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1. INTRODUCTION  

1.1 Background and rationale 

In global agricultural food systems, maize (Zea mays L.) has become crucial for food, feed, 

and industrial raw materials. Over recent decades, maize production has dramatically 

increased due to rising demand, technological advancements, area expansion, and improved 

yields (Erenstein et al., 2022). In the past decade, maize production surpassed one billion 

metric tons, ahead of rice (751 million metric tons) and wheat (747 million metric tons). 

These three cereals account for about 90% of global primary cereal production, providing 

approximately 42% of calories and 37% of protein in global diets (FAOStat, 2023). It was 

noted that maize was the most produced cereal in 2019, 2020, and 2022, with its grain oilseed 

index (GOI) sub-index rising by 37%, significantly above wheat's 7%. ( IGC, 2022) Maize 

is projected to be the most traded cereal due to its versatility (Erenstein et al., 2022). In SSA, 

South America, and parts of Asia, maize is vital for human consumption, providing about 

20% of food calories (Shiferaw et al., 2011). As an industrial and energy crop, maize's 

diverse role is essential for global food systems and nutrition security.  

Climate variability and land degradation significantly impact global crop production, 

threatening food security. Research has consistently highlighted the prevalence of climate 

change, indicating that alterations in precipitation patterns and increased weather variability 

are key consequences (Böhm et al., 2010; Hansen et al., 2010; Rohde et al., 2013; Parry, 

2007; Mann et al., 2009; Screen and Simmonds, 2010). Extreme weather events like heat 

waves, droughts, and heavy rainfall are becoming more common (Pachauri and Reisinger, 

2007). Reports show that the global mean temperature has risen by 0.8°C since the mid-19th 

century, backed by independent datasets covering land, seas, and ocean surface temperatures 

(Solomon, 2007). Climate change causes are anthropogenic and natural (Wheeler and Braun, 

2013). The predictions indicate that average rainfall is expected to rise in polar areas and 

certain wet mid-latitudes, while declines are projected in arid mid-latitude and subtropical 

regions, increasing drought risk (Medina et al., 2017). Consequently, extreme weather 

events significantly threaten global crop production and food security (Lobell et al., 2013). 

The productivity of maize as a crop will be significantly influenced by the effects of climate 

change (Wheeler and Braun, 2013). Plant pathogens, disease-spreading pests, and host-

pathogen interactions will further impact crop quality due to shifting climate conditions 
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(Donatelli et al., 2017). Land degradation reduces soil fertility, hindering production. 

Fertilization optimizes nutrient availability, addressing deficiencies for healthy crop growth. 

Nitrogen is crucial for grain crop productivity and is a major limiting factor. It impacts maize 

growth by enhancing leaf area and photosynthesis (Geith et al., 2022), directly influencing 

yield and grain quality (Gao et al., 2020). On food security, the alterations in plant pathogens, 

disease-spreading pests, and host-pest interactions compromise food quality. Mycotoxin 

contamination produced by fungi poses significant food safety risks that are expected to be 

affected by climate change (Miraglia et al., 2009); hence, serious attention is needed. 

Maize contamination by mycotoxin is alarming despite the economic importance of maize 

worldwide.   About 25% of maize was reported to exhibit contamination with mycotoxins 

at varying concentrations, positioning mycotoxin contamination as a significant global issue 

related to food safety and public health (James and Zikankuba, 2018). Public-private 

partnerships and non-governmental organizations (NGOs) are actively engaged in ongoing 

research and outreach initiatives targeting the multifaceted issues associated with the 

prevention and mitigation of mycotoxins. These initiatives encompass various 

comprehensive global projects, notably funded by the European Commission, such as 

MycoGlobe (2004-2008), MycRed (2012-2016), MyToolBox (2016-2020), and MycoKey 

(2016-2020) (www.mycokey.eu ). The primary objective of these projects is to develop and 

assess integrated, sustainable solutions and innovative methodologies aimed at substantially 

reducing mycotoxin levels in food and feed chains of economic significance. Additionally, 

they emphasize the creation and application of rapid, reliable, and validated strategies for 

the detection of toxigenic fungi (Logrieco et al., 2021). Fusarium graminearum, which 

produces deoxynivalenol (DON) and zearalenone (ZEA); Fusarium verticillioides, 

producing fumonisins toxins; and Aspergillus flavus, which produces aflatoxins comprises 

three main fungi infecting maize. Mycotoxins contaminate maize kernels and are mainly 

brought on by preharvest fungal infections in the field and throughout the production chain 

as conditions are favorable (Xu et al., 2021; Matumba et al., 2021).  

The prevention of mycotoxins hinges on managing mold-producing fungi, which 

necessitates implementing strategies both before and after the harvest (Mielniczuk and 

Skwaryło-Bednarz, 2020). It is crucial to identify the factors that favor fungal proliferation 

and subsequent mycotoxin synthesis, including environmental variables like weather 

http://www.mycokey.eu/
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patterns, soil nutrient levels, drought, pest infestations, or unexpected rainfall during the 

harvesting period (Degraeve et al., 2016) and the tolerance levels of the hybrids (Mesterházy 

et al., 2020). Additionally, the contamination of maize with mycotoxins is significantly 

affected by agronomic practices employed in the cultivation process (Ariño et al., 2009; 

Bocianowski et al., 2020).  

Finding resistant maize genotypes has been the primary tactic for combating the issue 

(Hawkins et al., 2015). Study for fungi-resistant germplasm has been the focus of numerous 

studies across the globe (Logrieco et al., 2021; Brown et al., 2016; Williams et al., 2015; 

Mayfield et al., 2012; Williams et al., 2008;  Williams and Windham, 2006; Williams and 

Windham, 2001; Scott and Zummo, 1992, 1990). However, commercial maize hybrids 

tolerance information is rarely disclosed to users, although they are subjected to varying 

levels of sensitivity to infection by toxins-producing fungi (Mesterházy et al., 2022). 

Screening of tolerance to some commercial hybrids has been conducted by some studies 

(Mesterházy et al., 2022; Zafar et al., 2021; Szabo et al., 2018), indicating tolerance levels 

influence a significant reduction and/or increase in the severity of diseases and subsequent 

mycotoxin production suggesting for choice of less susceptible genotypes.  

On the other hand, the role of agrotechnical factors and their impacts on stress conditions 

has been explored. Biotic and abiotic stresses aggravate plant susceptibility and accelerate 

disease development (Bostok et al., 2014). Blandino et al., 2008 explain the increased maize 

susceptibility to infection by microorganisms is more severe if exposed to stresses such as 

drought and fertility. Maize crops under stressful circumstances are frequently related to the 

high occurrence of maize diseases brought on by toxin-producing fungi on stalks and ears 

(Miller, 2001; Munkvold, 2003).   

Plant nutrition, especially adequate nitrogen (N) fertilization, is crucial for plants' growth 

and development and affects grain yield and quality. Imbalances of nitrogen affect grain 

quality and are aggravated by its influence on fungal colonization and mycotoxin 

contamination in maize. Studies show conflicting data on its impact on various mycotoxins 

(Scarpino et al., 2022). Therefore, balancing nitrogen levels in soil and avoiding deficiencies 

or excesses is crucial for managing mycotoxin risks (Wilson et al., 2005), as nutrient 

imbalances can aggravate susceptibility to pests and diseases (Tubajika et al., 1999). 
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The coexistence of host susceptibility (tolerance level of the hybrids) and environmental 

factors that favor fungal infection, development, and toxin production determines mycotoxin 

contamination in maize. Other factors, such as the agrotechnical influence, aggravate the 

contamination levels. Nitrogen fertilization is crucial in influencing crop yield and quality 

and affecting fungal colonization and the microclimate associated with the crop (Doohan et 

al., 2003; Nicholson et al., 2004). Therefore, finding high-yielding hybrids with higher 

tolerance levels and improved stability to fungal colonization and mycotoxin contamination 

in varying weather conditions across years sets the basis of this study. 

1.2 Objectives  

The present study was designed to comprehend the interactive influence of N fertilizer 

application and the susceptibility of maize hybrids on fungal colonization and the mycotoxin 

content of grains with the primary aim of assessing how hybrid genotypes can influence 

nitrogen fertilization in maize concerning fungal colonization and disease development as 

well as the resulting mycotoxins contaminations. The data for yield, grain quality, 

progression of fungi ear rot disease, and mycotoxin contamination across the years enabled 

this study to address the objectives; 

1) Effects of yearly variation in agrometeorological conditions on yield and  mycotoxin 

contamination of selected maize hybrids under nitrogen treatment 

2) Assessing the susceptibility of selected maize hybrids to fungal colonization and 

mycotoxin contamination under nitrogen treatments in varying weather conditions 

across crop cultivation years.  

3) Evaluating nitrogen fertilization effects on yield, grain quality, and mycotoxin 

contamination of selected  maize hybrids  

4)   Evaluating implications of relative chlorophyll and canopy reflectance indices for 

yield and grain quality, fungal diseases development, and mycotoxin contamination 

of maize hybrids under nitrogen treatments  
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2. LITERATURE REVIEW  

2.1 Global  maize production overview  

Maize has emerged as the most extensively produced cereal globally, surpassing wheat and 

rice in the past two decades (Table 1). Over the last decade, maize production has 

experienced significant growth, exceeding one billion metric tons, representing nearly a 

twofold increase compared to levels observed over the previous three decades. This surge in 

productivity can be attributed to the increased adoption of improved hybrid varieties, 

increased utilization of intensive agricultural inputs (Eresntein et al., 2022), and the 

expansion of maize-cultivated areas ( Table 1). 

Table 1: Global maize production trends (FAOStat, 2024) 

Duration 

years 

Area harvested (Million Ha) Yield (Tons/ha) Production  ( Million tons) 

Maize Wheat Rice Maize Wheat Rice Maize Wheat Rice 

1961-1970 109 214 125 2.18 1.30 2.11 238 278 265 

1971-1980 122 225 140 2.89 1.72 2.52 352 388 352 

1981-1990 128 229 145 3.48 2.22 3.22 447 509 466 

1991-2000 137 220 150 4.07 2.59 3.73 558 570 560 

2001-2010 151 217 154 4.82 2.87 4.12 731 622 636 

2011-2020 190 218 163 5.53 3.36 4.58 1054 733 744 

The dynamics of maize production over the past 30 years reflect earlier historical trends. 

The global area dedicated to maize cultivation has seen a nearly two-fold increase since the 

1960s, rising from 109 million hectares (1961-1970) to approximately 190 million hectares 

(2011-2020), representing an increase of 75%. This area expansion has notably accelerated 

since the early 2000s (Figure 1 A). Given the relative stagnation in wheat cultivation area, 

current projections suggest that maize will likely surpass wheat as the predominant crop by 

2030 (Erenstein et al., 2021). Since 1961, global maize yields have experienced a significant 

increase, nearly three-fold from 2 tons per hectare (1961-1970) to the present rate of 5.5 tons 

per hectare (2011-2020), which represents a growth of 175% (Fig. 1 C). Consequently, 

maize production has raised five-fold over the same period, reflecting an overall increase of 

342% ( Fig. 1 B). 

Maize, classified as a C4 plant, demonstrates high photosynthetic efficiency and adaptability 

across diverse environments in warmer and dryer conditions than C3 plants, including 

tropical, subtropical, and temperate regions (Erenstein et al., 2021). Mekonnen and Gerbens-

Leenes (2020) report that a kilogram of maize produce requires approximately 1222 liters 

of water,  which is advantageous against other staple cereals. In terms of nutritional energy, 
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maize exhibits the most efficient water footprint per kilocalorie of energy consumed, 

requiring only 0.41 liters of water /kcal. Despite its efficiency, maize accounts for 6% of the 

worldwide unsustainable blue water footprint, (Mekonnen and Gerbens-Leenes, 2020).

