of DVE
within chitosan. Furthermore, the broad secondary absorbance region spanning 400—700
nm in the nanoparticle spectrum suggests enhanced light scattering due to nanoscale
colloidal behavior and surface roughness, a feature typical of plant-derived biopolymeric
nanocarriers. The absence of additional degradation peaks suggests that no photolytic

breakdown occurred during nanoparticle synthesis.
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Figure 11. UV-Visible spectrophotometer test: a) DVE, b) Chitosan NPs loaded with
DVE

3.1.7.2. Fourier transform infrared spectroscopy (FT-IR)
The spectrum of the DVE (Figure 12A) exhibits distinct peaks characteristic of various

biomolecules, including phenol and alcohol (3610-3640). These observations are

consistent with the expected composition of DVE and chitosan molecules. The spectrum
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of the biosynthesized nanoencapsulated particles (Figure 12B) demonstrates a high
degree of similarity to the DVE spectrum, suggesting the successful attachment of
biomolecules from the extract to the surface of the nanoparticles. These biomolecules
could include phenol, alkaloid, Terpenoid, flavonoids, and water molecules. Additionally,
residual O-H groups originating from the synthesis process might contribute to the
observed peaks. A detailed breakdown of the identified functional groups and their
corresponding wavenumbers is provided in (Table 8). A key observation is the difference
in intensity between the amide I peak (1699.29) cm™ in the chitosan NPs loaded with
DVE spectrum and the corresponding peak (1639.94) cm™ in the DVE/Chitosan NPs
spectrum. The higher intensity in the nanoparticle's spectrum suggests a higher
concentration of amides associated with the nanoparticles. This finding could be
attributed to the attachment of many biomolecules during the synthesis process, which
may act as stabilizing agents. In other hand the absent of some peaks in chitosan NPs
loaded with DVE (1150-1300, 1685- 1710, 2850- 3000) were refer into the attachment sit
between DVE and chitosan molecules to biosynthesis encapsulated nanoparticles was
agree the result of Sathiyabama et al., (2024). When the C-H stretch was seen at 2927 cm’

!, it provided structural information on chitosan.
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Figure 12. FTIR spectra, A) DVE, B) chitosan NPs loaded with DVE
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By comparing the DVE/chitosan NPs loaded with DVE, it was noticed that the absence
of many peaks due to the cross-linking of TPP may be attributed to the fact that the large
molecules were fragmented into smaller units. The interaction between chitosan and TPP
was responsible for the increase in the total surface area, as shown in Figure 11 B,
indicating that the repositioned chemical groups facilitated the efficient loading of the
extract into the chitosan/TPP matrix and the formation of nanoencapsulation of the
extract. As additional supporting evidence, the shifted peaks are consistent with the
formation of a new complex. Modifications to the functional groups of bioactive
molecules suggest a relationship with the synthesis of DVE/chitosan NPs (Almukhtar and
Karam, 2020).

Table 8. Results the FTIR analysis of DVE, chitosan NPs loaded with DVE

DVE Description Chitosan NPs loaded with DVE
Functional groups cm! Functional groups cm!
594.08 Alkyl halides 624.94

C-Br stretch Higher intensity compared to the DVEt suggest
higher concentration alkyl halides compound

(saponin, coumarin, terpenoids groups)

(665-910) 1°,2” amines 925.83
719.45,777.31, 871.82 Shifting to three peaks and reducing to one peak
N-H wag on the other hand, higher intensity compared to
the Dodoneae extract suggests higher
concentrations of amine compounds (alkaloids,
proteins, phenolics, Terpenoids).

1020- 1250 Aliphatic amines 1139.93 shifting the two peaks likely due to C-O
1072.42,1170.79 P=0 stretching in alcohols, esters, and ethers, possibly
C-N stretch esters C-O-C from encapsulated biomolecules (phenolic,

flavonic, terpenoids, alkaloid and saponin)
compounds with TPP brig connection to chitosan
compound
1150-1300 Alkyl halides Absent this peak may be sit of attachment with
1271.09 chitosan molecules possibly from encapsulated
C-H wag (-CH2X) biomolecules
1371.39 Alkanes 1381.03 Likely due to C-OH stretching in
C-H rock P=0, C-F, C- alcohols, esters, and ethers, possibly from
0O,C -OH encapsulated biomolecules (phenolic, flavonic,
terpenoids, alkoloids) compounds and with higher
intensity than extract because biosynthesis
nanoparticles with higher surface structure with
lower the size of particles
1400-1500 Alkanes 1510.26 may be refer to the chitosan molecule
1458.18 and carbohydrate of DVE
C-C stretch (in —ting)
1580- 1650 1’ amines 1639.94 higher intensity compared to the DVE
1606.7 suggest higher concentration compound (saponin,
N-H bend alkoloids, phenol) groups
1685-1710 A, B- Unsaturated Absent
1699.29 ketone Sit of reaction and attachment between chitosan
C=0 stretch and active compound of DVE to biosynthesis

nanoencapsulation particles
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2308.79 Nitriles 2380.16 higher intensity compared to the DVE
C-N stretch suggest higher concentration compound (saponin,
alkoloids, phenol) groups
2695-2830 Aldehydes Absent
2621.26 Sit of reaction and attachment between chitosan
H-C=0: C-H stretch molecule and active compound of DVE to
biosynthesis nanoencapsulation particles
2850- 3000 Alkanes Absent
2927.94 Sit of reaction and attachment between chitosan
C-H stretch molecule and active compound of DVE to
biosynthesis nanoencapsulation particles
3200- 3500 Alcohols, phenols 3398.57 Likely due to O-H stretching and H-
3385.07 bonded in alcohols, phenol, possibly from
O-H stretch, H-bonded encapsulated biomolecules (phenolic, flavonic,
terpenoids, alkoloids) compounds
3610-3640 Alcohols, phenols 3741.90 Likely due to O-H stretching and H-
3739.97 bonded in alcohols, phenol, possibly from
O-H stretch encapsulated biomolecules (phenolic, flavonic,
terpenoids, alkoloids) compounds and chitosan
molecules

3.1.7.3. Atomic Force Spectroscopy (AFM)

The AFM analysis of the biosynthesized chitosan NPs loaded with DVE is presented in
Figure 13. A total of 158 individual nanoparticles were characterized, with a particle
density 0f 9.92 x10° particles/mm?, the particles exhibited a high degree of morphological
heterogeneity, showing predominantly elongated and plate-like structures with occasional
sharp edges and clustered aggregates. According to the statistical output, the mean
particle diameter was 105.7 nm, which is consistent with the expected nanoscale range.
The surface topography displayed a relatively rough and uneven texture, as confirmed by
the 3D scan, which enhances the available surface area for potential interactions with
bioactive molecules such as plant-derived compounds. The mean Z-height of the particles
was 205.4 nm, indicating pronounced vertical protrusions rather than a flat morphology.
The observed nanoparticle aggregation could partially be attributed to sample handling
and drying effects during AFM preparation, which is a common observation in chitosan-
based nanostructures. These findings are in agreement with Shaghati & Jassim (2023),
who reported similar AFM features for clove-extract-loaded chitosan nanoparticles,
including non-spherical particles and moderate aggregation due to intermolecular

interactions between chitosan and the phytochemical constituents.
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Figure 13. AFM surface morphology and particle size distribution of chitosan NPs
loaded with DVE

3.1.7.4. Field Emission Scanning Electron Microscopy (FESEM)

FESEM was used to investigate the morphology of nanoparticles prepared from
Dodonaea viscosa plant extract-loaded chitosan at different magnifications (100 kX, 50
kX, and 30 kX). Figure 14A shows that spherical nanoparticles with diameters of
approximately 57—-86 nm indicate successful ionic gelation with TPP.This morphological
feature is commonly observed in chitosan-based nanoparticle systems and corresponds to
the early-stage of nanoparticle aggregation following fabrication (Figure 14B). In the
30kX image (Figure 14C), the surface appears more complex and interlaced, with high-
density regions composed of tightly packed nanoparticles are interspersed with low-
density areas exhibiting pore- or void-like structures. These structural differences may be
attributed to the non-homogeneous dispersion of the plant extract within the chitosan
matrix or rapid solvent evaporation, which can lead to surface shrinkage. The majority of
the nanoparticles exhibited a spherical morphology with a relatively uniform size

distribution ranging between 38 and 79 nm.
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Figure 14. SEM micrographs of chitosan NPs loaded with DVE: (A) primary
nanoparticles (100,000%), B) secondary agglomerates after drying (50,000%), and C)
irregular surface morphology with apparent porosity (30,000x)

3.1.7.5. Energy-dispersive X-ray spectroscopy (EDX)

To cross-check the elemental constituents of the nanoparticles synthesized from chitosan
and D. viscosa plant extract using sodium tripolyphosphate (TPP), the energy dispersive
X-ray spectroscopy (EDX) technique was utilized. EDX is also an excellent analytical
tool, often coupled with scanning electron microscopy, that helps obtain qualitative and
semi-quantitative information about elements of the sample by measuring the energies of
X-rays emitted when bombarding a high-energy electron beam on the sample

(Hodoroaba, 2019).

The EDX analysis and the weight gain analysis showed that the nanoparticles of chitosan
and plant extract were successfully prepared. This confirms the presence of some
significant chemical elements introduced into the nanoparticles due to the ionic gelation
reaction. It also indicates some contaminants, most likely originating from the raw

materials source or the preparation environment (Figure 15).
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Figure 15. EDX analysis of chitosan NPs loaded with DVE

3.1.7.6. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is performed to investigate the crystalline structure of the
materials. It is a widely used technique for studying changes in the internal structure and
conformation induced by chemical modification or loading with active molecules. This
technique is based on scanning X-rays through atomic planes in the material, producing
a unique diffraction pattern that identifies crystal type, degree of crystallinity, crystal
dimensions, and crystal modifications (Seeck & Murphy, 2015).