 

Figure 1: Changes in global maize production trends compared to other staple cereals 
(FAOSTAT, 2024) 
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The diverse agroecological environments for maize cultivation, ranging from wet to dry and 

varying altitudes, are affected by climatic conditions. These variations affect the production 

of maize, including hybrid performance that is specifically developed to fit the growing 

season conditions based on temperature and rainfall (Aakash et al., 2022). Considering 

annual weather variability, particularly rainfall (water availability), is imperative because 

over 50% of the Earth's land depends on rainfall for agriculture, with around 80% of maize 

being grown under rainfed conditions (Aakash et al., 2022). In this context, selecting crop 

variety and managing nitrogen levels influence overall production outcomes. 

2.2  Maize  production and mycotoxin contamination 

2.2.1 Prevalence of mycotoxins in cereals and their causal agents  

Studies reveal incidences of mycotoxins in foods and feed from many parts of the world 

(Table 2). They are currently considered one of the most hazardous and risky contaminants 

of the world's agricultural commodities (Kumar et al., 2020). They contaminate the 

commodities throughout their production chains. Cereals are the most significant food 

source in many countries (Pimentel, 2009), and crops are among the most commonly 

contaminated commodities (Tola and Kebede, 2016).  

Mycotoxins dominant in cereals can be grouped according to the fungi genera producing 

each respective toxins (Munkvold et al., 2019; Tola and Kebede, 2016). Fusarium, 

Aspergillus and Penicillium are major toxigenic fungi in cereals (Pinton and Oswald, 2014; 

Munkvold et al., 2019; Kumar et al., 2021). Subsequently, since fungi produce them, 

mycotoxins are associated with diseases and/or moldy to infested crops. Several species of 

the named fungal genera are globally essential pathogens of cereals causing disease 

development.  

Fusarium causes two distinctive diseases in maize ear in the field, which are Gibberella ear 

rot (GER) caused by Fusarium graminearum and Fusarium ear rot (FER) caused by F. 

moniliforme or F. verticillioides (Mesterházy et al., 2012; Munkvold et al., 2019). The fungi 

are responsible for the development of Fusarium head blight (FHB), seedling light, crown 

rot, and root rot in wheat (Nicholson et al., 2004; Peraldi et al., 2011; Mesterházy et al., 

2018).  
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Table 2: Mycotoxigenic Fungi species associated with cereal crops and their mycotoxins 
Fungi species (Cause agent) Mycotoxin(s) produced  

Aspergillus Species   

A. alliaceus Ochratoxins, Penicillic Acid 

A. chevalieri  Sterigmatocystin,  

A. flavus  Aflatoxins, Cyclopiazonic Acid, Sterigmatocystin 

A. glaucus  Ochratoxins 

A. nomius  Aflatoxins 

A. ochraceusa  Ochratoxins, Penicillic Acid 

A. parasiticus  Aflatoxins, Sterigmatocystin 

A. rubrobrunneus Sterigmatocystin 

A. sulphureus  Ochratoxins, Penicillic Acid 

A. sydowii  Sterigmatocystin 

A. pseudotamarii Aflatoxins, Cyclopiazonic Acid 

A. ustus  Sterigmatocystin 

A. versicolor  Cyclopiazonic Acid ,Sterigmatocystin ,Versicolorins 

Penicillium Species   

P. chrysogenum Ochratoxins, 

P. citrinum  Citrinin 

P. cyclopiumb  Ochratoxins, Penicillic Acid 

P. expansum Citrinin, Penicillic Acid 

P. purpurogenumd  Rubratoxins 

P. urticaee Penicillic Acid 

P. variabile Ochratoxins, 

P. verrucosumf Ochratoxins, Citrinin, Penicillic Acid 

P. viridicatum  Ochratoxins, Citrinin, Penicillic Acid 

Fusarium Species   

Fusarium acuminatum Aurofusarin, Beauvericin, Chlamydosporo, Enniatins,  Fusarins, Moniliformin, 

Trichothecenes, Diacetoxyscirpenol, HT-2, T-2 

Fusarium armeniacum Beauvericin, Fusarins, Trichothecenes, HT-2, T-2 

Fusarium avenaceum Aurofusarin, Beauvericin, Chlamydosporo, Enniatins Fusarins, Moniliformin, 

Fusarium boothii Trichothecenes, Deoxynivalenol 

Fusarium chlamydosporum Chlamydosporol, Enniatins, Moniliformin, 

Fusarium cortaderiae Trichothecenes, Nivalenol 

Fusarium crookwellense Aurofusarin, Butenolide, Culmorin, Cyclonerodiol, Fusaric acid, Fusarins, 

Trichothecenes, Nivalenol, Zearalenone 

Fusarium culmorum Aurofusarin, Butenolide, Chlamydosporol, Culmorin, Cyclonerodiol, 

Enniatins, Fusarins, Moniliformin, Trichothecenes, Deoxynivalenol, Nivalenol, 

Zearalenone 

Fusarium dlamini Beauvericin, Fumonisins, Moniliformin 

Fusarium equiseti Beauvericin, Moniliformin, Trichothecenes, Diacetoxyscirpenol, Nivalenol, T-

2, Zearalenone 

Fusarium globosum  Beauvericin, Fumonisins, Fusaproliferin 

Fusarium graminearum Aurofusarin, Butenolide, Chlamydosporol, Culmorin, Cyclonerodiol, Fusarins, 

Trichothecenes, Deoxynivalenol, Nivalenol, Zearalenone 

Fusarium meridionale Trichothecenes, Nivalenol 

Fusarium oxysporum  Beauvericin, Enniatins, Fumonisins, Fusaric acid, Moniliformin 

Fusarium poae  Aurofusarin, Beauvericin, Butenolide, Culmorin, Cyclonerodiol, Enniatins, 

Fusarins, Trichothecenes, Diacetoxyscirpenol, Nivalenol 

Fusarium proliferatum Beauvericin, Enniatins, Fumonisins, Fusaproliferin, Fusaric acid, Fusarins, 

Moniliformin 

Fusarium semitectum Beauvericin, Moniliformin, Trichothecenes, Diacetoxyscirpenol, Zearalenone 

Fusarium solani Fusaric acid 

Fusarium sporotrichioides Aurofusarin, Beauvericin, Butenolide, Culmorin, Enniatins, Fusarins, 

Moniliformin, Trichothecenes, Diacetoxyscirpenol, HT-2, T-2 

Fusarium subglutinans Fumonisins, Fusaproliferin, Fusaric acid, Moniliformin 

Fusarium temperatum Beauvericin, Fumonisins, Fusaproliferin, Moniliformin 

Fusarium thapsinum Fumonisins, Fusaric acid, Moniliformin 

Fusarium verticillioides Beauvericin, Fumonisins, Fusaric acid, Fusarins 

Source (Logrieco et al., 2002; Mesterházy et al., 2012; Munkvold et al., 2019; Omotayo et al., 

2019): Bold- fungi species and mycotoxins of study 
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Aspergillus species infect maize kernels in storage and cause kernel rot and aspergillus ear 

rot in the field as olive-green powdery molds (Munkvold et al., 2019). The severity of 

aspergillus ear rot, aspergillus infections, and increased mycotoxin production is associated 

with kernel damage by insects in the field and storage (Munkvold et al., 2019). 

Penicillium causes blue-green powdery mold on maize kernels (Munkvold et al., 2019) and 

Penicillium seed rot in wheat (Kim et al., 2012). Every genus member may produce diverse 

types of toxins (Table 2). The mycotoxigenic fungus is known to generate five principal 

mycotoxins frequently associated with the contamination of cereals. These mycotoxins 

include zearalenone, ochratoxin, aflatoxins, fumonisins, and trichothecenes, specifically 

deoxynivalenol and/or nivalenol. Such occurrences highlight the significant risk posed by 

these compounds in agricultural products. (Omotayo et al., 2019; Tola and Kebede, 2016; 

Pinton and Oswald, 2014). 

2.2.2 Fusarium and Aspergillus mycotoxins: Humans and animals health effects  

The prevalent mycotoxins found in maize and other crops pose significant threats and health 

effects (Table 3). These mycotoxins negatively affect humans, animals, and economic 

systems by compromising food and feed safety while also impacting agricultural economies 

and small-scale industries reliant on crops (Kumar et al., 2021).  

The health risks associated with consuming mycotoxin-contaminated foods derived from 

plants and transferring mycotoxins and their metabolites into animal-derived products such 

as eggs and meat can range from acute to chronic effects. This impact range depends upon 

the duration of exposure (Omotayo et al., 2019; Armando et al., 2011; James et al., 2007; 

Yiannikouris et al., 2003). In livestock, ingesting feeds contaminated with mycotoxins 

results in acute and chronic health effects associated with reduced productivity 

(Yiannikouris & Jouany, 2002; Bennett and Klich, 2003). Moreover, human exposure to 

contaminated air and dust containing these toxins may lead to mycotoxicosis (Niculita-

Hirzel, 2016; Jarvis, 2002). 
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Table 3: Mycotoxin in cereals and other associated crops and health effects on human and animals 
Mycotoxin Fungi Species Crops  

Affected  

Health effects 

Human Animals 

Aflatoxins (AFTs)  Aspergillus spp. 

 

Maize, rice,  

peanuts, 

cottonseeds, 

soy, spices and 

other crops 

 

-Immunosuppression, Acute fatal Toxicosis, Acute 

Hepatitis, Reye’s syndrome, Hepatocellular 

carcinoma resulting along histopathological signs 

such as (jaundice, low-grade fever, depression, 

anorexia, and diarrhea)  

-Retarded growth and development in Childs 

(Singh, 2018, Munkvold et al., 2019, Kumar et 

al., 2020).  

Pigs: liver cell damage, Jaundice, and hemorrhage (Munkvold et al., 2019) 

Poultry: Hepatomegaly, nephritis, immune-suppression genotoxicity, 

oncogenicity, and overall reduced performance (Imran et al., 2020).  

Cattle: Hepatitis, gastrointestinal disturbances, reduced reproduction, Drop in 

milk production, immunosuppression, reduced feed efficiency, and anemia 

(Munkvold et al., 2019).  

Horses: anorexia, fever, rapid heart rate, ataxia, colic, icterus, convulsions, 

bloody feces, and abdominal straining (Munkvold et al., 2019) 

Ochratoxins 

(OTA) 

 

 Aspergillus 

spp., 

Penicillium spp. 

Oat, maize 

wheat, and 

barely 

Carcinogenic, genotoxic, immunosuppressive, 

resulting in induction of upper urinary tract 

diseases, Balkan endemic nephropathy (BEN) and  

Chronic interstitial nephropathy (CIN)  

(Faucet-Marquis et al., 2014; Bui-Klimke and 

Wu, 2015). 

Poultry: Impaired kidney functions/Nephritis, genotoxicity, and 

immunosuppression (Imran et al., 2020).  