The Figure 16 shows the XRD spectrum of the sample where two important peaks can be
observed at the diffraction angles, 20 = 14.985 and 22.604. The emergence of these peaks
indicates a different fraction of intermolecular crystalline order than that observed in raw
chitosan, which shows a specific peak at =20.5. The shift in the peak and the significant
change in diffraction intensity was attributed to the chemical interaction between chitosan
and the active compounds in the plant extract of D. viscosa. These compounds are
phenolic or terpenoid and can form hydrogen or covalent bonds with the amine group in
chitosan. The interaction allows for rearrangement of the polymer chains, and a change
in the crystal lattice results in increased crystallinity, as shown in the peak at 22.6. These
are more significant than 40% high peak widths (FWHM) (0.678 and 0.838) with the
small crystallite size (9—12 nm), indicating that nanoparticles with intermediate

crystallinity are created.
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These findings demonstrate that incorporating plant extracts into chitosan can sometimes
facilitate crystallization by molecular organization during the reaction. It also verifies that
the variations in the diffraction pattern are directly caused by the interaction of chitosan
with the natural extract, through both physical and chemical bonds. Kahdestani et al.
(2021) have shown that changes in the molecular arrangement in the crystal lattice can
account for differences in the patterns, and the pattern of teicoplanin-loaded chitosan
nanoparticles shows decreased peaks at 20 22 and 25, indicating a decrease in intensity.
As stated by Shaghati (2022), the peaks in the XRD pattern of the chitosan were found at
20 = 20.53 at an intensity of about 1200 counts, while the extract-loaded sample was
found at 26 = 22.8596 at 736.55 counts. The changes in intensity were ascribed to a
change in the sample's crystalline structure upon interaction with the extract, which

increased crystallinity.

Figure 16. XRD spectrums of chitosan NPs loaded with DVE

3.1.8. Effect of chitosan NPs loaded with DVE on Fusarium spp. strains

The antifungal activity of chitosan NPs loaded with DVE was evaluated at 0.75%, which
corresponds to the average concentration used for the ethanolic extract in the standard
formulation, the nanoparticles exhibited an apparent inhibitory effect against all
Fusarium spp. strains tested. The highest inhibition rate (70.58%) was recorded against
F. pseudograminearum strain 7, whereas the lowest inhibition rate (61.17%) was
observed in F. chlamydosporum strain 8. Statistical analysis confirmed that the treatment
exerted a significant inhibitory effect (LSD = 6.429 *), with F. pseudograminearum strain
7 being the most susceptible strain (Table 9), (Figure 17).



56

Table 9. Inhibition percentage (%) of Fusarium spp. strains treated with the chitosan

NPs loaded with DVE
Fusarium spp. Strains Inhibition Ratio (%)
After Chitosan NPs Loaded with DVE
F. pseudograminearum strain 2 64.70 +3.15 ABC
F. pseudograminearum strain 3 67.05 +3.73 ABC
F. oxysporum strain 4 65.88 +3.08 ABC
F. oxysporum strain 5 63.52 +2.79 BC
F. pseudograminearum strain 6 68.23 +3.4] AB
F. pseudograminearum strain 7 70.58 +4.05 A
F. chlamydosporum strain 8 61.17 +3.26 €
L.S.D. value 6.429 *

Means having different big letters in same column differed significantly. * (P<0.05),
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Figure 17. The efficiency of the DVE loaded chitosan NPs on Fusarium spp. strains on
PDA, (A) control group for seven strains (B) strains growth after DVE-loaded chitosan
NPs. (Fusarium pseudograminearum strain 2, Fusarium pseudograminearum strain 3,
Fusarium oxysporum strain 4, Fusarium oxysporum strain 5, Fusarium
pseudograminearum strain 6, Fusarium pseudograminearum strain 7 and Fusarium
chlamydosporum strain 8)

3.1.9. Effect of DVE and Chitosan NPs Loaded with DVE on the Production of DON
and MON Mycotoxins

The samples were analyzed using an HPLC system, and the corresponding standard
chromatograms are provided in Figure 18. Statistical analysis revealed clear significant
differences between the three treatments (control, DVE, and chitosan NPs loaded with
DVE) (Table 10-11). The average DON concentration decreased after DVE treatment,
and the highest inhibition rate was observed in F. pseudograminearum strain 6 (60.23%),

while the lowest was observed in strain 2 (58.35%). When the strains were treated with
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chitosan NPs loaded with DVE, DON concentrations were further reduced, resulting in a
marked increase in the inhibition rate. Under this treatment, the highest inhibition was
recorded for F. pseudograminearum strain 2 (73.75%), whereas the lowest was observed

in F. pseudograminearum strain 6 (68.87%).
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Figure 18. Deoxynivalenol and Moniliformin standard chromatogram by HPLC
analysis, a) DON standard, b) MON standard
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It should also be noted that within the same treatment group, the differences between
strains were not statistically significant (NS), consistent with the L.S.D. values. F.
oxysporum strain 4, F. oxysporum strain 5 and F. chlamydosporum strain 8 which are
known MON-producing strains were treated with DVE and NPs loaded with DVE.
Statistical analysis confirmed significant differences in MON inhibition among the
control, DVE, and NPs loaded with DVE treatments. When free DVE was applied, the
highest inhibition rate was observed in F. oxysporum strain 4 (53.67%), while the lowest
was recorded in F. oxysporum strain 5 (48.25%). Upon using NPs loaded with DVE, the
inhibition rate, increased in all strains, reaching the highest level in F. chlamydosporum
strain 8 (73.62%), followed by F.oxysporum strain 4 (72.09%) and F. oxysporum strain 5
(68.18%). Within each treatment group (control, DVE, and NPs loaded with DVE), there
were no statistically significant differences (NS) between MON concentrations of the
three Fusarium spp. strains. However, numerically, the lowest MON concentration after
NPs loaded with DVE treatment was observed in F. oxysporum strain 4 (12.44 ng/L),
while the highest was recorded in F. oxysporum strain 5 (13.25 pg/L).

Table 10. Deoxynivalenol (ug/L) concentrations of Fusarium spp. strains after
treatment with the DVE and chitosan NPs loaded with DVE and inhibition ratios

DON DON DON Inhibition Inhibition
Fusarium spp. (ng/L) (ng/L) (ng/L) Ratio % Ratio % After
Strains Before After DVE After After DVE | Chitosan NPs
Treatment | Treatment | Chitosan | Treatment Loaded with
3% NPs DVE
Loaded
with
DVE
0.75%
F. 43.82 +2.17 | 1825 +1.05 | 1150+ | 5835°% 73.75 %
pseudograminearum Aa Ab Ac
. 0.74
strain 2
A A
E 4724 £326 | 19.11 £1.48 | 12.65 = 59.67 73.22
pseudograminearum Aa Ab Ac
. 0.91
strain 3
F 43.86 £2.37 | 1744 097 | 1365+ | 6023° 68.87
pseudograminearum Aa Ab Ab
. 0.96
strain 6
A
E 4723 £3.61 | 18.95+1.29 | 12.65 + 59.87 73.21%
pseudograminearum Aa Ab Ac
. 0.88
strain 7
L.S.D. value 3.551 ™ 1.802 N8 2.076 N 5911 N8 3.967 *

Means having different big letters in same column and small letters in same row differed
significantly. * (P<0.05), NS: Non-Significant




59

HPLC analysis further confirmed the presence of MON toxin, produced by F. oxysporum
strains 4 and 5, and F. chlamydosporum strain 8. To the best of our knowledge, this is the
first report to demonstrate MON production by Fusarium spp. isolated from wheat
samples stored in Iraq. Research on MON remains limited, and further studies are needed
to clarify its toxicological impact, behavior under storage and processing conditions, and
the efficacy of control strategies (Radic et al., 2019). Multiple factors, including microbial
interactions within the matrix, agricultural practices, and environmental conditions such
as temperature and humidity, influence mycotoxin biosynthesis by Fusarium spp. For
instance, DON production has been shown to be maximized at approximately 28 °C.
Therefore, discrepancies observed among different studies are likely attributable to
variations in fungal strains, substrate composition, and experimental conditions
(Mahmoud et al., 2023). The chromatograms related to treatments are given in Figure S1,

S2 and S3.

Table 11. Moniliformin (ng/L) concentrations of Fusarium spp. strains after treatment
with the DVE and chitosan NPs loaded with DVE and inhibition ratios

Fusarium spp. strains | MON MON MON Inhibition | Inhibition
(ng/L) (ng/L) (ng/L) Ratio % | Ratio %
Before After DVE After after DVE | After
Treatment | Treatment Chit Treatment | Chitosan
itosan NPs
1.5% NPs
Loaded
Loaded .
with DVE with DVE
0.75%
F. oxysporum strain 4 44.58 20.65 +1.63 12.44 53.67 4 72.09 AB
£2.7942 AD +£0.74 4¢
F. oxysporum strain 5 41.65 21.55+1.48 13.25 48.258B 68.18 B
+£2.0542 Ab +£0.93 A°¢
F. chlamydosporum 42.65 19.80+1.04 | 11.25= 53.57 4 73.62 4
strain 8 +£3.18 4 AD 0.624°¢
L.S.D. value 3.094 M 2.067 ™ 2.178 ™ 3.962 * 4.208 *

Means having different big letters in same column and small letters in same row differed
significantly. * (P<0.05), NS: Non-Significant

3.1.10. Evaluation of the effect of ozone gas on the growth of Fusarium spp. strains

The results of applying ozone gas at different flow rates and exposure periods also showed
that it inhibited the growth of fungal strains; there were clear, significant differences in
the statistical analysis. Exposing the strains to ozone gas at a flow rate of 2 liters/minute

for 30 minutes recorded an inhibition rate of 29.41% for F. pseudograminearum strain 2.
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When the exposure time to the gas was increased to 60 minutes, the inhibition rate for
strain 2 increased to 51.76%. Ozone application at a rate of 4 liters/minute for 60 minutes
achieved the highest effect on the growth of fungal strains, as the highest inhibition rate
was 74.11% on F. oxysporum strain 5. By comparing the results of the inhibition rates,
we observe an increase in the rate of growth inhibition of Fusarium strains with increasing

exposure time and gas flow rate. This confirms the effectiveness of ozone gas for

decreasing the growth of Fusarium strains (Table 12-13), (Figure 19).

L

Figure 19. Ozone gas treatment on Fusarium spp. strains (4 liters/minute for 60

minutes) on seven Fusarium spp. strains (F. pseudograminearum strain 2, F.

pseudograminearum strain 3, F. oxysporum strain 4, F. oxysporum strain 5, F.
pseudograminearum strain 6, F. pseudograminearum strain 7, F. chlamydosporum
strain 8)

Table 12. The effect of 0zone gas on the growth of Fusarium spp. strains on PDA at
different concentrations and different exposure periods

Fusairum spp. Strains Control 03 03 03 03
group 2 L/min 2 L/min 4 L/min 4 L/min L.S.D.
30 min 60min 30 min 60 min
F. pseudograminearum | ¢5 4020 | 6.0+0.524% | 4.1 026 | 520364 | 2.6 £0.164¢c | 239
strain 2 Aa Abe
F. pseudograminearum | §5 4020 | 6.6 £0.464% | 444031 | 5.0+03240 | 2.5 +£0.094c | 2447
strain 3 Aa Abe
F. oxysporum strain 4 854020 | 6.2 +0.494%® | 49 +0.37 54 +045 | 2.9+0.144c | 271
Aa Abc Abc
F. oxysporum strain 5 854020 | 6.1 0384> | 48 £0.4340 | 424032 | 2240124 | 2.08%
Aa Abc
F. pseudograminearum | g 5.+020 | 62 +0.41 4% | 49 +038 47 £0.46 | 2.7 £0.18Ac | 2.56%
strain 6 Aa Abe Abe
F. pseudograminearum | ¢ 54020 | 6.1 +0.384% | 51 +0.364% | 454042 | 2.4 £0.124c | 2637
strain 7 Aa Abc
F. chlamydosporum strain | g 54020 | 6.4 £0.58 4% | 52 +0.42 514044 | 2.7+0.184c | 270%
8 Aa Abc Abc
LSD. 0.00 S 1.07 8 1338 1745 1.02N8
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Means having different big letters in same column and small letters in same row differed

significantly. * (P<0.05), NS: Non-Significant.

Table 13. The inhibition ratio (%) values of ozone gas on the growth of Fusarium spp.
strains at different concentrations and different exposure periods

Fusarium Strains Control 03 03 03 03
2 L/min 2 L/min 4 L/min 4 L/min L.S.D.
30 min 60min 30 min 60 min
. F. 0£04 | 2941% | 51.76+3.05 | 38.82% |69.412352 | 831F
pseudograminearum Ad Ab Co ABa
v 2.16 2.16
Fo 0404 | 2235+ | 48234278 | 41.17% | 70.58 +3.66 | 902
pseudograminearum 1.56 Ac ABb 2 54 BCb ABa
strain 3 ) ’
F.oxysporumstrain 4 | g y0Ad | 2705+ | 42.35+2.41 | 3647+ | 65.88 +3.02 | 8:60F
184 Ac BCb 193 Cb Ba
F.oxysporumstrain5 | g 40Ad | 2823+ | 43.5242.50 | 50.58 + | 74.11 +3.67 | 837"
190 Ac BCb 326 Ab Aa
£ 0404 | 2705+ | 42354209 | 4470+ |68.23+3.89 | 942*F
pseudograminearum 1.37 Ae BCh 261 ABb ABa
strain 6 ’ ’
o 0404 | 2823+ | 40.00+2.15 | 47.05+ | 71.76 +3.05 | 8:56*
pseudogrammearum ) 04 Ace Cbb 2 27 ABbb ABa
strain 7 ) ’
F. chlamydosporum | yoAd | 2470 + | 38.82£1.93 | 40.00+ | 6823297 | 871*
strain 8 1.27 Ac Cb 15 BCb ABa
L.SD. 000 | 502 758 * 783 * 6.97 *

Means having with the different big letters in same column and small letters in same row

differed significantly. * (P<0.05), NS: Non-Significant.

3.1.11. The Effect of Ozone Gas on Mycotoxins Production

The concentration 4 liters/minute for 60 minutes was choosen on seven Fusarium spp.
strains to check effectiveness of ozone gas in reducing mycotoxins production. This
treatment was applied to the Fusarium spp. strains growing on wheat, and the
concentrations of mycotoxins were measured after treatment by comparing them with the
control group. The results of this study showed that the inhibition rate of DON production
was highest on F. pseudograminearum strain 7, where DON production rate decreased
from 47.23 (ug/L) to 21.80 (ng/L), and the inhibition rate was 53.84%. The effect was
evident on all strains in terms of reducing DON concentrations before and after the ozone
application and the apparent inhibition for all strains, which ranged between 48.56% and

52.20%. The statistical analysis showed no significant differences in the treatment effect
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across the four Fusarium spp. strains: F. pseudograminearum strain 2, F.
pseudograminearum  strain 3, F. pseudograminearum strain 6, and F.

pseudograminearum strain 7 (Table 14).

Table 14. Deoxynivalenol (DON) concentrations (ng/L) and inhibition ratio (%) of
Fusarium spp. strains before and after ozone treatment

Fusarium spp. strains DON DON Inhibition ratio
(ng/L) before ozone (ng/L) after ozone %
treatment treatment
4 L/min for 60 min

F. pseudograminearum 43.82 £2.17 21.5%1.06 50.93 +2.47
strain 2

F. pseudograminearum 47.24 £3.52 22.58 £1.87 52.20 +2.68
strain 3

F. pseudograminearum 43.86 £2.97 22.56 £1.58 48.56 £2.07
strain 6

F. pseudograminearum 47.23 £3.76 21.80 £2.05 53.84 +3.01
strain 7
L.S.D. 4.902 NS 2.669 NS 5.982 NS

NS: Non-Significant

Treating Fusarium spp. strains with ozone gas had a role in reducing the production of
MON toxins, and there were significant differences in the results of the statistical analysis,
as the highest inhibition rate for MON toxins was 44.54% for F. chlamydosporum strain
8. Ozone gas treatment showed a clear effect on all strains, with varying levels of
inhibition in toxin production (Table 15). The chromatograms related to treatments are

given in Figure S4.

Table 15. Moniliformin (MON) concentrations (pg/L) and inhibition ratio (%) of
Fusarium spp. strains before and after ozone treatment

Fusarium spp. strains MON (pg/L) MON(ng/L) after Inhibition ratio
before ozone ozone treatment %
treatment 4 L/min for 60 min
. oxysporum strain 4 44.58 £2.91 25.14 £1.70 43.60 £2.66 A
. oxysporum strain 5 41.65 +2.37 26.11 £1.83 37.30 £1.96 B
F. chlamydosporum strain 8 42.65 £3.05 23.65 +2.17 44.54 £2.19 A
L.S.D. 4.615N8 3.855 N8 5417 *

Means having with the different big letters in same column and differed significantly. *
(P<0.05),NS: Non-Significant
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3.1.12. The Efficiency of normal and nano sea salt on inhibiting Fusarium spp.

Strains

The results showed that natural salt at a concentration of 1% had an inhibitory effect on
the growth of some Fusarium spp. strains. An effect was observed at a 1% concentration
(the lowest concentration used) of normal sea salt on F. pseudograminearum strain 6,
reaching 22.5%. At a 3% concentration (the highest concentration), the effect of the salt
was even greater, reaching the highest inhibition rate of 50.0% for F. pseudograminearum
strain 6 and the lowest inhibition rate of 15.2% for F. pseudograminearum strain 2. The
inhibition rates for the remaining five Fusarium spp. strains ranged from 17.6% to 47.0%

(Figure 20), (Table 16).

Figure 20. Effect of four concentrations (1, 2, 2.5 and 3 %) of normal sea salt on seven
Fusarium spp. strains on PDA in vitro, the plates numbered in red color at the bottom of
the figure represent the control group. The plates in the rows above represent the
application of sea salt at four different concentrations, as recorded on plates (1, 2, 2.5
and 3 %) on Fusarium strains: (Fusarium pseudograminearum strain 2, Fusarium
pseudograminearum strain 3, Fusarium oxysporum strain 4, Fusarium oxysporum strain
5, Fusarium pseudograminearum strain 6, Fusarium pseudograminearum strain 7 and
Fusarium chlamydosporum strain 8)

As shown in Figure 21, after preparing the sea salt to nanoscale by grinding it with special
mills, the produced quantity was sent to the laboratory to confirm that it had reached the
nanoscale state using an AFM, the results were as follows: average grain size (47.11 nm).
This is consistent with the European Commission’s definition of nanomaterials as a

natural or manufactured material or by product containing particles, in an undefined,
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aggregated or agglomerated state, such that 50% or more of its particles are of one or
more dimensions (Peters et al., 2014).
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Figure 21. AFM surface morphology and particle size distribution of nano sea salt

The results showed that nano-sea salt was superior to normal sea salt in its effect on the
growth of Fusarium spp. strains. There were clear, significant differences in the results,
with the highest inhibition rate recorded with nano-salt at 3%, reaching 71.7% for F.
chlamydosporum strain 8, while the lowest inhibition rate was recorded for F.
pseudograminearum strain 6, reaching 50.0%. It can be observed that nano-salt was
superior to natural sea salt in inhibiting the growth of Fusarium spp. strains. It inhibited
all Fusarium spp. strains at all concentrations used, from 1% to 3% (Figure 22), (Table

16).