Cattle: Feed refusal, decreased milk production, and retained fetal membrane 

(Fink-Gremmels 2008).  
Dogs and cats: Vomiting, anorexia, increased thirst, polyuria, ataxia, and 

death. Lesions include nephritis, hemorrhagic enteritis of the large intestine, 

and necrosis of lymphoid organs (Zain 2011) 

Zearalenone 

(ZEA) 

 Fusarium spp. Wheat, maize 

barley, oats, and 

rice,  

Carcinogenic, hormonal imbalance resulting in 

impaired fertility and  Premature puberty in 

children (Massart and Saggese  2010,  Bennett & 

Klich 2003; Yang et al. 2018)   
 

Cattle: Decreased milk production, infertility, decreased conception rate 

(Munkvold et al. 2019).  
Pigs: Hyperestroginisim, Feminization, reduced libido in males, 

Pseudopregnancy, vulvovaginitis, inflammation of the mammary gland, 

atrophy of the ovaries, and prolapse of the vagina or rectum in females 

(Yiannikouris & Jouany 2002; Bennett & Klich 2003; Munkvold et al., 

2019)  

Fumonisins (FBs) Fusarium spp. Wheat, maize, 

barley, oats, 

rice,  

Esophageal tumors, abdominal pain, neural tube 

defects  

Carcinogenic, hepatotoxic, nephrotoxic, and 

immunosuppressive (Munkvold et al., 2019; 

Omotayo et al., 2019).  
 

Pigs: Pulmonary edema (Haschek et al., 2001), 

Poultry: Liver lesions and other internal organs, Beak enlargement, and brain 

edema (Zain 2011).  

Cattle: Reproductive function impairment (Albonico et al. 2016).  

Horses: Leukoencephalomalacia, brain necrosis, lesions hypersensitivity, and 

death (Yiannikouris & Jouany 2002).  

Sheep: Mild liver and kidney inflammation (Munkvold et al. 2019).  

hepatic cancer in rats death (Yiannikouris & Jouany 2002)  

Trichothecenes 

and their related 

compounds Mostly  

Deoxynivalenol 

(DON) and 

Nivalenol  

Fusarium spp. Wheat, maize 

barley, oats, and 

rice,  

Gastroenteritis includes diarrhea, nausea, 

vomiting, and abdominal pain; Reproductive 

effects; Toxicosis (Pinton and Oswald, 2014; da 

Rocha et al., 2014) 

Pigs:  emesis and reduction in weight gain (Pinton and Oswald, 2014) 

Cattle: Hematoxicity, feed refusal, gastrointestinal disturbances, 

immunosuppression (Imran et al., 2020) 

Poultry: reduction body weight gain, reduced feed intake, development of 

ulcers and plaques in the buccal cavity of 7-day-old broiler chicks (Zain 2011) 
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2.2.3 Global distribution of mycotoxin 

The geographical distribution of toxigenic fungi serves as an indicator of their ecological 

demands. Specifically, thermophilic fungi are predominantly found in tropical latitudes, 

while psychrophilic fungi are more prevalent in pole latitudes (Van der Fels-Klerx et al., 

2016). Notwithstanding the existence of similar diseases and mycotoxins, there is a notable 

geographical disparity regarding disease severity, the diversity of pathogen species, the 

toxins commonly encountered, and the consequent management strategies employed in 

agricultural products globally (Logrieco et al., 2021).  

The distribution of these fungi is extensive, encompassing both tropical and temperate 

zones; however, their influence is particularly significant in tropical and subtropical areas, 

specifically those located between 40° North and 40° South of the equator (Munkvold et 

al., 2019; Suleiman and Kurt, 2015). Several factors play a critical role in the observed 

disparities, including geographical location, environmental conditions, farming practices, 

and the availability of resources (Logrieco et al., 2021; Adeyeye, 2016). 

It is posited that cereals cultivated in temperate climates may harbor substantial levels of 

Fusarium mycotoxins (Munkvold et al., 2019; Tima et al., 2016; Mesterházy et al., 2012), 

whereas in tropical and subtropical areas, Aspergillus mycotoxins are predominant 

(Mesterházy et al., 2012; Magnoli et al., 2007). These fungi thrive in warmer environments 

and produce aflatoxins in drought-affected groundnuts and maize fields (Bhat and Miller, 

1991). Conversely, Penicillium species, particularly ochratoxin A, exhibit higher 

prevalence in cereals cultivated in colder climates, as evidenced by Lund and Frisvad’s 

(2003) findings in northern Europe. Various climate-related factors interactively influence 

the colonization of these fungi and the resultant mycotoxin production (Tola and Kebede, 

2016; Zain, 2011).  

Mycotoxins' specific geographical distribution aligns with each fungal genus's distinctive 

ecological requirements. Palumbo et al. (2020) indicate that every fungal species has unique 

environmental requirements favoring its growth and mycotoxin synthesis. For instance, 

Aspergillus flavus thrives under warm, dry conditions (Giorni et al., 2016), while Fusarium 

verticillioides is favorable in warm temperatures with moderate precipitation. Fusarium 

graminearum, on the other hand, exhibits optimal development under mild temperatures 
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paired with high rainfall during the maturation of maize grain (Bhatnagar et al., 2014). The 

principal ecological factors affecting fungal colonization on maize grain substrates 

encompass 1) temperature, 2) relative humidity, 3) rainfall, which affects moisture content, 

and most critically, 5) water activity (aw) or vapor pressure of water (Giorni et al., 2011; 

Lazzaro et al., 2012). 

2.2.4 Factors for mycotoxin production and contamination 

The production and contamination of mycotoxins in food and feed involve a complex 

interplay of various factors throughout their production chain (Tola and Kebete, 2016). 

These factors operate interdependently to influence the colonization of fungi and the 

subsequent synthesis of mycotoxins. They can be broadly categorized into physical, 

biological, and chemical factors (Zain 2011).  

Physical factors encompass environmental parameters that promote fungal colonization and 

mycotoxin generation, including temperature, relative humidity, pH, light exposure, and 

moisture content or precipitation (Kumar et al., 2020; Van der Fels-Klerx et al., 2016). 

These parameters directly impact fungal infection and growth (Nazari et al., 2014; Medina 

et al., 2017). Stressors such as drought, rising temperatures, and increased humidity can 

selectively influence mycotoxigenic fungi's colonization patterns and metabolic processes, 

thereby affecting mycotoxin production (Medina et al., 2017).  

Biological factors pertain to the dynamics between colonizing mycotoxigenic fungi and 

their substrate, which includes plant species or food sources. Variation in crop hybrids 

results in differing susceptibility to fungal colonization; however, environmental conditions 

may exacerbate the vulnerability of even those plant species that are typically resistant 

(Zain, 2011).  

Chemical factors relate to the impact of agricultural inputs such as fertilizers and fungicides 

(Zain, 2011). Consequently, optimal physical and chemical conditions facilitate 

colonization by toxigenic fungi in plants and foods (Belli et al., 2007; Milani, 2013; 

Abramson, 1998). The degree to which specific plant species are vulnerable to colonization 

by fungi and the subsequent production of mycotoxins is contingent upon their inherent 
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resistance capabilities, which are influenced by the physical and chemical factors outlined 

(Virág et al., 2020).  

Additionally, interactions with agro-technical practices, such as plant density and irrigation, 

further modify the roles of these various factors in crop production and their potential for 

influencing toxic fungal colonization. 

2.3 Effects of annual meteorological conditions on  maize production and mycotoxin 

contamination 

Climate change represents a substantial alteration in average meteorological phenomena 

and the variability of weather patterns over the years. This phenomenon is shaped by 

multiple elements, especially human activities' modifications to the natural environment. 

These climatic shifts are frequently associated with increasing global temperatures and 

rising extreme weather events. Notably, changes in precipitation and temperature patterns 

exert a direct and often detrimental effect on the quantity and quality of agricultural crop 

yields (Wheeler and Braun, 2013).  

Numerous research efforts have explored the potential consequences of anticipated climate 

changes on food production systems (Parry et al., 2005; Fischer et al., 2005; Lobell and 

Field, 2007; Vučetić, 2006; Blanc, 2012). According to Lobell and Field (2007), around 

30% of the fluctuations in average yields of the three global extensively cultivated cereal 

crops, maize, wheat, and rice, are attributed to seasonal precipitation and temperature 

variations. The cultivation of these crops represents over 42% of global cropland (Lobell 

and Gourdji, 2012) and provides 90% of Global cereals, 42% of calories, and 37% of protein 

intake (FAO, 2020). 

Crop year effects on maize and other crop production lie in the suitability of the 

agroecological parameters in every respective year. The parameters are associated with 

stresses that may directly affect the crop's growth and development or create a suitable 

environment, favoring the development of further stressors like plant pathogens and pests 

to infest the crop and significantly impact the yield and quality of the harvested produce. 

Brought by crop year, rainfall, temperature, and relative humidity affect productivity, aside 

from other factors, including soil fertility and crop nutrient requirements. 
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2.3.1 Effects of rainfall on maize production 

Water availability and heat stress represent critical environmental factors that constrain crop 

growth, development, and overall yield (Prasad et al., 2008). Fluctuations in water 

availability, whether interannual or intra-seasonal, predominantly hinder agricultural 

productivity in numerous regions worldwide; more than 50%  and 80% of global 

agricultural land and maize rely on rainfall, respectively (Aakash et al., 2022). 

Consequently, analyses concerning the potential threats climate change poses to crop 

production have primarily concentrated on the implications of water shortages (Harrison et 

al., 2011). 

The relationship between crop yield and the amount of water available to the crops is 

intricately interconnected (Plavsic et al. 2007). In recent decades, the phenomenon of 

climate change has led to an increase in weather extremes. From 1860 to 1900, dry and wet 

years were relatively balanced, each making up 22.5% of the total, while more than half of 

those years exhibited a standard average pattern, accounting for 55%. However, from 1980 

to the 2000s, there was a notable rise in the incidence of dry years, which increased to 52.6% 

(Sárvári and Pepó., 2014). Deficit and excess water supply to crop requirements are stresses 

that negatively affect the growth and development of the crop. In a long-term experiment,  

crop year significantly influences the amount and distribution of rainfall, which impacts 

maize's growth and yield parameters (Pepó et al., 2009). Favorable crop years yield higher 

yields, and dry years result in negative yield changes (Bramdeo and Rátonyi., 2020).  

The average daily water requirement for maize varies between vegetative and generative 

phases. In a growing season, optimal maize growth requires around 550 – 670 mm of water 

aside from the distribution across the phenological stages. The requirement varies from 

2mm during vegetative phases to 9 mm in generative phases, particularly during (R0-R3) 

flowering and early grain-filling stages (Pepó and Sárvári., 2013). Hungarian maize 

growing season spans from April to September; this marks the critical period for the highest 

water consumption between mid-June and mid-August, depending on maize hybrid 

maturity. Years with dry July advocate poor cob development and reduced yield (Nagy., 

2007). The amount of rainfall in July demonstrates a strong both-sided relationship with 
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yield. Hybrid maturity periods, drought tolerance, and adjustment in sowing time are ways 

to minimize adverse effects (Sah et al., 2020; Dobos and Megyes., 2013).   

Imbalances in water availability and distribution during the maize development stage affect 

its productivity through delays in flowering initiation (Singh et al., 2007), affecting leaf area 

and reducing the photosynthetic area by reducing interception of photosynthetically active 

radiation (Bhattacharya and Bhattacharya 2021). Further, an analysis of water supply 

indicators' influence on yield variability indicated 64% of variability to be associated with 

precipitation (Žalud et al., 2017). 

2.3.2 Temperature and maize production 

Temperature variability during crop phenological development plays a significant role in 

the growth adversely affected by water availability (Kenny and Harrison., 1992). Lobell 

and Burke (2008) stressed that temperature serves as a critical climatic variable that 

influences maize production alongside precipitation. However, gradual rises in 

temperatures during the growing season can lead to significant disturbances in production 

systems through which ambient temperature affects both the phenological development 

rates and the physiological functioning of crops (Harrison et al., 2011). Therefore, changes 

in temperature during crop growth and development are likely to cause a shift in cropping 

times to minimize the effect. 

Harrison et al. (2011) identified that elevated temperatures throughout the growing season 

may negatively affect agricultural productivity through two primary mechanisms. Firstly, 

elevated temperatures can hasten the growth rates of certain crops, particularly those whose 

development is primarily influenced by temperature, such as maize. Shortening plant and 

grain development time limits the crop's yield potential. Secondly, extreme heat during the 

flowering period, particularly during the maize silk-tasseling phase, can significantly 

disrupt pollination processes. This disruption may ultimately lead to the complete inhibition 

of grain development. 

Additionally, in rainfed maize production, temperature increases may speed up plant 

development, causing the reproductive period, the stage that needs the most water, to shift 

away from the usual wettest time in the cropping season (Sánchez et al., 2014). The 
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acceleration of crop development due to increased temperatures reduces plants' capacity to 

absorb solar radiation at each growth phase. When considering the cumulative effect 

throughout the entire cultivation period, the decreased interception of solar energy presents 

significant challenges affecting photosynthesis (Murchie et al., 2009) 

The influence of temperature on shortening the duration of the growth cycle, particularly 

during the grain-filling stage, stands out as a critical factor in elucidating the decline in 

yields observed at elevated temperatures (White & Reynolds 2003). In Hungary, Bramdeo 

(2021) reported that maize attains optimum vegetative and generative phase (flowering to 

yellow ripening)  growth spans at 18-20 oC and 24-26 oC, respectively; thus, temperatures 

above 30 oC during flowering (July), accelerates the decline in pollination and grain filling. 

This is further reported by Pepó and Csajbók (2013), who noted a strong positive and 

negative correlation between July rainfall and temperature, respectively.  

The yield of maize is determined by two primary factors: the quantity of grains (kernel 

number) produced and the weight of kernels (Harrison et al., 2011). The study further 

reports that optimal kernel weight is realized when the rate of grain filling and the total 

duration of this filling process are maximized. The peak rate of grain filling is obtained in 

moderately elevated temperatures, ranging from 25 to 32 °C. Nevertheless, these elevated 

temperatures also expedite the plant's overall developmental process, resulting in a reduced 

duration for the grain filling period. Shim et al. (2017) indicate that increased temperatures 

lead to a decline in yield, primarily due to a reduction in kernel number rather than kernel 

weight. This finding is supported by Lizaso et al. (2018), who discuss the impact of heat 

stress on the viability of pollen, which subsequently influences the number of kernels 

produced. The effect of elevated temperature on the generative phase and yield and its 

influence on soil water status implies that a reduction in rainfall coupled with temperature 

elevation leads to negative impacts on maize yield. High temperature or insufficient 

moisture during the silk-tasseling phase of maize, which encompasses flowering and 

pollination, leads to a more significant decrease in crop yields than other climatic stresses 

(Harrison et al., 2011). Elevated temperatures and dry conditions accelerate the release of 

pollen while simultaneously delaying the emergence of silks, thus reducing the overlap 

period between these critical reproductive stages (Wang et al., 2021; Harrison et al., 2011). 
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Furthermore, research indicates that the germination capacity of pollen on silks is 

significantly reduced when temperatures exceed 32°C (Basra, 2000) and sharply reduced at 

38 °C (Wang et al., 2021). Further,  elevated temperatures exceeding 38°C prolong the silk 

emergence duration and lessen the silk emergence ratio, ultimately leading to a significant 

decrease in seed set (Liu et al. 2022).  

In an analysis by Lobell and Field (2007), warming trends were identified as significant 

factors contributing to the reduction of global agricultural productivity over decades. 

However, the analysis indicates that enhancements in farming technologies and potential 

benefits from CO2 fertilization have increased overall crop yields. These gains are offset by 

the responses of plants to elevated temperature levels. This negative impact is expected to 

intensify due to rising mean temperatures and more significant variability within climatic 

conditions (Porter and Semenov 2005, Lobell and Field 2007). Particularly severe 

consequences are projected for regions located at lower latitudes, where many cereal-

producing areas are already close to critical temperature thresholds for plants (Easterling et 

al., 2007). It is crucial to comprehend historical temperature trends within the framework 

of their implications for crop yields, as understanding these dynamics plays a vital role in 

assessing the effects of regional climate changes on agricultural production. 

2.3.3 Relative humidity and Maize production. 

Relative humidity (RH) presents a dual nature in its impact on crop yield, encompassing 

both beneficial and negative aspects (Dong et al., 2024). The effects of RH on crop 

production are aggravated by its influence on air temperature and water/moisture 

availability. Aylor (2004); Fonseca and Westgate (2005) reported that elevated relative 

humidity (RH) can prolong the viability of pollen by decreasing moisture loss from pollen 

grains. Furthermore, elevated relative humidity (RH) has been noted to enhance the process 

of flower opening during the late afternoon or nighttime. This behavioral adaptation appears 

to be a strategy employed to mitigate the heat stress that plants typically encounter in the 

early to mid-afternoon ( van Doorn and van Meeteren (2003).  However, on the contrary,  

studies report that high RH may counteract pollen release by hindering anther opening 

(Pacini and Dolferus, 2019). This inhibition is anticipated to decrease pollen shed quantity 

and seed set under heat stress conditions. Dong et al. (2024) conclude that, despite the 
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potentially detrimental effects, elevated RH yields significantly more favorable outcomes 

for seed sets and mitigates the adverse effects of heat stress on maize yield during the 

flowering period.  

Further, Wang et al. (2021) reported that under high temperatures initial emergence of silk 

is limited. Dong et al. (2024) revealed a negative correlation between the silk emergence 

ratio on high temperature and vapor pressure deficit (VPD) while demonstrating a positive 

correlation with relative humidity (RH), suggesting that increased RH mitigates the 

detrimental effects of high temperature on silk elongation. Silk is vital for seed sets in maize 

and is sensitive to water stress as it presents tissues with the highest water content (Nielsen, 

2016). Under prolonged heat stress, lower RH reduces plant growth and the activities of 

photosystems I and II (Lysenko et al., 2023). 

Therefore, high relative humidity reduces water loss in plant systems and sustains optimal 

leaf productivity. This effect, in turn, enhances the ratio of silk emergence, particularly 

under temperature-stress conditions (Dong et al., 2024). Additionally, the development of 

silk is markedly influenced by soil moisture levels (Westgate and Boyer 1985). The 

elongation ratio of silk appears to correlate closely with leaf water potential, which tends to 

align with the silk's water potential (Westgate and Boyer 1986). High VPD increases water 

loss from the soil, resulting in dry and heated soil (drought) and incomplete silk emergence 

(Oury et al., 2016). High RH can further leverage this by reducing water loss from the soil 

and minimizing soil water deficiency. 

2.3.4 Annual meteorological conditions and mycotoxins contamination of maize 

The occurrence of mycotoxin-producing fungi in maize is closely linked to annual 

meteorological conditions, reflecting trends in weather patterns observed over decades 

(Battilani et al. 2008). Weather variables, particularly precipitation/water availability, air 

temperature, and relative humidity, exert significant effects on the growth of toxigenic fungi 

in staple crops, including maize, wheat, and rice, and consequently influence mycotoxin 

production (Perrone et al., 2020; Sanchis and Magan, 2004; Van der Fels-Klerx et al. 2013). 

Fusarium, Aspergillus, and Penicillium are frequently identified as maize-contaminating 

fungi. In addition to meteorological factors, the prevalence of mycotoxins in maize is 

dependent upon various elements, which include agronomic considerations (such as hybrid 

https://www.sciencedirect.com/science/article/pii/S2095311923002952#bib40
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type, soil characteristics, tillage practices, and preceding crops), storage conditions 

(involving temperature, humidity, handling procedures, and the presence of pests like 

insects, rodents, and birds), and the duration of storage (Hell et al. 2000). 

In tropical regions, the prevailing climatic conditions are conducive to the proliferation of 

fungi, which can lead to significant crop contamination (Perrone et al., 2020). However, the 

effects of climate change are likely to exacerbate the issue in temperate regions (Herreira, 

2023). The occurrence of dry spells during critical phases of plant development may elevate 

the risk of grain contamination in agricultural fields, particularly by xerophilic and 

moderately xerophilic fungi such as Aspergillus and Penicillium (Perrone et al., 2020). 

Temperature and water availability are critical weather conditions determining Fusarium 

and Aspergillus fungi's growth and mycotoxin production (Sanchis, 2004).   

In warm, humid subtropical and tropical conditions, A. flavus/parasiticus species thrive, 

causing aflatoxin contamination. In the context of abiotic influences, it has been established 

that temperature and water availability, measured explicitly as water activity (aw), along 

with their interplay, are fundamental determinants regulating fungal growth and mycotoxin 

synthesis (Medina et al., 2017). Sanchis., (2004) investigated the influence of water 

availability (water activity) and temperature factors on germination, growth, and aflatoxin 

synthesis by A. flavus and A. parasiticus in vitro media. The finding indicated that 

germination can occur across a broader spectrum than growth, with aflatoxin production 

occurring within an even more restricted range than growth. The ideal conditions for 

aflatoxin production for both species are identified as 33 oC and water activity of 0.99 (30-

32%) moisture content, whereas the optimal parameters for growth are established at 35 oC 

and an aw of 0.95 (26-27%) moisture content.  

Warm and comparatively dry conditions at the onset of the growing season can promote the 

proliferation of Fusarium foot rot. This phenomenon facilitates the accumulation of 

pathogenic material at the bases of plant stems (Meekes and Kohl, 2002). The moisture 

content at anthesis is crucial in determining the incidence of fungal ear infections. Lacey et 

al. (1999) established a direct correlation between elevated infection rates during anthesis 

and prevailing wet weather conditions. In another study, Hope and Magan (2003) conducted 

in vitro experiments to analyze the production of deoxynivalenol (DON) and nivalenol 
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(NIV) by a strain of Fusarium culmorum, focusing on the effects of water availability 

quantified as water activity and temperature. Their findings indicated that the environmental 

parameters conducive to toxin synthesis were more restricted than those that allowed fungal 

proliferation. Notably, toxin formation was observed exclusively under relatively high 

moisture conditions that facilitated rapid growth of the fungi. The optimal moisture range 

for the simultaneous production of both DON and NIV was identified as 25–30%, aligning 

with moisture levels  

typically found in harvested grain during years with elevated rainfall and wet conditions. 

Furthermore, the ideal temperature for mycotoxin production was 25 oC. This research 

underscores the substantial risk of contamination during warm, wet years, providing 

valuable insights for predicting periods of heightened mycotoxin risk based on weather 

monitoring. 