65

Figure 22. Effect of four concentrations (1, 2, 2.5 and 3 %) of nano sea salt on seven
Fusarium spp. strains on PDA in vitro, the plates numbered in red color at the top row
of the figure represent the control group. The plates in the rows under represent the
application of nano sea salt at four different concentrations, as recorded on plates (1, 2,
2.5 and 3 %) on Fusarium strains: Fusarium pseudograminearum strain 2, Fusarium
pseudograminearum strain 3, Fusarium oxysporum strain 4, Fusarium oxysporum strain
5, Fusarium pseudograminearum strain 6, Fusarium pseudograminearum strain 7 and
Fusarium chlamydosporum strain 8



Table 16. The effect of normal and nano sea salt at different concentrations on the growth of seven Fusarium spp. strains

Fusarium strains

F. pseudograminearum
strain 2

F. pseudograminearum
strain 3

F. oxysporum strain 4

F. oxysporum strain 5

F. pseudograminearum
strain 6

F. pseudograminearum
strain 7

F. chlamydosporum
strain 8
L.S.D.

Means having with the different big letters in same column and small letters in same row differed significantly.

Significant

1%
normal

00 Ce

14.1 £0.8 B¢

4540514

0+0 Cd

22.5£1.54f

2.5 +0.08 ©

040 Cf

6.47 *

1%Nano

35 £2.4 DEe

29 +1.8 BFd

48.2£2.7
ABb

5142940

25.8 £1.6 Fef

41 £2.2 BCDe

40 +1.7 €pd

8.05 *

2%
normal

5.8+0.46 B

27.0+1.4Ad

11.7 £0.72
Bed

5.8 +£0.76 Bd

31.2 £1.8 Ade

8.8 £0.6 Bd

5.8 £0.6 Bef

6.97 *

2%Nano

482423

ABCb

41.7 £1.6 b

52.9 +£2.8 ABab

54.1 £2.54°

34.10+1.3

Dcd

44.7 £2.0 Bbe

48.2+3.1

ABCc

7.55 %

2.5%
normal

8.8 +0.6 ¢

38.8 £2.5 4¢

20.1 +0.9 B¢

15.2 £0.6

BCc

43.0+2.6
Aab
11.7+0.8 €

8.8 £0.6 ¢

7.03 *

2.5%Nano

50.5 +2.4 BCab

458 £2.1

CDabc

57.64 £2.8 ABa

57.0 £3.1 ABab

41.1 £1.9 Dee

50.5 +£2.4 Bab

58.8 £3.0 A

8.16 *

3%
normal

15.2+0.7 ¢

47.0+2.4

Aab

264+1.38

247128

50.0 £2.5 A

17.6 £0.9 €

47.0 £2.3 A

7.22 *

3%Nano

57.6 £3.1 B¢

52.9 +2.8 BCa

58.8 £2.5 BCa

65.8£3.5

ABa

50.0 £2.2

57.6 £2.5 B¢

71.7 £3.5 42

8.41 *

66

L.S.D.

8.027 *

855 *

9.41*

837 *

7.97 *

8.25 *

8.16 *

* (p<0.05), NS: Non-



67

3.1.13. The Effect of Nano Sea Salt on the Production of Mycotoxins

Treating Fusarium spp. strains with 3% nano-sea salt achieved the highest inhibition rate
for the growth of F. pseudograminearum strains capable of producing the DON
mycotoxin and reducing its production. The highest inhibition rate of toxin production
reached 83.38% for F. pseudograminearum strain 3 (Table 17). The same concentration
of nano-sea salt was applied to Fusarium strains (F. oxysporum 4, F. oxysporum 5, and
F. chlamydosporum 8) to determine the salt's ability to reduce the production of MON
mycotoxin, the highest inhibition rate reached 87.69% for F. chlamydosporum 8, the
inhibition rates for MON toxin production in the remaining strains ranged from 81.42%
to 83.08% as shown in Table 18. The chromatograms related to treatments are given in

Figure S5.

Table 17. Deoxynivalenol (DON) concentrations (ug/L) and inhibition ratio (%) of
Fusarium spp. strains before and after nano sea salt treatment NS: Non-Significant.

Fusarium spp. strains DON (pg/L) DON (ng/L) Inhibition ratio
before sea salt after nano sea %
treatment salt treatment
3% 3%
F. pseudograminearum strain 2 43.82 +2.72 8.22 +0.68 81.42 £3.62
F. pseudograminearum strain 3 47.24 +3.66 7.85 +0.71 83.38 +3.07
F. pseudograminearum strain 6 43.86 £2.78 7.99 £0.74 81.78 £.28
F. pseudograminearum strain 7 4723 +3.65 7.99 £0.62 83.08 £3.51
L.SD. 45198 2.066 N 3.429 N8

Table 18. Moniliformin (MON) concentrations (pg/L) and inhibition ratio (%) of
Fusarium spp. strains before and after nano sea salt treatment

Fusarium spp. strains MON (ng/L) MON(ng/L) Inhibition ratio
before nano sea after nano sea (%)
salt treatment salt treatment
F. oxysporum strain 4 44.58 +3.57 7.15 £0.69 83.96 +3.58 AB
F. oxysporum strain 5 41.65 +2.83 8.08 +0.71 4 80.60 +2.94 B
chlamydosporum strain 42.65 +3.08 525+368 87.69 +3.17 A
8
L.S.D. 3.75 N8 2.781 * 5812 *

Means having with the different big letters in same column differed significantly.*
(P<0.05), NS: Non-Significant.
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3.1.14. Evaluation of the Best Four Treatments Applied to Fusarium spp. Strains

After evaluating the ability of the above treatments to inhibit the growth of Fusarium spp.
strains, the same treatments were used to assess whether these strains produced
mycotoxins after growth. Significant differences were observed in concentrations of
toxins after the HPLC device measured them. A comparison was made of the toxin
inhibition percentages across the four treatments. After using the best concentrations from
all previous treatments. The results of the inhibition rates of the treatment of DVE and
DVE loaded on chitosan nanoparticles at a concentration of 0.75 for each of them and
using nano sea salt at a concentration of 3% and using ozone gas at a flow rate of 4
liters/minute per hour, and the inhibition rate of these treatments for the production of
mycotoxins was 81.42%, 83.38%, 81.78% and 83.08% for DON toxins. F.
pseudograminearum strain 3 recorded the highest rate of inhibition of toxin production
83.38% , which represent the values of the inhibition rate for the salt treatment at a rate
of 3% for strains 2, 3, 6 and 7. Where nano sea salt treatment had the greatest effect in
inhibiting the production of DON toxins,this is followed by applications of chitosan NPs
Loaded with DVE, DVE and ozone treatment, respectively (Table 19), (Figure 23).

Table 19. Difference in inhibition values (%) of DON production between four different
treatments estimated by HPLC

Fusarium spp. strains DVE Chitosan Nano sea 03 L.S.D.
1.5% NPs Loaded salt 4 L/min. for
with DVE 3% 60 min
0.75%
F. pseudograminearum | 5835357 | 73.75 £3.65 | 81.42+4.21 | 50.92 £2.144¢ | 7-82%
strain 2 Ac Ab Aa

F. pseudograminearum | 59 67 +3.02 | 7322 £3.92 | 83.38 £3.27 | 52.20 £2.45 Ac 7.66 *
strain 3 Ac Ab Aa

F. pseudograminearum | 6023 +3 18 | 68.87 +3.55 81.78 + | 48.56 +£2.08 Ad 8.02 *

strain 6 Ac Ab 387 Aa

F. pseudograminearum | 5987 42,77 | 73.2143.08 | 83.08%3.91 | 53.84+2.354 | 7367
strain 7 Ac Ab Aa
L.S.D. 4287 5.98 18 3.76 5.027

Means having with the different big letters in same column and small letters in same row

differed significantly. * (p<0.05), NS: Non-Significant.
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Figure 23. Comparison of inhibition rates of DON toxin production after the four

treatments

As for the inhibition rates of the MON toxins as a result of applying the above treatments,

the highest inhibition rate and the most effective treatment were the nano sea salt

treatment as well, and the rates were 87.69% for F. chlamydosporum strain 8, 83.96%,

80.60%, for F. oxysporum strain 4 and F. oxysporum strain 5. This is followed by

applications of chitosan NPs loaded with DVE, DVE, and ozone treatment, respectively

(Table 20), (Figure 24).

Table 20. Difference in percentage of inhibition of MON production between four
treatments estimated by HPLC

Fusarium spp. strains DVE Chitosan Nano sea 03 L.S.D.
1.5% NPs Loaded salt 4 L/min for
with DVE 3% 60 min.
0.75%
F. oxysporum strain 4 5367+ | 72.09%3.62 | 8396+ | 43.60%2.15 | 9-61*
2.34 Ac Ab 4,024 Ad
F. oxysporum strain 5 4825+ | 68.1843.55 | 80.60+ | 3731196 | 9337
1.92 A¢ Ab 3.57 Aa Ac
F. chlamydosporum strain 8 | 5357+ | 7362371 | 87.69t | 44544245 | 10047
2.46 A¢ Ab 3.87 % Ac
L.S.D. 5.85 18 57918 7.2 7427
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Means having with the different big letters in same column and small letters in same row

differed significantly. * (p<0.05), NS: Non-Significant
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Figure 24. Comparison of inhibition rates of MON toxin production after the four
treatments



CHAPTER 4

DISCUSSION, CONCLUSION, FUTURE STUDIES

4.1. Discussion

Wheat is regarded as one of the world’s most extensively cultivated crops and a
fundamental food source for humans. Increasing wheat production globally and in Iraq,
particularly in recent years, to satisfy population needs requires effective solutions to the
problems associated with its production, both in the field and during storage. A suitable
environment must be available for grain storage to preserve the grains for as long as
possible without spoilage. It starts with receiving the grains and continues through
storage. Although mice, grain-storage insects, and other pests pose serious risks to grains,
fungi and the mycotoxins they secrete are no less hazardous, since they may cause disease
or even death at certain concentrations. Fusarium spp. and their associated mycotoxins,
especially deoxynivalenol (DON) and moniliformin (MON), are among the major fungal
threats to grains. Numerous chemical and other fumigation methods have been applied to
minimize the risks associated with these fungi and their toxins. However, due to the
adverse effects of such methods on the environment and worker safety, as well as their
potential to leave residues on grains, this study was undertaken to explore alternative
strategies that are environmentally friendly, cost-effective, and readily available. This
chapter presents the results of the study, focusing on the effects of these methods on

mycotoxin levels and on the fungi’s capacity for toxin production.
4.1.1. Identification of Fusarium spp. strains isolated from local wheat samples