Since mycotoxins-producing fungi comprise endophytic and epiphytic microflora 

components found in main food crops, they are naturally occurring compounds that cannot 

be avoided in the field. Crops like corn and mycotoxin-producing fungi like A. flavus may 

change their geographical location and distribution due to climate change and global 

warming (Perrone et al., 2020). This would make it more likely that produced mycotoxins 

are present in other locations. A. flavus infection of crops and the formation of aflatoxin in 

the field may also be facilitated in certain regions by climate change and drought conditions 

(Wu et al., 2011). By facilitating fungal colonization, elevated CO2 levels are likely to 

enhance further mycotoxin production in crops infected with Aspergillus and Fusarium 

species (Moretti et al., 2019) 

Generally, annual weather variability caused by climate change has demonstrated a 

significant shift in geographical location distribution of mycotoxigenic-producing fungi, 

which in turn has resulted in aggravated mycotoxin production and contamination and 

hence threatening food safety at local, national, regional, international, and global levels as 

well as global food trade. Climate modeling studies on mycotoxin production and the 

anticipated impacts might be taken as guides for formulating integrated approaches in 

managing mycotoxin to reduce the expected impacts. Integrating genetically tolerant crops 

and agrotechnical factors would bring sustainability and stable, safe food systems.   
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2.4 Maize fertilization and mycotoxin contamination 

Soil fertility influences maize plants’ susceptibility to fungal colonization and mycotoxin 

contamination dynamically depending on other factors, mainly nitrogen (N) fertilization 

(Bruns et al., 2003). N plays a critical role in the growth and development of plants; 

however, its available level can adversely influence various attributes crucial for crop yield 

and quality. The literature presents conflicting insights into how N fertilizer impacts the 

quality and safety of maize grain, specifically on addressing  fungal infestation and 

regulating mycotoxin contamination (Scarpino et al., 2022) 

N deficiencies are primarily associated with increased FB contamination. At the same time, 

excessive applications of N fertilizer (exceeding 300 kg ha-1) have been linked to elevated 

levels of zearalenone (ZEA) (Blandino et al., 2008; Souza et al., 2016). On the other hand, 

studies by Marocco et al. (2008), Ariño et al. (2009), and Bocianowski et al. (2020) found 

that N fertilization tends to exacerbate FB levels in maize while also promoting infection 

by the pathogen Fusarium verticillioides. Similarly, excessive N levels increase FBs levels 

(Hassegawa et al. 2008; Souza et al. 2016).  

Research examining varying nitrogen rates reveals that lower rates effectively reduced 

fumonisins (FBs), ochratoxin A, and aflatoxins compared to unfertilized control groups. 

Conversely, increased N fertilization correlated with heightened fungal ear rot severity and 

increased levels of deoxynivalenol, fumonisins, zearalenone, and ochratoxin A (Blandino 

et al. 2008). Notably, the incidence of gibberella ear rot diminished at moderate N 

application rates of 100 kg  ha-1, while it intensified at higher  N rates of 200 kg ha-1. Overall, 

the levels of deoxynivalenol tended to decrease with increased N rate (Reid et al., 2001). 

This intricate relationship underscores the necessity for more detailed research into the 

specific impacts of nitrogen management on maize grain quality. Optimal recommendations 

to mitigate mycotoxin risks suggest maintaining N levels in soil at neither deficient nor 

excessive thresholds, ensuring sufficient nutrient availability through careful N fertilization 

practices (Wilson et al., 2005). It is also essential to consider that nutrient deficits and over-

fertilization, particularly nitrogen, can increase vulnerability to insect pests and diseases 

(Tubajika et al., 1999). 
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2.5 Hybrid resistance to toxigenic fungi 

Developing crop hybrids that exhibit resistance to fungal infections is critical for effective 

mycotoxin management. While no hybrids show complete resistance to toxigenic fungi or 

mycotoxin production, resistant maize hybrids generally yield lower toxin levels; resistance 

mechanisms differ based on the disease entry site (Eli, 2022). Specific resistance 

mechanisms in maize hybrids have been noted concerning ear rots, with resistance linked 

to kernel and silk channel infections (Mesterházy et al., 2020,  2012; Miller et al., 2003). 

Therefore,  screening of maize hybrids for fungal resistance depends on the infection 

pathway, such as silk resistance or kernel resistance.  Mesterházy et al. (2012) emphasize 

the necessity of conducting resistance screening for hybrids against toxigenic fungi under 

field conditions, as greenhouse assays have failed to cause satisfactory infection levels and 

genotype differentiation. 

Schaafsma et al. (1997) report that, in analyzing the conditions for hybrid screening under 

field conditions, it is evident that artificial inoculation combined with misting is essential 

due to the annual variability in disease severity associated with natural infections. Kernel 

wound inoculation and silk channel denote methods employed for inoculation, with several 

techniques specifically developed for both approaches (Eli, 2022). Evaluating silk and 

kernel resistance involves injecting a conidial suspension into the silk channel or directly 

into kernels for kernel resistance (Mesterházy et al., 2020). Moreover, the timing of the 

inoculation plays a crucial role in ensuring adequate disease severity, which must be 

balanced to avoid conditions that are lowest or highest extremes, which would hinder the 

ability to distinguish differences among genotypes (Mesterházy et al., 2012). The onset of 

the silk browning stage indicates the best time for silk channel inoculation (Schafsmaa et 

al., 1997), while kernel inoculation should occur 6 days after 50% mid-silking (Mesterházy 

et al., 2022). Further,  Mesterházy et al. (2012) indicate that, regardless of the method 

employed, researchers are advised to identify the primary mode of entry of  Fusarium spp 

that is of interest in the geographical location attributable to an often weak correlation 

between kernel and silk channel infections, with hybrids showing varied resistances. 
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2.5.1 Hybrid resistance to Fusarium ear rot and toxin production 

Fusarium spp. ear infection results in giberella ear rot (GER) and Fusarium ear rot (FER). 

GER is mainly caused by F. graminearum and F. culmorum, while F. verticillioides and F. 

proliferatum mainly cause FER. There are ear rots in maize that naturally occur. 

Mesterháryz et al., 2012 reported the most significant maize ear rot epidemic in two decades 

in Hungary, with disease severity levels reaching 35% across eight sites where the highest-

yielding hybrids from various leading companies were evaluated. The hybrid responses 

varied, with reactions between 27% and 48%. Additionally, the overall severity of ear rot, 

measured as coverage, was calculated at 10.2%, ranging from 7% to 14%. Notably, the site 

with the highest infection levels exhibited an average disease incidence of 63%, ranging 

from 28% to 87%, and a mean severity of 20%, with values between 8% and 29%.  

GER genetic variability exists in maize hybrids (Lanubile et al., 2014; Mesterházy et al., 

2012). To fully leverage the potential of this genetic variability, a comprehensive 

understanding of the genetic structure underlying the trait is essential (Kebede et al., 2016). 

Most maize varieties utilized in commercial agriculture are hybrids, necessitating the 

creation of inbred lines to introduce the resistance of giberella ear rot (GER) into the hybrid 

breeding process (Mesterházy et al., 2012). Kebede et al. (2016) conducted an assessment 

of 410 recombinant inbred lines (RILs) to determine their resistance to gray ear rot (GER) 

across a span of three years. This evaluation employed both silk channel and kernel 

inoculation methodologies. In addition to the resistance evaluation, the RILs were analyzed 

for various agronomic characteristics, including the duration until silking, the extent of husk 

coverage, and the rate of kernel drydown. The RILs exhibited notable genotypic differences 

across traits, with high heritability estimates. Weak but significant correlations (P < 0.01) 

were found between disease severity and agronomic traits, indicating their relevance to 

disease resistance. Common QTLs were identified for GER resistance and kernel drydown 

rate, hinting at pleiotropic genes that could enhance both traits simultaneously. 

Using composite interval mapping, Ali et al. (2005) identified 11 QTLs related to resistance 

against Gibberella ear rot after silk inoculation and 18 QTLs following kernel inoculation 

across four different environments. Notably, only 2 QTLs on linkage group 7 were observed 

consistently across multiple tests for silk resistance, and 1 QTL on linkage group 5 was 
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repeatedly detected for kernel resistance. These loci accounted for a proportion of the total 

phenotypic variation ranging from 6.7% to 35%. This observation underscores the 

significant impact of environmental factors on the expression of these traits. Thus, 

germplasm and the markers associated with the QTLs demonstrating substantial phenotypic 

effects have the potential to be valuable in marker-assisted selection processes aimed at 

integrating Gibberella ear rot resistance into commercial corn varieties. 

Therefore, mechanisms for GER resistance seem complex and can be influenced by several 

factors (Eli, 2022). They include environment (Ali et al., 2005), several QTLs (Kebede et 

al., 2016; Ali et al., 2005), silk and kernel characteristics (Kebede et al., 2016), and 

agronomic operations (Munkvold, 2003). The intricacies account for the increased 

variability in the resistance of hybrids over years and locations (Mesterházy et al., 2022). 

Dalla Lana et al. (2021) evaluated 15-16 hybrids in 10 locations for 4 years, focusing on 

GER and DON contamination. They found year-to-year variations in DON but consistent 

hybrid rankings for mycotoxin levels. GER-resistant genotypes displayed greater stability, 

indicating that selecting less susceptible hybrids could efficiently manage GER. 

2.5.2 Hybrid resistance to Aspergillus ear rot and toxin production 

The genus Aspergillus encompasses numerous species that exhibit a global distribution, 

primarily inhabiting soil and various crops, often in maize and other plant products (Lević 

et al., 2013). Aspergillus flavus is the predominant species implicated in Aspergillus ear rot. 

Although A. flavus functions as a saprophyte, it can induce considerable corn ear rots and 

kernels, given conducive environmental conditions, both pre-harvest in the field and post-

harvest during storage phases. This species can produce aflatoxins, which are recognized as 

some of the most toxic naturally occurring compounds (Warburton et al., 2013). 

Implementing resistant maize hybrid cultivation emerges as the most proficient strategy to 

mitigate the incidence of Aspergillus ear rot and reduce aflatoxin levels. 

A. flavus is a xerophilic fungal species that exhibits physiological adaptations enabling its 

survival in stressful environmental conditions (Magan., 2007). Elevated average 

temperatures and prolonged drought periods induce heat stress in crops, favoring aflatoxin 

contamination (Abbas et al., 2002; Moretti et al., 2004). Additionally, insects play a critical 

role in the proliferation of A. flavus on corn grains by acting as vectors for conidia 
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transmission. These pests not only facilitate the spread of the fungus but also inflict 

mechanical damage on the grains, thereby allowing the pathogen to infiltrate the 

unprotected endosperm (Lević et al., 2013; Battilani et al., 2011). A range of preventive 

measures has been recommended to reduce the occurrence of aflatoxin in agricultural 

environments. These include selecting maize hybrids with enhanced resistance to both 

abiotic and biotic stresses, adhering to optimal sowing schedules, implementing crop 

rotation practices, ensuring proper plant nutrition and irrigation, as well as controlling insect 

populations, diseases, and weeds (Bruns, 2003; Widstrom et al., 2003) 

Consequently, several research are devoted to identifying novel sources of resistance 

(Munkvold, 2003; Daves et al., 2010; Cary et al., 2011; Warburton et al., 2015; Wahl., et 

al., 2017; and Windham et al., 2018). Several methodologies are employed in the 

development of hybrids that are resistant to aflatoxin, which encompasses molecular 

techniques (Mideros et al., 2014),  studies on antifungal proteins (Chen et al., 2015), and 

analyses of the morphological traits of ears and grains in resistant hybrids (Brown et al., 

2001). Given the correlation between A. flavus infection and drought stress, one strategic 

approach involves the development of drought-resistant hybrids (Abbas et al., 2012; Farfan 

et al., 2012). Several studies have also examined the potential for insect-resistant hybrids to 

indirectly minimize aflatoxin synthesis (Williams et al., 2005; Abbas et al., 2006). 

Furthermore, various genetic factors are crucial in determining the level of maize resistance 

against A. flavus infection and the subsequent accumulation of aflatoxins. These factors 

include husk tightness, which helps shield the maize kernel from fungal invasion, and 

resistance at the pericarp and subpericarp levels (Cary et al., 2011). Further, the maize plant 

can produce specific proteins that are directly associated with inhibiting A. flavus growth. 

These proteins include a germination-induced ribosome-inactivating protein (RIP) and 

zeamatin (Guo et al., 1998). Other relevant proteins include chitinase (Huang et al., 1997) 

and trypsin inhibitor protein (TI) (Moore et al., 2004; Chen et al., 2004). Furthermore, the 

structural integrity provided by wax and cutin layers in maize kernels (Gembeh et al., 2001; 

Guo et al., 1995) contributes substantially to the plant's natural defenses against A. flavus 

and aflatoxin production, enhancing overall maize resilience.  The primary challenge in 

developing maize hybrids resistant to A. flavus lies in the interplay between genotype and 

environmental factors (Fountain et al., 2014). Thus, it is imperative to identify maize 
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genotypes demonstrating stability in resistance across diverse environmental conditions 

(Warburton and Williams, 2014). Enhancements in artificial inoculation methods could be 

one of the most effective strategies for accurately identifying maize genotypes resistant to 

Aspergillus ear rot and the associated aflatoxin production. Additionally, considering 

nitrogen requirements as a critical limiting agronomic variable in maize yield, along with 

its impact on the colonization of fungal pathogens and subsequent mycotoxin generation, 

this research study aims to assess the stability of different resistance sensitivities in selected 

maize hybrids under varying nitrogen conditions across varying production years to address 

the challenge. 
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3. MATERIALS AND METHODS 

3.1 Experimental site  

The three-year study commenced in the spring seasons of 2022, 2023, and 2024 at the crop 

production  experimental station Látókép of Debrecen University, Hajdú-Bihar, Hungary. 

This site is geographically positioned at 47°33’42” N latitude and 21°27’02” E longitude, 

approximately 15 kilometers from the city of Debrecen. The experiment station was set up 

in 1983, initially to conduct experiments on fertilization and crop rotation. The site's soil 

characteristics are defined by a uniform layer of calciferous chernozem formed on the loess 

ridge of Hajdúság. The top layer reveals an average humus content ranging from 2.7% to 

2.8%, with a depth of roughly 0.8 meters. The acidity levels in the upper soil strata are near 

neutral, indicated by a pHKCl range of 6.46 to 6.6. The phosphorus availability in this 

calcareous soil is average, with AL-soluble P2O5 measured at 133 mg kg-1. The soil supply 

of potassium falls into the average-good category, with AL-soluble K2O recorded at 240 

mg kg-1. The soil's plasticity index (KA) also varies between 43 and 47.6. Further, wheat 

served as the forecrop at the experimental site. 

 In all growing seasons, the moisture content of the soil at the time of sowing was conducive 

to the germination of seeds. This favorable moisture condition was sustained throughout the 

entire growing period. However, the 2022 growing season experienced dryness in May, 

June, and July, necessitating two supplementary irrigation events. Two significant 

interventions were carried out. One in May and the other in early July during crucial 

physiological phases of plant development. These phases include the vegetative stage, 

flowering stage (encompassing tasseling and silking), and the grain filling period. Figure 2 

visually represents the climatic and weather conditions experienced during the experimental 

crop years, compared to the average conditions documented over the previous three 

decades. 

3.2 Agrotechnical operations during the experiment years 

During the experimental years, the agrotechnical operations (table 4) included tillage 

operations, fertilizers applications, sowing, weed management, irrigation (2022), and 

harvesting. 
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Figure 2: Meteorological data of the Látókép research station during the experiment years and the average for the past 30 years (Debrecen: 2022-2024). 
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Table 4: Agrotechnical operations in the experimental years, Latókép – Debrecen (2022-2024) 

2022/2022 2022/2023 2023/2024 

Forecrop  winter wheat 

08 August 2021 – discing+rolling 

25 August 2021- discing+rolling 

25 August 2021 – fertilization N 50%+P 

and K 100% 

25 July 2021 – discing+rolling 

15 September 2021 – ploughing 

02 March 2022 – combinator 

28  March 2022 -  fertilization N 50%+ 

combinator 

12 April 2022 – planting 72 000 seeds/ha 

12 May 2022 – herbicid Laudis 2,0 l/ha 

16 May 2022 – row cultivator 

31 May 2022- row cultivator 

14-15 June 2022- irrigation 30mm 

02-03 July 2022- irrigation 30mm 

03 October  2022 - harvest 

Forecrop  winter wheat 

25 July 2022 – discing+rolling 

15 August 2022 – fertilization N 50%+P 

and K 100% 

15 August 2022 – discing+rolling 

10 October 2022 – ploughing 

03 March 2023 – combinator 

14  April 2023 -  fertilization N 50%+ 

combinator 

24 April 2023 – planting 72 000 seeds/ha 

25 May 2023- row cultivator 

30 May 2023 – herbicid Laudis 2,0 l/ha 

31 May 2023- row cultivator 

20  September 2023 - harvest 

Forecrop  winter wheat 

25 July 2023 – discing+rolling 

28 July 2023 – fertilization N 50%+P and K 

100% 

28 July 2023 – discing+rolling 

07 October 2023 – discing+rolling 

10 October 2023 – ploughing 

20 March 2024 – soil leveling and closing 

05 April 2024 -  fertilization N 50%+ 

combinator 

09 April 2024 – planting 72 000 seeds/ha 

09 May 2024 – row cultivator 

15 May 2024 – herbicid Laudis 2,0 l/ha 

29 May 2024 – row cultivator  

04 September 2024 - harvest 
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3.3 Experimental design and treatment combinations 

The experiment was carried out in four replications using a split-split plot design. The study 

tested three (3) maize hybrids selected from registered companies in Hungary. The yield 

and mycotoxin contamination of DKC4590 (FAO 360), GKT376 (FAO 360), and P9610 

(FAO 340) denoting the 3 maize hybrids used were investigated on different nitrogen 

treatments and fungi inocula isolates infections. The companies and hybrids included 

Pioneer  (P9610) with undefined sensitivity and high yielding, Bayer (DKC4590) with a 

defined high tolerance level, and the Cereal Research Nonprofit Ltd-GK Szeged (GKT376) 

with a low tolerance level. The main plot factor was the maize hybrids, the sub-plot 

treatment was N fertilizer dosage (0, 90, and 150 kg ha-1), and the sub-subplot intervention 

involved the application of fungal ear inoculation. The treatment combinations are 

presented in Figure 3 below. 

 
Figure 3: Agrotechnical treatment combinations 

The dimensions of each subplot were 5 m by 3.04 m, resulting in a total area of 15 m² and 

0.76 m row spacing, making four rows plot-1, each containing roughly 25 plants.   A 1 m 
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space marked the distance between adjacent blocks. In this design, three rows were 

subjected to artificial inoculation using specified fungal isolates, adhering to established 

international protocols stipulating that one inoculum should be utilized for each distinct 

pathogen. Specifically, the first row was inoculated with a strain of Fusarium graminearum, 

known for its deoxynivalenol (DON) production. The second row received a strain of 

Fusarium verticillioides, responsible for producing fumonisins (FBs). The third row was 

inoculated with a strain of Aspergillus flavus, recognized for its production of aflatoxins 

(AFBs), specifically measuring AFB1. Lastly, the fourth row served as the untreated 

control. 

3.4 Fungal isolate collection and inoculation procedures 

The isolates of Fusarium graminearum, Fusarium verticillioides, and Aspergillus flavus 

employed researched were sourced from Cereal Research Nonprofit Ltd, Szeged, Hungary, 

and are part of the collection of micro-organisms from naturally infected grain in Hungary. 

The inocula was prepared per the guidelines of Szabo et al., (2018). Subsequently, 

inoculation was carried out using the tooth-pick method established by Young (1943), as 

modified by Mesterházy (2008), to assess kernel resistance (Figure 4). 

In all experimental years, inoculation was done 6 days after reaching 50 percent mid-silking, 

and inoculum tooth-picks were inserted into the center of the upper ear. It was accomplished 

by creating a hole with an awl measuring 15 mm long and 1.5 mm in diameter. The 

toothpicks were left in place until the time of harvest. 

 
Figure 4: toothpick inoculation procedures: (1) Inoculum toothpicks, (2) Making a hole  with 

an awl, (3) Hole on the ear, (4) Inoculum toothpick inserted  



 

32 
 

3.5 Data collection procedures 

3.5.1 Evaluation of ear and kernel rot severity 

In order to enhance the sampling accuracy, the assessment focused exclusively on ears that 

exhibited toothpick marks, using 15 cobs plot-1 for every fungus strain (Figure 5). Upon 

reaching maturity, with a permissible harvest moisture content of nearly 20%, the cobs were 

manually harvested and dehusked to assess the extent of kernel and ear rot. The evaluation 

of fungus-induced ear rot severity was quantified using a percentage scale (Mesterházy et 

al., 2022). The incidence expresses ear coverage percentage on an average regular ear, 

which contains 700-800 grains. Thus, an infection of 1% is established when the ear displays 

7 to 8 kernels with observable signs of infection. At the same time, a 0.15% infection rate is 

recognized when just a single kernel shows visible signs of infection. The severity assessment 

incorporated two data categories: one indicating direct infection from the tooth-pick method 

and the record from naturally occurring infection independent of this method. 

 

Figure 5: Ears inoculated with fungal isolates  of FG, AF, and FV vs untreated controls 
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3.5.2 Sample preparations and measurement of mycotoxins  

In mycotoxin analysis, five cobs exhibiting a moderate occurrence of ear rot, devoid of any 

insect damage, were systematically chosen from each row. These selected ears were placed 

in a mesh-lined Rashel bag and subjected to dry storage for two weeks. Following this 

period, the ears were shelled. The resultant grains underwent a coarse grinding process, 

followed by thorough mixing, before being finely milled to facilitate the measurement of 

toxins. 

Mycotoxin amounts were measured using an enzyme-linked immunosorbent assay (ELISA) 

utilizing ELISA kits produced by Romer Labs, Tulln, Austria. The quantification of FBs 

deoxynivalenol and aflatoxin B1 was performed accordingly by; 

i) Agra-Quant FBs 0.25/5.0 ELISA kit,  

ii) Agra-Quant DON 0.25/5.0 ELISA kit and,   

iii) Agra-Quant AFB1 2/50  

A direct competitive assay evaluated the samples at a wavelength of 450 nm utilizing a 

microtiter plate reader: Thermo Scientific, Waltham, Massachusetts, USA. Each 

measurement was carried out in quadruplicate, with a coefficient of variation (CV%) < 15%. 

The detection thresholds established by the ELISA kit were determined to be 0.2 (ppm) for 

Deoxynivalenol (DON) and total fumonisins (FBs), while Aflatoxin B1 (AFB1) exhibited 

a detection limit of 2 (ppb). 

3.5.3 Measurement of physiological and quality parameters 

Measurement of physiological parameters namely relative chlorophyll content (SPAD 

index), Leaf area index (LAI), and the canopy reflectance parameter of normalized 

differences vegetation index (NDVI). The measurement was done in several growth stages 

of the crop during the vegetative phase and reproductive/generative phases according to the 

IOWA State University plant growth scale.   