The results of the present study are in agreement with the findings of Al-Dairi and Al-
Waily (2023). During the 2020/2021 agricultural season, those authors analyzed 27 wheat

samples randomly collected from Basra, Maysan, and Dhi Qar governorates and
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successfully isolated and identified Fusarium pseudograminearum strains. Similarly, the
isolation and identification of F. pseudograminearum in the current study are consistent
with previous reports from Basra Governorate, where several Fusarium species, including
F. pseudograminearum, were identified. These observations also correspond with earlier
studies conducted on wheat and barley in Iraq (Hameed et al., 2012). In the same study,
Fusarium chlamydosporum was isolated from wheat in Iraq and reported for the first time;
its presence was confirmed again in the present study, representing the second report of
this species in Iraqi wheat. Some Fusarium species, particularly Fusarium
pseudograminearum and Fusarium chlamydosporum, are important causal agents of
major wheat diseases, including Fusarium crown rot (FCR), Fusarium head blight (FHB),

and Fusarium root rot (FRR) in wheat fields in Iraq (Minati & Mohammed-Ameen, 2019).
4.1.2. The Pathogenicity Test of Fusarium spp. strains

The results of the present study are consistent with those reported by Argyris et al. (2003),
who demonstrated that Fusarium graminearum Schwabe adversely affects seeds, leading
to unacceptable germination. The findings are also in agreement with Hassani (2019),
who reported that F. graminearum, the causal agent of Fusarium head blight (FHB),
negatively influences seed quality and reduces the germination rate, as reflected by a
lower germination index. In addition, fungi belonging to the genera Aspergillus,
Fusarium, Penicillium, and Rhizoctonia significantly impair seed quality and reduce seed
viability through mycotoxin production. These observations further support the results

obtained in the present study.
4.1.3. Effect of DVE on the growth of Fusarium spp. strains

Many factors, compounds, and reasons help inhibit fungal growth. GC-MS analysis of
the ethanolic extract revealed the presence of 27 compounds, with glycosides, saponins,
and alkaloids identified as the major constituents. Glycosides, which are soluble in water
and alcohol, are known to inhibit fungi by disrupting oxidative phosphorylation, thereby
reducing energy production and suppressing fungal growth (Al Mosowi et al., 2010).

GC-MS analysis showed that the major compound in the extract was 4-Cyclohexyl-1-
(furan-2-ylmethyl)-4H,5H,7H-pyrazolo[3,4-b]pyridin-6-one,  followed by 4'5,7-
Trihydroxy-3,6-dimethoxyflavone, 6-Methoxy-2-[2-(imidazol-1-yl)ethoxy]-8-
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nitroquinoline, and 3-Heptanol, TMS derivative. The presence of 4',5,7-Trihydroxy-3,6-
dimethoxyflavone is particularly noteworthy, as this phenolic compound is recognized
for both its antioxidant capacity and its enzyme-inhibitory effects (Durmaz, 2021).
Furthermore, N-hexadecanoic acid (palmitic acid; CisH3202), another compound
identified in the extract, has been reported to exhibit antibacterial and antifungal activity,
including against Candida albicans (Saranya & Divyabharathi, 2019). The compounds
identified above were the most abundant, while the other constituents detected in the
extract are presented in Figure 9 and Table 7, D. viscosa belongs to the Saponaceae
family, and previous studies have reported that it contains compounds with antimicrobial,
antitoxic, and cytotoxic properties (Al-Snafi, 2017). It also contains Catechol; a chemical
compound found in plants. The effect of catechol on some fungi and bacteria, such as
Fusarium oxysporum and Penicillium italicum has been studied. (Kocagaligkan et al.,
2006). In addition, neophytadine is an antioxidant and a strong, active compound against
fungi, infections, and microbes. It is one of the terpenoid compounds in the plant leaf

extracts (Pratama et al., 2019).

The ethanolic extract of D. viscosa contains phenolic compounds that may inhibit
membrane permeability and inhibit enzymes such as ATPase and phospholipase A2 (EI-
Mohamedy & Abdalla, 2014). D. viscosa extract contains many compounds, such as
polyphenols, that have an inhibitory effect on microorganisms. A previous study showed
that phenolic rings inhibit bacterial growth by binding to proteins and membranes,
forming complexes that prevent growth. This supports the rationale for inhibiting
Fusarium spp. growth (Pérez-Narvéez et al., 2023). An important observation reported in
previous studies is that fungi differ in their sensitivity to plant extracts, and the extent of
this sensitivity depends on the age of the fungal culture. Older fungal cultures tend to be

less sensitive to plant extracts than younger ones (Muthomi et al., 2017).

These findings are consistent with earlier reports demonstrating the strong antifungal
activity of D. viscosa ethanolic extract (DVE) against pathogenic fungi, including
Aspergillus niger and A. flavus. Variations in strain sensitivity may be related to
differences in the phytochemical composition of the extract, which largely depends on
the extraction solvent. Previous studies have likewise shown that ethanolic extracts of D.
viscosa exhibit variable inhibitory effects among different fungal species (Al-Snafi,

2017).
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The application of plant extracts to fruits has also been shown to reduce spoilage and
decomposition. In a practical experiment involving the treatment of fruits with extracts
of moringa, basil, and D. viscosa, the highest rate of decomposition after 18 days was
observed in untreated fruits (control group), whereas treated fruits showed lower spoilage
rates due to the presence of inhibitory compounds such as tannins, alkoloids, and
flavonoids. These bioactive compounds enable plant extracts to inhibit both fungi and
bacteria. In particular, D. viscosa extract may disrupt and damage the fungal cell wall,
thereby interfering with essential processes such as hyphal formation, budding, and cell
division. The extract contains several biologically active constituents, including alkaloids,
saponins, tannins, flavonoids, volatile oils, and phenolic compounds, all of which

contribute to its significant antimicrobial effects (Elkeleny & Mohamed, 2023).

The antifungal effect of plant extracts has been well documented. For example, Moringa
oleifera extract has been reported to be effective against Fusarium oxysporum by
inhibiting spore germination. This activity is mainly attributed to the biologically active
constituents present in the extract, such as alkaloids, flavonoids, saponins, and tannins,
which exhibit strong antifungal properties and show promising potential for future
applications. (El-Mohamedy & Abdalla, 2014). The statistical analysis revealed that the
inhibition rate varied among different Fusarium spp. strains, even when the extract was
applied at the same concentration. This variation may be attributed to differences in cell
permeability to chemical agents and to the differential effectiveness of the extracted
compounds against the tested strains, in agreement with the findings of Al-Sallami and

Jaleel (2015).
4.1.4. Effect of DVE-loaded chitosan NPs on Fusarium spp. strains

After phytochemicals in plant extracts were shown to reduce fungal growth and
mycotoxin production, subsequent studies highlighted the potential of combining these
extracts with nanotechnology to enhance their effectiveness through the encapsulation of
these bioactive compounds. This encapsulation increased the surface area compared to
the free form and helped preserve the bioactive substances and compounds, protecting
them from thermal and photodegradation (Makhuvele et al., 2020). After converting the
ethanolic extract to the nanoparticles using chitosan and obtaining DVE-loaded chitosan

NPs, its activity was evaluated by applying it to Fusarium spp. strains isolated in this
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study. The results showed clear significant differences in the growth inhibition of the
Fusarium spp. strains and in the inhibition percentages. Some analyses were conducted
to ensure that the extract reached the nanoscale before applying it to the strains. The
activity of the extract loaded with chitosan nanoparticles was then evaluated. Next part is
a discussion of the results of analyses conducted on the DVE-loaded chitosan NPs and an

explanation of the factors that contributed to the inhibition of Fusarium spp. strains.
4.1.4.1. UV-Vis spectroscopy

The observed spectral changes strongly support the formation of chitosan NPs loaded
with DVE and are consistent with previous findings for plant-extract-based biopolymeric
nanocarriers (El-Naggar et al., 2023; Duraisamy et al., 2022). They reported that the UV—
Vis spectrum of chitosan nanoparticles ranged between 200 and 322 nm due to the
presence of the CO group. By comparing the DVE/chitosan nanoparticles with DVE, it
was noticed that the absence of many peaks due to the cross-linking of TPP may be
attributed to the fact that the large molecules were fragmented into smaller units. Overall,
the observed spectral changes strongly affirm the formation of chitosan NPs loaded with
DVE and are consistent with previous findings for plant-extract-based biopolymeric

nanocarriers.

The interaction between chitosan and TPP was responsible for the increase in total surface
area, indicating that the repositioned chemical groups facilitated the efficient loading of
the extract into the chitosan/TPP matrix and the formation of nanoencapsulation of the
extract. As additional supporting evidence, the shifted peaks are consistent with the
formation of a new complex. The modifications in the functional groups of the bioactive
molecules suggest a relationship with the synthesis of DVE/chitosan NPs (Agarwal et al.,
2018; Almukhtar & Karam, 2020).