3.5.3.1 Relative chlorophyll content (SPAD index)  

The leaves' relative chlorophyll concentration and nitrogen status were measured with a 

handheld chlorophyll meter (Minolta SPAD-502 plus). The ten youngest fully expanded 
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leaves were randomly chosen at each test unit for measurement using the double mid rows 

of each plot. The non-destructive measurement began 50 days after sowing and continued 

throughout the growth season. The SPAD meter calculates unit values for leaf chlorophyll 

concentration as described by Wood et al. (1993) in the equation (i);   

𝑺𝑷𝑨𝑫 𝑰𝒏𝒅𝒆𝒙 = 𝑨 × [𝐥𝐨𝐠  (
𝑰𝒐𝒓

𝑰𝒓
) − 𝐥𝐨𝐠  (

𝑰𝒐𝒇

𝑰𝒇
) + 𝑩]..............................................(i) 

Where:  

    A; B = constants;  

  Ior = current from red detectors with a sample in place; 

 Ir = current from red infrared detectors with sample in place; 

 Iof = currents from red detectors with no sample and,  

If = currents from infrared detectors with no sample 

3.5.3.2  Leaf area index (LAI)  

 

3.5.3.3 The normalized difference vegetation index (NDVI) 

NDVI was assessed during various stages of development using the "Trimble Greenseeker" 

NDVI meter. According to Panek et al. (2020), this instrument calculates NDVI through 

the analysis of red light (650 ± 10 nm) and near-infrared light (770 ± 15 nm), as described 

in equation (ii) below,  

NDVI = (NIR - RED)/ (NIR+ RED).................................................................................(ii) 

Readings were taken for the plot with the equipment positioned 1.0 m above the maize 

canopy. 

3.5.3.4  Harvesting and grain yield   
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The grain yield in a 7.6 m2 plot was measured and converted into kg ha-1 by a two-row 

Sampo Rosenlew SR 2010 plot combine harvester (Figure 6) using a Coleman weighing 

system.  

 

Figure 6: Harvesting- Sampo Rosenlew SR 2010 plot combine harvester 

The grain yield was adjusted to 14% moisture content following Badu-Apraku et al. (2012), 

as shown in equation (iii),  

Grain yield (kg ha-¹) = Grain yield x(100 - % AMC)/ (100 - % SMC) × 100.......................(iii)  

Where:  

AMC = Actual (obtained) Grain Moisture Content (%),  

SMC = Standard Moisture Content 

3.5.3.5 Protein, moisture content, and starch 
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3.6 Statistical procedures for analysis of data    

The impact of nitrogen dosage and maize hybrids on the extent of ear and kernel coverage, 

as well as the levels of mycotoxin contamination, was assessed through analysis of variance 

following a normality assessment conducted with the Shapiro-Wilk test. The comparison of 

treatment means utilized the least significant difference (LSD) and was deemed significant 

at p<0.05. Furthermore, Duncan’s multiple range test (DMRT) was meticulously applied 

to comprehensively compare the various interaction means, as illustrated in the 

accompanying graphs and detailed tables. The statistical software Genstat 18th edition, 

registered for Plant Research International, was used.  

Regression and Pearson correlation analyses (two-tailed) were carried out to investigate the 

relationships between the severity and toxins production within and between toxigenic 

fungal species. It additionally examined the relationship between physiological parameters 

vs. fungal diseases and mycotoxin production. Further, multivariate analysis using principal 

component analysis (PCA) was performed using the R program to investigate the intricate 

interrelationships among various variables. This technique also aimed to decrease the 

dimensionality of the dataset while preserving essential information. PCA facilitated the 

identification of patterns and correlations within the examined factors and variables.   
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4. RESULTS AND DISCUSSION 

The results and discussion section provides a detailed analysis of the effects of hybrid 

varieties and nitrogen fertilization on maize production, as well as their subsequent impact 

on the colonization and progression of fusarium and aspergillus fungal ear rot diseases and 

the resultant mycotoxin generation. Additionally, the analysis delves into how variability in 

weather conditions during the growing seasons contributes significantly to the central 

themes discussed. Moreover, the understanding and implications of physiological 

parameters such as relative chlorophyll content and canopy reflectance indices are 

examined to yield outcomes, fungal disease occurrence, and mycotoxin contamination 

levels.  

The insurance of the result’s reliability lies in the continuous delivery of uniform 

experimental results, assuring that the results are reliable, precise, stable, and reproducible. 

The precision and reliability of the tools and devices used in the research, careful 

consideration in following data collection procedures, experimental setup, design, and 

treatments are premeditated from the inception to the culmination of the three-year field 

experiment to maintain consistency of the results.  

Research indicates a complexity and variability in how applying individual nitrogen levels 

influences the severity of fungal ear rot and the consequent mycotoxin production. 

Furthermore, evidence points to affirmative relationships concerning hybrid resistance 

levels and contamination of mycotoxin. The application of nitrogen is critical for optimizing 

crop yield; utilizing hybrids with pronounced agronomic traits and tolerance levels can aid 

in accurately assessing the quantity of toxins produced to nitrogen application. 

Concurrently, the findings highlight that factors such as relative chlorophyll content and 

canopy reflectance indices, influenced by fertilization practices and hybrid genotypes, can 

play a pivotal role in strategizing advanced agricultural methods. It can facilitate better 

predictions and evaluations regarding the impacts on crop quality, the development of 

fungal diseases, and subsequent mycotoxin contamination in varying annual climatic 

conditions. 
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4.1 Yearly variation in agrometeorological conditions influences maize yield and 

mycotoxin contamination  

4.1.1 Agrometeorological conditions during the growing seasons 

 Meteorological conditions affect agricultural productivity and plant growth and 

development by facilitating materials' transformation and the absorption of essential 

nutrients. These effects are mediated by climatic variables regulating water availability and 

the crop's thermal conditions. Key meteorological factors that influence precipitation, 

temperature, and relative humidity. The yearly agrometeorological conditions during the 

maize growing seasons of 2022, 2023, and 2024 are presented (figure 7.)  

Maize, in particular, exhibits a marked sensitivity to ecological factors, with an adequate 

water supply identified as a critical determinant of its growth. This optimal water provision 

becomes especially vital during key growth phases (critical vegetative and generative 

phases) that contribute to the development and formation of yields in maize. The impact of 

water supply on maize yield is complex. It can be significantly modified by agro-ecological 

factors, such as soil characteristics and agro-technical practices, including hybrid selection 

and nutrient supply through fertilizer application and nutrient management, mainly using 

nitrogen fertilizers and other nutrient sources. 

Maize growing seasons in Hungary span from April through September, covering a 

substantial period when the conditions are typically favorable. During these growth seasons, 

the soil exhibited suitable germination moisture content during sowing, fostering healthy 

crop growth and development. However, in the season of 2022, the months of May, June, 

and July were dry. The rainfall recorded was notably lower and below the 30-year average, 

instigating a crop growth and development deficit. Therefore, this necessitated 

supplementary irrigation to leverage the crop water requirement deficiencies to enhance 

crop performance. Two supplementary irrigations were performed in May and another in 

early July. These irrigation efforts were vital during the critical periods of the generative 

phase, such as flowering and grain filling, to ensure the maize plants received adequate 

water to support their growth and yield potential. Ensuring sufficient water during these key 

developmental stages maximizes crop productivity. 
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Figure 7: Yearly agrometeorological conditions during the growing seasons at the Latókép experiment site of the University of Debrecen (2022-

2024): A, B, and C Rainfall, Temperature: and RH % 2022, 2023, and 2024 respectively). 
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The 2022 growing season was characterized by notably dry conditions, recording a total 

rainfall of only 132.1 mm. The subsequent seasons of 2023 and 2024 received significantly 

higher precipitation levels of 324 mm and 221.9 mm, respectively, marking 2023 as having 

achieved the highest rainfall among the three growing seasons (table 5). In the two latter 

seasons, the distribution of precipitation was more favorable for growth and development 

in 2024 than in 2023.  The 2023 growing season received lower precipitation during early 

vegetative growth in May (V6) than in May 2024 (figure 4). Similarly,   the precipitation in 

the later vegetative (VT) growth phase and early reproductive phases (R0-R1) in June was 

higher in 2023 than in 2024 at 84.7 and 67.4 mm, respectively, deviating by 17.1 mm. In 

July, during grain filling generative phases (R2-R4), both 2023 and 2024 received 

precipitation almost around deviating from each other by 9 mm (37.4 and 28.4 mm, 

respectively). However, during R5 and the maturation phase (R6) in August, experienced 

the highest precipitation in 2023, above the 30-year average as compared to 2024, deviating 

from each other by 52.2 mm, recording 85.7 mm in 2023 compared to 33.5 mm in 2024 

(figure 7). 

All the growing seasons, 2022, 2023, and 2024, experienced a temperature above the 

average of the past 30 years (Table 5), with a slight variation in the 2024>2022>2023 trend. 

Furthermore, the relative humidity (RH) during 2022 was at its lowest compared to 

subsequent years at 61.2 % compared to 71 and 67 % in the latter seasons, respectively. 

Table 5: Deviation of weather conditions in growing seasons (Debrecen, 2022-2024) 

Year 

Total 

year 

rainfall 

Rainfall in the 

growing 

season (mm) 

Deviation from 

the 30 years. 

average 

Temperature 

(oC) 

Deviation from 

the 30 years. 

average 

RH 

(%)  

2022 297.20 132.10 -148.80 19.70 1.60 61.20 

2023 615.40 324.00 42.70 18.80 0.70 71.00 

2024 487.70 221.90 -59.40 20.80 2.70 67.00 

30 years 

Average  281.30  18.10   

4.1.2 Crop year and the interaction of hybrid selection and N rates influence grain 

yield and quality  

The fluctuation in weather patterns throughout the 2022-2024 growing seasons resulted in 

statistically significant differences (p<0.05) regarding maize crop grain yield and quality. 

(Table 6).  Specifically, yields in the dry season of 2022 were reduced by 40% and 63% 
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compared to those in 2023 and 2024 (Table 6). Further, grain protein content notably 

increased during the season characterized by low rainfall and reduced yields. In comparing 

2022 to the subsequent years, there was a decline in grain protein levels of 32.7% for 2023 

and 29.3% for 2024. Consequently, the suitability of crop years for promoting crop growth 

and yield was ranked as 2022 < 2023 < 2024, whereas the ranking for protein content was 

2022 > 2024 > 2023.  

Table 6: Crop year weather variability influences grain yield and quality 

Source of variation Yield  (kg ha-1) Starch (%) Protein (%) 

2022 7638 71.50 10.60 

2023 12793 64.34 7.13 

2024 20755 64.81 7.50 

LSD(0.05) 779.00 0.98 0.35 

The favorable rainfall conditions, combined with nearly optimal agrotechnology practices 

and the higher-than-average temperatures experienced during the 2023-2024 growing years, 

resulted in a remarkably favorable yield in the years to the year 2022 (table 6). The 

differences in yield align with other studies indicating that water deficits in the growing 

season reduce yield, and growing season with adequate water attains higher yield potentials 

attributed to water supply (Bramdeo and Rátonyi, 2020; Pepó, 2012). Although the 2023 

growing season experienced the highest rainfall than 2024, the latter gained the highest 

yield. It could be attributable to an indirect effect of soil water balance brought in by 

dryness, causing soil water deficits in the previous growing season, 2022. Wang et al., 2022; 

Széles et al., 2018 reports the effect of soil water deficit extremes in a preceding year could 

be influential to the subsequent season.  Thus, 2024 growing had leveraged soil water for 

crop uptake and facilitated nutrient availability compared to 2023. Further, the air 

temperature greater than the 30-year average, favoring 2024 in 2024>2022>2023 trend, 

could have been attributed to the yield differences between 2023 and 2024. The increased 

yield in 2024 is partly favored by the temperature being relatively close to the optimum for 

assimilation and photosynthesis during grain filling (Sánchez et al., 2014).  