4.1.4.2. Fourier transform infrared spectroscopy (FTIR)

The higher intensity in the spectrum of nanoparticle suggests a higher concentration of
amides associated with the nanoparticles. This finding could be attributed to the
attachment of many biomolecules during the synthesis process, which may act as
stabilizing agents. On the other hand, the absence of some peaks in chitosan NPs loaded

with DVE (1150-1300, 1685-1710, 2850-3000 cm™') indicated the attachment between
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DVE and chitosan molecules, and our results agreed with those of the previous study by
Sathiyabama et al. (2024). When the C-H stretch was seen at 2927 cm™!, it provided

structural information on chitosan.
4.1.4.3. Atomic Force Microscopy

The outcomes of the AFM examination of biosynthesized DVE-loaded chitosan NPs are
shown in Figure 13. Although there is considerable form diversity in the picture, the
average nanoparticle size was 105.7 nm. The particles have a rough, protrusive surface
texture. Compared to smoother surfaces with smaller contact areas, rough surfaces may
allow biological processes, including plant active chemicals, to interact more extensively.
On average, particles were 105.7 nm tall, while surface protrusions were about 75.62 nm
tall. In addition to their elongated shape and parallel plates, nanoparticle aggregates
include several sharp edges. The findings colloborated those of Shaghati & Jassim (2023)
who used AFM examination to study clove extract loaded with chitosan NPs, their 3D
image showed a uniform population of particles with regular surfaces. The AFM image
revealed an intelligent interaction between chitosan nanoparticles loaded with D. viscosa
extract, leading to the formation of distinct aggregates. Conversely, research by Fauzi et
al. (2020), suggests that the thin film's surface morphology is fairly smooth and
homogeneous, confirming that Fe2Os interacts with chitosan. Meanwhile, research by
Daniyal et al. (2018), shows that chitosan can improve the thin film's surface; the
nanostructured maghemite in the chitosan thin film was intentionally made rougher to

improve its performance as a sensing element.
4.1.4.4. Field-emission scanning electron microscope (FESEM)

To study the morphology of nanoparticles prepared from chitosan loaded with D. viscosa
extract, a field-emission scanning electron microscope (FESEM) was used to verify the
successful synthesis of the nanoparticles. They provided primary particles that were

homogeneous, small, and highly porous.

Secondary agglomerates were observed in the second image taken at 50kX magnification,
where they form during the drying process because, by evaporation of water, the

electrostatic repulsive forces that pull the particles apart are reduced, which allows the
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particles to touch each other by weak van der Waals force or hydrogen bonds according

to Shrestha et al. (2020).
4.1.4.5. Energy-dispersive X-ray spectroscopy (EDX)

The EDX spectrum of the nanoparticles exhibited multiple peaks, indicating the presence
of different elements. Similarly, the sulfur (S) signal shows a strong peak at about 2.3
keV, suggesting the potential presence of a sulfur-containing compound in the plant
extract. The peaks noted, based on the organic nature of chitosan and the plant extract,
correspond to carbon (C) at 0.39 keV, nitrogen (N) at 0.39 keV, and oxygen (O) at 0.52
keV. The identified peaks for hydroxyl (O-OH) and carboxyl functional groups confirmed

the multifunctional composition of the nanomaterial.

Detected at the highest energy ranges, the peaks correspond to 1.48 keV (Al) and 1.745
keV (Si), likely due to impurities from the preparation utensils or to remnant materials
from the plant (Alcaraz et al., 2025). Peaks of Ca were observed at 3.7 keV (Ka)) and 4.0
keV (Kp), indicating minimal presence, most likely from the chitosan residue or plant
extract. The analytical data of sample corroborated this, reporting that carbon was present
at the highest weight percentage (39.97%), followed by nitrogen (21.21%) and oxygen
(19.44%) thus verifying the organic structure of the nanoparticles. Consequently, nitrogen
is an excellent marker for chitosan because of the amino groups (—NH2) attached to
glucosamine units. Luthfiyana et al. (2022) reported that EDX nitrogen reflects the
chitosan deacetylation level. Sulfur (8.09%) is most likely of plant origin, since plants of
D. viscosa are known to contain sulfurous compounds or sulfate salts derived from the
substrate. Previous study by Salman et al., (2023), it has already demonstrated the
presence of sulfur signals in plant-based nanoparticles, similar to those observed in the

present study.

Oxygen's high percentage is due to the density of hydroxyl and ether groups in chitosan
and the oxidized compounds in the plant extract. This study aligns with the findings of
Liu et al. (2024), who showed that up to 48% of the weight of chitosan nanoparticles was
attributable to oxygen. Similarly, El-Najjar et al. (2023) observed robust oxygen, carbon,

and nitrogen signals in comparable nanoparticles.
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Calcium may come from non-removable chitosan impurities derived from crustacean
shell patterns or natural nutritional components in D. viscosa leaves as reported by
Hossain et al. (2018). The absence of any phosphorus (P) peak in the spectrum
demonstrates that calcium was not complexed with TPP to form calcium phosphate and
indicates an incipient origin. In contrast, Ahmed et al. (2024), confirmed TPP interaction
with chitosan using EDX. Distinct peaks for sodium and phosphorus were detected,
supporting the assertion that TPP in the sample used in the present study was not

spectrally visible.
4.1.4.6. X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was performed to accurately describe the crystalline
materials' crystalline type, dimensions, and structure. These findings demonstrate that
incorporating plant extracts in to chitosan can sometimes facilitate crystallization through
molecular organization mediated by the reaction. It also verifies that the variations in the
diffraction pattern are directly caused by the interaction between chitosan and the natural
extract, through both physical and chemical bonds. It has been shown that changes in the
molecular arrangement in the crystal lattice can account for differences in the patterns,
and the pattern of teicoplanin-loaded chitosan nanoparticles shows decreased peaks at 26
22 and 25 (Kahdestani et al., 2021), indicating a decrease in intensity. As stated by
Shaghati (2022), the peaks in the XRD pattern of the chitosan were found at 26 = 20.53
at an intensity of about 1200 counts, while the extract-loaded sample (DVE-loaded
chitosan NPs) was found at 20 = 22.8596 at 736.55 counts. This displacement of the
maximum and the changes in intensity were ascribed to a change in crystalline structure

of the samples upon interaction with the extract, which increased crystallinity.

To enhance the efficacy of the active ingredients in the D. viscosa plant extract by
converting it to the nanoscale, chitosan was chosen because it is a natural, readily
available substance that does not harm the environment or humans. The inhibition rate of
the growth of Fusarium spp. strains increased when using the nano-extract compared to
the natural extract. The active chemical components in the nanoparticles become more
active when encapsulated, reducing their toxicity and making them less volatile and more

environmentally friendly. Nano-chitosan facilitates the effective absorption of the
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compound through the cell membrane, thereby increasing the availability of active

substances within the nanoparticles (Kashyap et al., 2015).

Researchers propose three mechanisms for fungal inhibition. The first is that chitosan
facilitates interaction and binding to phospholipids in the fungal membrane because it
carries a negative charge, and because it carries a negative charge, and because chitosan
carries a positive charge, which certainly helps in cell death by leaking its components
and increasing the permeability of the fungal cell membrane. The second mechanism is
the binding of chitosan to essential nutrients necessary for the normal growth of fungi,
serving as a chelating agent. The third mechanism is to penetrate the fungal cell wall,
which helps bind to its DNA, preventing or inhibiting the production of essential
enzymes, proteins and mRNA synthesis (Ing et al., 2012).

Nanotechnology is considered one of the most important applications proposed and is
poised to play a promising role in sustainable agriculture and food security. The inhibition
of fungal growth that appears in the previous results is consistent with what was
mentioned (Al-Hamiri & Hussein, 2020), as the small size of the compounds in the nano
state gives them the ability to absorb the contents of cells in addition to penetrating cell
membranes, and this is an important physical property that helped increase the

effectiveness of the compounds or materials.

4.1.5. Effect of The Treatments on the Growth and Mycotoxin Production of

Fusarium spp. Strains

F. pseudograminearum may indicate the presence of mycotoxins produced by this
fungus, such as DON toxin, and evidence of its high concentration in plant tissues. It may
be without disease symptoms (Xu et al., 2024). The results obtained in this study were
consistent with those of a study conducted on samples from 17 wheat fields in Basra
Governorate. DON toxins were confirmed in six fields, with concentrations ranging from
8 ng/kg to 1060 pg/kg (Minati and Mohammed-Ameen, 2019). HPLC results showed the
presence of MON toxin produced by F. oxysporum strains 4, 5, and F. chlamydosporum
strain 8. This study is considered the first work to investigate the presence of MON
produced by Fusarium spp. strains growing on wheat samples stored in Iraq. MON is a
toxin associated with some Fusarium spp. has a significant effect on humans, livestock,

and can be a cause of cell death in humans and mice. It has also been detected in wheat
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fields in many countries. MON has been associated with the fungus F. oxysporum in
wheat fields (Ivi¢ et al., 2009). There are about 40 species of Fusarium spp. responsible
for the production of MON, and its presence has been confirmed in wheat and other
grains. It should be noted that research on this toxin is limited, further studies are needed
to characterize its toxicity, behavior, and the effects of treatments (Radi¢ et al., 2019).
Mycotoxin production may be affected by factors such as the presence of other
microorganisms in the same environment, the type of agricultural practices in the field,
and climate. Studies have shown that DON production by Fusarium spp. are greater at
28°C. The differences in results between studies depend on several factors, including

isolates, substrates, and test conditions (Mahmoud et al., 2023).

4.1.5.1. Effect of ethanolic DVE and DVE-loaded Chitosan NPs on Production of

Mycotoxin by Fusarium spp.

The results of applying the ethanolic extract to the isolated strains in this study showed
growth inhibition in all strains, thereby reducing mycotoxin production. The inhibition
rate of mycotoxin production increased with the application of DVE-loaded Chitosan
NPs. The application of the ethanolic extract and DVE-loaded Chitosan NPs inhibited
fungal growth and reduced mycotoxin production, as demonstrated in the results obtained
above through testing using the HPLC device. This finding is consistent with the results
reported by Al-Warshan et al. (2023), who showed that the application of plant extracts—
neem, ginger, and eucalyptus—at concentrations of 12, 24, and 48 mg/mL exerted an

inhibitory effect on the growth of 4. flavus and reduced AFB1 production by 100%.

The researchers explained the effect of the plant extracts through their impact on the
fungal cell and cell membrane, which disrupts ion exchange, as well as through binding
to cell wall proteins and enzymes. This effect may be direct or indirect due to the active
compounds present in the plant extracts. All of these factors have an effect that inhibits
or prevents the production of mycotoxins. Plant extracts stimulate detoxification
pathways and biotransformation and alter the equilibrium state in the cellular
compartment, including osmotic and redox balances. A study has shown the effects of
biologically active compounds on the growth of fungi, such as 4. favus, A. oryzae, A.
niger, Alternaria alternata, F. moniliforme, F. graminearum, Penicillium citrinum, and

P. viridicatum, and their associated mycotoxins (Makhuvele et al., 2020).
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Explained the ability of nanoparticles to penetrate cell membranes due to their small size,
the difference in their physical properties and their ability to absorb cell contents (Kim et
al., 2005). The rate of fungal inhibition increased with increasing nanoparticle
concentration. This may be attributed to the interaction of nanoparticles with DNA
affecting its ability to reproduce and its loss, as well as the ribosome subunit and the

disruption of proteins.

In a study conducted by Hamad et al. (2023), they reported that the effects of polyphenols
and flavonoids present in plant extracts can be attributed to four different aspects: (a) they
play a significant role in biological activity through their ability to absorb lipids and their
antioxidant properties; (b) they can alter and modify the fungal membrane, leading to the
inhibition of mycotoxin production; (c) they also have a significant effect on gene
expression and inhibition of the gene responsible for mycotoxin production; and (d) they
also have an effect that inhibits enzymatic activity. It was confirmed that the phenolic
compounds present in plant extracts are an important and vital pathway for influencing
fungal growth and inhibiting mycotoxin production. Plant extracts also possess

biologically active molecules that have a potent and detrimental effect on mycotoxins.

A. alternata is a phytopathogenic fungus responsible for leaf spot disease in tomato and
potato. Methanolic extract of D. viscosa, at concentrations ranging from 100 to 2000
ng/mL, has demonstrated significant inhibitory activity against A. alternata. It has also
been reported to inhibit the radial growth of A. solani (56.96%), Macrophomina
phaseolina (52.06%), and Rhizoctonia solani (51.54%). These findings are consistent
with the results of the present study and further confirm the antifungal potential of D.
viscosa extract against these fungi (Behiry et al., 2022).

In another study, an aqueous extract of D. viscosa at 2 mg/mL showed inhibitory activity
against F. verticillioides, a known producer of fumonisin B1. Similarly, the methanolic
extract of D. viscosa exhibited antifungal activity against F. verticillioides, with an
inhibition rate of 36.1 + 0.21% at the same concentration (Thippeswamy et al., 2013).
These findings are consistent with the results of the present study, indicating that D.
viscosa extract can suppress the growth of Fusarium spp. strains and reduce mycotoxin

production.
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4.1.5.2. Effect of Ozone Gas on the Growth of Fusarium spp. Strains and Its

Mycotoxins Production

After applying ozone gas to Fusarium spp. at different gas flow rates and exposure
periods, the results showed significant differences between the control group and the
ozone-exposed groups. The growth of Fusarium spp. strains was clearly inhibited, and
the inhibition rate increased with increasing ozone gas flow rate and exposure time.
Applying ozone at a rate of 4 liters/minute for 60 minutes had the greatest effect on fungal
strain growth. It could be stated that ozone gas can inhibit the growth of microorganisms
due to its rapid decomposition properties (Dong et al., 2015). Therefore, it has been
widely used in several fields, including food sterilization. Ozone affects microorganisms
and causes their death by affecting the cell membrane and oxidizing cell components such
as amino acids, proteins, and polyunsaturated fatty acids (Xu, 1999). The oxidative effect
of ozone gas is attributed to its ability to oxidize cell wall components, which contain
numerous disulfide bonds as well as approximately 80% carbohydrates, 10% proteins,
and glycoproteins. This mechanism helps explain the fungicidal effect of ozone on fungal

cells (Karaca & Velioglu, 2007).

Nur et al. (2015) reported that ozone reduced and inhibited fungal spore counts. Applying
ozone at a dose of 0.16 ozone/(g barley)-min to fungi reduced fungal spore counts by up
to 96%, and this effect increased with increasing wheat moisture (Allen et al., 2003). The
results of a study conducted by Wu et al. (2006) showed that storing wheat grains in
sealed jars after ozone treatment had an inhibitory effect on fungal spores. The study also
concluded that yeast and mold contents were reduced by washing wheat with ozonated

water.

The effectiveness of ozone depends on several factors in its impact on mold, one of which
is temperature (Isikber & Athanassiou, 2015). This may be because high temperatures
stimulate the growth of organisms in stored wheat, particularly mold, in tightly sealed
storage, this inhibits mold growth by depleting oxygen (Rajandrin, 2003). To understand
how to deal with fungi growing on grains, the effect of ozone on the grains themselves
must be studied to avoid any potential damage, even though ozone gas is one of the
alternatives that has been approved as environmentally friendly, as mentioned above, the

effect of ozone on grains also depends on several factors, including the flow rate,
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exposure duration, and moisture level. It is emphasized that exposure duration is more
important than gas flow rate, and that temperature and grain characteristics also play a
role in increasing the effectiveness of 0zone on grains, the gas's effect on grains begins at

the grain's outer layer, and ozone then diffuses through it (Tiwari et al., 2010).

Mycotoxin analysis showed that ozone gas affected mycotoxin production for all strains,
with significant differences, this is consistent with what was reported by Al-Dasouqi et
al. (2012), who reported that applying ozone gas to infected wheat grains had a significant
effect in reducing AFB1 toxins by 83.21% when the grains were exposed to ozone at a

concentration of 40 parts per million for 20 minutes.

These results are consistent with what Wu et al. (2006) reported, which showed that ozone
inhibited 39% of 4. flavus spores after 5 minutes of exposureThis finding is consistent
with the report of Afsah-Hejri et al. (2020), who described ozone as a strong oxidizing
agent. Their study demonstrated that ozone can inhibit fungal growth by disrupting the
cell wall, attacking polyunsaturated fatty acids, and oxidizing sulthydryl groups, thereby
suppressing fungal activities such as germination and toxin production. The exact
mechanism by which ozone affects mycotoxins is still unclear. Still, some explanations
for this effect include altering the structure of mycotoxins through ozone's interaction
with functional groups within the mycotoxin molecule. These effects also vary depending
on the moisture content of products, temperature, ozone concentration, and exposure
time. This may explain and be consistent with the reduced mycotoxin production by

Fusarium spp. strains in this study.

In a different study, DON toxins were reduced in ozone-treated wheat (55 g O3 h™! for 6
hours) by 29%, the gas effectively disinfected grains, maintaining chemical and
rheological parameters after it was applied to semolina, pasta and durum wheat. This is
one of the most important advantages of ozone gas, as it is generally recognized as safe
(GRAS). This supports the findings of the present study and confirms that ozone is a
promising alternative for grain fumigation and for controlling fungi and other pathogens,
including bacteria (Piemontese et al., 2018). Wang et al. (2016) reported that wheat
samples exposed to ozone at a concentration of 75 mg/L for 30, 60, and 90 min showed

deoxynivalenol detoxification rates of 26.40%, 39.16%, and 53.48%, respectively. These
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findings indicate that exposure duration plays a significant role in enhancing the

effectiveness of ozone treatment against mycotoxins.

4.1.5.3. Effect of The Sea Salt on The Normal and Nano-Particle Scale on Fusarium

spp. Strains and Their Mycotoxins Production

Converting sea salt to the nano-state and applying it to Fusarium spp. strains increased
the effect of sea salt. There was a clear significant difference and increase in the inhibition
rates. The obtained results are consistent with those reported by Waheed et al. (2019),
who confirmed that sodium chloride affects fungal growth and reduces the number of
viable fungal colonies. They also noted that this effect depends on both the salt
concentration and the age of the fungal culture. Asghari et al., (2008) obtained 100%
inhibition of Aspergillus niger fungi when they used sodium chloride at a concentration
of 40%. The results of the present study are consistent with those reported by
Thanapuripat et al. (2010), who showed that sodium chloride applied at a microscopic
scale completely inhibited the growth of A. flavus at a concentration of 10%. The
enhanced effectiveness of salt in its nanoscale form, compared with its conventional form,
may be attributed to the small particle size, which facilitates penetration through cell
membranes and confers unique physicochemical properties. This may explain the higher
inhibition rates observed in the present study when the salt was applied in its nanoscale

form (Al-Hamiri & Hussein, 2020).

The antimicrobial mechanism of nanomaterials involves their penetration into microbial
cells, followed by interactions with intracellular components such as DNA and proteins,
leading to structural damage and the generation of reactive oxygen species (ROS). In
addition, nanoparticles (NPs) may inhibit cells by accumulating on the cell surface, where
adsorption occurs through functional groups. The binding of negatively charged proteins
to NPs can further disrupt protein integrity, ultimately resulting in cell death (Sharmin et
al., 2021). In another study, several salts, including calcium chloride, ammonium
chloride, and manganese chloride, were evaluated for their inhibitory effects against
Fusarium crown and root rot. Among them, sodium chloride was found to be more
effective in controlling the fungi responsible for these diseases, namely F. oxysporum f.
sp. asparagi and F. proliferatum. However, sodium chloride at concentrations of 0.25 and

0.50 g/L did not inhibit F. oxysporum f. sp. cyclaminis. These findings support the results
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of the present study, in which no inhibitory effect was observed at a concentration of 1%
against F. pseudograminearum strain 2, F. oxysporum strain 5, and F. chlamydosporum
strain 8, all of which showed an inhibition rate of zero. This indicates that fungal species
and genera differ in their sensitivity to salts, including sodium chloride (Tiirkkan, 2013).
The mechanism of nanomaterials' effect on cells involves their interaction with the cell
membrane, which stimulates programmed cell death and inhibits mitochondrial function
in microorganisms (Kaundal et al., 2017). Nanoparticles affect the membrane's
morphology and permeability, disrupting its function and allowing nanoparticles to enter
the bacterial cell, increasing the likelihood of interaction with bacterial nucleic acids and

leading to cell death (Morones, 2005).

Nanomaterials have been shown to interact with various compounds while exhibiting
distinctive properties, such as a high surface area-to-size ratio (Gontero et al., 2017). Their
inhibitory effects on microorganisms have been demonstrated in previous studies,
including that of Rico et al. (2011). Nanoparticles have been reported to interfere with the
formation of proteins involved in ATP production in fungal cells, which may help explain
the inhibition of Fusarium spp. growth observed in the present study (Yamanaka et al.,
2005). Their effects are not limited to fungal mycelia, as nanoparticles have also been
shown to damage fungal spores and contribute to their destruction (Kasprowicz et al.,
2010). In addition, Wani et al. (2015) demonstrated the effectiveness of magnesium oxide
nanoparticles in inhibiting plant pathogenic fungi, including Fusarium spp. Collectively,
these studies help explain the increased inhibition rates observed with nano sea salt and

highlight its potential as an effective antifungal agent.

The results of this study are consistent with those reported by Al-Hamiri & Hussein
(2020), in which sea salt and common natural salt were applied to an isolate of the fungus
Aspergillus flavus Asf 04. The salt concentration ratios for both types of salt were 1%,
2.5%, and 3%, the experiment was carried out and sea salt was applied to dishes
containing a laboratory culture medium, and the inhibition ratios for the growth of the
fungal isolate were achieved at 0, 5.8, and 12.58% for sea salt and 0, 3.17, and 3.52% for
common salt, respectively. The application of nano sea salt at a rate of 2.5% resulted in
achieving the highest inhibition rate of AFB1 toxin production, which was 84.86%, in
which the toxin concentration decreased from 22.88 parts per billion in the control group

to 3.44 ppb in stored rice grains. These results are consistent with the findings of Horky



86

et al. (2018), who reported that most mycotoxins are non-polar compounds and, unlike

polar compounds, cannot be easily removed because of their poor solubility in water.
4.1.6. Evaluation of the Best Four Treatments Applied to Fusarium spp. Strains

The above findings indicate that nano sea salt was the most effective treatment, followed
by the nanoformulated ethanolic extract of D. viscosa and ozone gas, respectively. The
results in Tables 19-20 and Figures 23-24, show that nano-salt exhibited the highest
inhibition rates of fungal growth on wheat grains, surpassing all other treatments. This
may be attributed to the strong inhibitory effect of nano-salt on the growth of Fusarium
spp. strains, together with the large surface area of the nanoparticles relative to their small
size. These properties likely enhanced their adhesion to the outer surface of the grains,
allowing them to cover Fusarium spores associated with the grain and interfere with spore
components, thereby preventing germination. If some spores succeeded in germinating,
nano-salt could inhibit the developing germ tube by absorbing its contents and interacting
with the fungal cell membrane. The results obtained in the present study are consistent
with those reported by Al-Jumaili (2014), who found that treating yellow corn grains with

a sodium chloride solution reduced aflatoxin levels by 86%.

The effectiveness of D. viscosa extract in inhibiting fungal growth can also be attributed
to its content of the aforementioned phytochemicals, which have a strong inhibitory effect
on fungal growth (Giineser et al., 2018). Furthermore, nanoparticles can modify certain
bonds, affecting important chemical groups such as COH, COOH, and CH3, thereby
reducing the toxicity of mycotoxins or rendering them non-toxic (Gontero et al., 2017).
It is worth noting that most mycotoxins are nonpolar, and nonpolar compounds are not
easily eliminated because they are not soluble in water like polar compounds.
Nanomaterials can alter the properties of toxins under different physical and chemical

conditions, making them polar and thus eliminating them (Horky et al., 2018).
4.2. Conclusions

1. Dodonaea viscosa is a good source of phytochemicals that can be an alternative to

industrial chemicals.
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2. Dodonaea viscosa phytochemicals are highly effective in inhibiting the growth of
Fusarium spp. strains.

3. This study demonstrated the effectiveness of the ethanolic extract of Dodonaea vicosa
in both natural and nano forms in inhibiting the production of DON and MON

mycotoxins.

4. It was proven that sea salt played a role in reducing the growth of Fusarium spp. strains

and their ability to produce the mycotoxins associated with them.

5. The use of salt in nanoscale form enhanced the ability of sea salt to inhibit strain growth

and reduce toxin production.

6. Ozone treatment in this study confirmed that ozone gas, at appropriate concentrations,
exhibits antifungal activity and may be considered a potential alternative to chemical

fungicides because of its favorable properties.
7. This is the first study in which MON toxins in wheat in Iraq have been detected.

8. Three new strains of Fusarium spp. were recorded for the first time, representing three

types of Fusarium spp. present in stored grains.

9. The use of nanotechnology in converting the ethanolic extract into nanoparticles by
using chitosan had a significant impact in improving the properties of the extract and

increasing its effectiveness.
4.3. Future Studies

1. Study the possibility of commercially manufacturing a fungicide from D. viscosa

extract.

2. Study the possibility of the effect of the ethanolic extract of D. viscosa as an inhibitor

for other fungi.

3. Emphasizing the use of the extract in the nano state because of its effect in raising the

efficiency of the extract.

4. Expanding the scope of using sea salt and studying its effects on different crops.
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5. Ozone gas is an effective, easy-to-use, environmentally friendly and inexpensive gas,
so it is necessary to focus and increase research in its use as a fungicide, insecticide and

others on a commercial scale.
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Figure S1. Chromatograms of deoxynivalenol and moniliformin before treatment by
HPLC chromatography analysis. (sample 2) F. pseudograminearum strain 2, (sample 3)
F. pseudograminearum strain 3, (sample 4) F. oxysporum strain 4, (sample 5) F.
oxysporum strain 5, (sample 6) F. pseudograminearum strain 6, (sample 7) F.
pseudograminearum strain 7, (sample 8) F. chlamydosporum strain 8.
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Figure S2. Chromatograms of deoxynivalenol and moniliformin after treatment of D.
viscosa extract (DVE) by HPLC chromatography analysis (sample 2) F.
pseudograminearum strain 2, (sample 3) F. pseudograminearum strain 3, (sample 4) F.
oxysporum strain 4, (sample 5) F. oxysporum strain 5, (sample 6) F.
pseudograminearum strain 6, (sample 7) F. pseudograminearum strain 7, (sample 8) F.
chlamydosporum strain 8.
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Figure §3. Chromatograms of deoxynivalenol and moniliformin after treatment of
chitosan NPs loaded DVE by HPLC chromatography analysis (sample 2) F.
pseudograminearum strain 2, (sample 3) F. pseudograminearum strain 3, (sample 4) F.
oxysporum strain 4, (sample 5) F. oxysporum strain 5, (sample 6) F.
pseudograminearum strain 6, (sample 7) F. pseudograminearum strain 7, (sample 8) F.
chlamydosporum strain 8.
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Figure §4. Chromatograms of deoxynivalenol and moniliformin after treatment of
ozone gas by HPLC chromatography analysis (sample 2) F. pseudograminearum strain
2, (sample 3) F. pseudograminearum strain 3, (sample 4) F. oxysporum strain 4,
(sample 5) F. oxysporum strain 5, (sample 6) F. pseudograminearum strain 6, (sample
7) F. pseudograminearum strain 7, (sample 8) F. chlamydosporum strain 8.



120

15/05/2004 03:20 pm Chvomatogram F:\ sample 2 ( salt ) PRM Page1of1 15/08/2024 03:20 pm Ovomatogram F:\ sample 3 (3t ) PRM Pagetofl
Chromatography Laboratory Chromatography Laboratory
HPLC HPLC
Sampl it
Amourt. o Sample 10  sample 3 ( sat ) Amount °
1570 Amowe 0 Soncle  sample 3 (st 10 Amout 0
Suion * Inj. Vokume [mt] 1 0.1 Dision 1
Range 1 Bipokar, 2000 AU, 10 Samp. per Sec. Detector 1 : Range 1 + Bipokar, 2000 MAU, 10 Samp. per
Matching i No Change: Subtraction Chvomatogram : (None) Matchng No Change:
() ()
12 12
1.0 10
8 0.
o, fu
3 3
04 04 -
02 02
00 00
2 0 8 10 2 "
(min)

140572024 03:20 pm

Ovomatogram F:\ sampe 4 ( sat ) PRM

Page oty

140572024 03:20 9m

Resul chromatography Table (Uncal - -\ samgie 3 (st )

Page 101

f 020, P\ sampe 6 (sat) FRM 1o
] L Cuspmpns MY ame s k) b 15/05/2024 03:20 pm Ovomatogram F:\ sample 7 ( sat ) PRM Pagetof 1
Chromatography Laboratory
HPLC

Sampte Ino:

Samghe 10 < sample 6 (sax o

Samgle sample 6 (538 ) o

). Volume [mL] 0.1 1
Autoston : 2000mn Start - Restart, Down
Detector 1  Detector 3 Bocker, 2000 MAU, 10 Sem. per Sec.
Subtraction Civomatogram : (None) No Change

(mA) (mA)

12 12

10 10

o8 o8
g 06 g 06

] " 3 s

04 - ™ -

02 02

00 L

2 6 8 10 12 14 2 6 ] 10 2 4
[min) (min.)

Result hromatography Table (Uncal - F-\ sample 6 ( sat )

WO Compound
(min) Name.
233

=3

sample 6 after nano salt treatment




121

Gromatogram F:\ sample 8 ( 53k ) FRM Page 1of 1

14/05/2024 03:20 pm

Chromatography Laboratory
HPLC

—237
— 601

sample 8 after nano salt treatment

Figure §5. Chromatograms of deoxynivalenol and moniliformin after treatment of nano
sea salt by HPLC chromatography analysis (sample 2) F. pseudograminearum strain 2,
(sample 3) F. pseudograminearum strain 3, (sample 4) F. oxysporum strain 4, (sample

5) F. oxysporum strain 5, (sample 6) F. pseudograminearum strain 6, (sample 7) F.
pseudograminearum strain 7, (sample 8) F. chlamydosporum strain 8.
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