Simultaneously, the interacting influence on yield by the year and agrotechnical practices 

was evaluated (Figure 8). Bojtor et al. (2021) stressed that yield is affected by interactions 

between crop year variations, nitrogen fertilization practices, and hybrid selection 

strategies.  
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Figure 8: Interactive influence of N dosage and selected hybrids on yield across the experiment 

years (Debrecen, 2022-2024) 

Considering that fertilization management can bridge the gap of the positive effect of crop 

year variation on maize yield (Qiao et al., 2021; Liu et al., 2021), the current study was 

contrary, demonstrating crop year to be a decisive factor. This is evidenced by the superior 

performance of all hybrids in 2024 compared to 2023 and 2022 under nitrogen treatment in 

2024>2023>2022 (Figure 8). However, the maize hybrid affected nitrogen efficiency, 

enabling the system to sustain higher yield potential. This is demonstrated by the significant 

(p<0.05) superior performance of hybrid DKC4590 in the unfavorable year 2022 in all N 

levels. However, the variability in the succeeding years was differential among the selected 

hybrids. In 2023, among the various N-level treatments, the lowest significant yield 

(p<0.05) was recorded in the unfertilized control (N0), with 10.2 tha-1 for variety GKT 376 

compared to no variation between DKC4590 and P9610 at 13.4 and 13 tha-1 respectively. 
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Additionally, the 2022 best-performing hybrid DKC4590 was significantly surpassed by 

hybrid P9610, particularly at the recommended rate of N150 (Bojtor et al., 2021).  In 2024, 

the results showed no substantial variations between hybrids within varying individual N 

rates; however, variation existed between hybrids compared to other N treatments. 

Therefore, the interaction between well-suited agronomical practices such as nitrogen 

fertilization, maturity group, and maize genotypes, which respond to unpredictability in 

growing season conditions, may provide optimal yields compared to non-interacting traits. 

In optimizing one of these components, understanding all possible interactions and 

synergistic effects is needed to avoid unintended trade-offs.   

This study showed measurable effects of nitrogen fertilization and hybrid choice and their 

interactions on maize grain yield in response to crop year variations (Figure 7). The hybrid 

response to nitrogen over the years indicates that GKT376 exhibits a degree of instability 

and is significantly affected by nitrogen fertilization across different crop years. In contrast, 

the hybrids DKC4590 and P9610 demonstrate a more stable performance during the 2023 

growing season. In the 2023 growing season, N fertilization sharply affected the yield of 

GKT376 to other hybrids on the non-fertilized control and other N treatments. Further, 

GKT376 indicated the highest performance at N90 in 2022 and 2023; the differences 

between the controls in 2022 and 2023 are 1 ton and 3 tons, respectively. However, in the 

2024 growing season, the highest performance for GKT376 was recorded at the highest 

fertilizer rate used (N150).   

Excluding the growing season of 2022, in which hybrid DKC4590 exhibited a marked 

superiority over other hybrids (P9610 and GKT376) across all nitrogen (N) treatments, 

hybrids DKC4590 and P9610 demonstrated relative stability with varying N applications in 

the subsequent years of 2023 and 2024. A significant difference (P<0.05) between 

DKC4590 and P9610 emerged only at the N150 dosage in 2023, wherein P9610 

outperformed DKC4590. Nevertheless, this yield advantage for P9610 was not statistically 

significant when evaluated against the yields from all hybrids at the N90 level, suggesting 

the best performance of all hybrids at N90.  Consequently, this analysis underscores the 

necessity for adaptive nitrogen fertilization and the selection of suitable hybrids to optimize 

maize production strategies, particularly in light of unpredictable climatic fluctuations and 
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yearly yield variations. It is hard to plan an adaptive N fertilization when you hardly know 

how the coming year will be; it can be simple to do this ex-post, but probably not ex-ante. 

However, knowing the amount of soil water reservoir before sowing determines the amount 

of N that can be applied in split achieved by soil sampling prior to cultivation Additionally, 

a participatory integrated climate service approach using the nationwide year weather 

forecast and area-downscaled monthly and quarterly forecasts can supplement planning for 

adaptive nitrogen fertilization, particularly in rainfed crop production. 

This argument is bolstered by the superior yield performance of hybrid DKC4590 at the 

N90 level during 2022 and 2024, alongside the absence of significant yield differences 

between the N90 and N150 treatments in 2023. Therefore, comprehensive assessments are 

essential considering all relevant factors influencing this adaptability. 

This study substantiates these determinants by considering nitrogen fertilization practices 

that depend on hybrid selection. In this scenario, further field experiments on hybrid choice 

that are authenticated in a more comprehensive and integrated context to assess from an 

integrated approach the basis of yield potential with conventional technologies seem 

necessary to avoid an extremely narrow focus on eco-physiological patterns.  Further, crop 

year showed a tremendous influence on the yield of maize, affecting nitrogen fertilization 

regimes and the selected hybrids. Thus, it is a cornerstone to understand that each crop year 

brings unique characteristics and factors that can significantly affect the final yield. Hence, 

carefully considering each crop year's specific conditions and requirements could enable 

farmers to make informed decisions regarding the optimal timing and dosage of nitrogen 

fertilization and the most suitable hybrids to cultivate. Through a comprehensive 

understanding and analysis of the crop year, farmers can maximize their maize yield while 

ensuring efficient resource allocation and sustainable agricultural practices. 

4.1.3 Yearly variation in agrometeorological conditions influences fungal disease 

development and mycotoxin contamination 

The effect of annual agrometeorological conditions on the development of fungal diseases 

and mycotoxin contamination is illustrated in Table 7. Additionally, Table 8 provides a 

detailed analysis of the complex interactions, as evidenced by Pearson’s correlations, 
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between yearly variations and weather elements concerning ear rot infection and mycotoxin 

contamination. 

Table 7: Effects of year variability on fungal disease development and mycotoxin contamination 

Source of 

variation  

Ear rot severity Mycotoxins contamination 

AF% FV% FG% AFB1(ppb) FBs(ppm) DON(ppm) 

2022 0.17 0.16 11.50 40.28 2.15 4.06 

2023 0.18 0.19 24.50 <LOD 2.71 56.59 

2024 0.32 0.47 0.74 36.35 2.73 0.63 

LSD(0.05) 0.06 0.08 2.85 20.73 0.75 14.23 

AF%= percentage of kernels damaged by A. flavus; FV%= percentage of kernels damaged by F. 

verticillioides; FG%= percentage of kernels damaged by F. graminearum; AFB1= aflatoxin B1; 

FB= fumonisins B1+B2; DON= deoxynivalenol 

Significant (p<0.05) strong positive and negative relationships existed between various 

variables. Firstly, the crop year strongly and positively influenced yield, confirmed by the 

obtained yield showing significant (p<0.05) yield increase between years with varying 

weather conditions, specifically, precipitation suitability (Tables 5 and 6). The individual 

agrometeorological conditions during the growing seasons positively or negatively affected 

the development of fungal disease and mycotoxin contamination.  

Rainfall indicates a positive influence on FG% (r = 0.578), DON production (r = 0.858), 

and FBs production (r = 0.830). Years with higher rainfall indicated higher FG % and 

heightened DON production (Tables 5 and 7). However, precipitation indicated no 

association with AF % and FV% (r = 0.021 and 0.037), respectively, but negatively affected 

the production of AFB1 (r = -0.922). This study shows that AFB1 production was recorded 

as negligible in 2023, the year with the highest rainfall, and the heightened amount of AFB1 

was recorded in 2022, the year with the lowest rainfall, followed by 2024. Temperature 

influence is pronounced in its negative effects on FG % (r = -0.922) and DON production 

(r = -0.855). Further, temperature demonstrated a positive relationship with AF% (r = 0.874, 

FV% (r = 0.866) and AFB1 production (r = 0.773). Subsequently, relative humidity (RH 

%)-demonstrated positive, negative, and no relationships with fungal disease development 

and mycotoxin contamination. Regarding fungal disease development, RH% showed no 

correlation with AF% and FV% and a positive correlation with FG% (r = 0.455). However, 

it strongly negatively (r = -0.857) correlated with AFB1 production, indicating strong 

relationships with both fusarium mycotoxins FBs (r = 0.901) and DON (r = 0.775).    
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Table 8: Correlation coefficient values showing a relationship between yearly agrometeorological 

conditions on yield, fungal disease development, and mycotoxin contamination (Debrecen, 2022-

2024) 

  

Yield 

kg ha
-1

 

Rainfall 

(mm) 

Temp 

(
o

C) RH (%)  

 

AF% FV% FG% 

AFB1 

(ppb) 

FBs 

(ppm) 

DON 

(ppm) 

Yield kg ha 
-1

 1.00          

Rainfall (mm) 0.36 1.00         

Temp (
o

C) 0.65 -0.48 1.00        

RH (%)  0.48 0.99 -0.35 1.00       

AF% 0.94 0.02 0.87 0.16 1.00      

FV% 0.95 0.04 0.86 0.18 1.00 1.00     

FG% -0.56 0.58 -0.99 0.45 -0.80 -0.79 1.00    

AFB1(ppb) 0.03 -0.92 0.78 -0.86 0.37 0.35 -0.85 1.00   

FBs(ppm) 0.82 0.83 0.09 0.90 0.58 0.59 0.02 -0.55 1.00  

DON(ppm) -0.18 0.86 -0.86 0.78 -0.50 -0.48 0.92 -0.99 0.42 1.00 

RH% = Relative humidity (%); AF%= percentage of kernels damaged by A. flavus; FV%= 

percentage of kernels damaged by F. verticillioides; FG%= percentage of kernels damaged by F. 

graminearum; AFB1= aflatoxin B1; FB= fumonisins B1+B2; DON= deoxynivalenol 

Occurrence and interactions of the meteorological conditions bring a range of unique 

characteristics in the year that either accelerate or provide unfavorable conditions for 

colonization, disease development, and synthesis of mycotoxins. The range includes dry 

and warm conditions, moderate rainfall and warm conditions, and higher precipitations with 

mild temperatures (Mesterhárzy et al., 2022). In the current study, fungal disease 

development and mycotoxin contamination were highly influenced by the variability in the 

weather conditions in the growing season (p<0.05).  AF% and FV% by A. flavus and F. 

verticillioides exhibited no differences in 2022 and 2023 while recording significantly 

elevated infections in 2024. Mycotoxin fumonisins (FBs) production by F. verticillioides 

was non-significant in all three growing seasons and below European maximum tolerable 

levels (MTL). On the contrary, AFB1 production by A. flavus was not recorded in the 

wettest year, 2023, with the highest relative humidity (RH %). The highest amount of AFB1 

was recorded in the 2022 season, characterized by dry conditions, confirming the previous 

study showing that reduced rainfall and warmer conditions facilitate colonization of A. 

flavus and respective mycotoxin contamination, corroborating Giorni et al. (2016). Further, 

Kos et al. (2024) reported that 94% of maize samples collected in 2012 were contaminated 

with aflatoxin; the year noted extreme drought in Serbia, exhibiting concentration levels 

ranging from 0.6 to 205 µg kg -1. 
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On the other hand, FG% by F. graminearum was significant and highest in 2023, the wet 

year with higher RH%. Consequently, the weather conditions in 2023 favored the 

production of deoxynivalenol (DON) besides fungal colonization and disease development, 

corroborated by Bhatnagar et al. (2014). Given the heightened FV% in 2024 compared to 

other years, there were no significant differences in the associated FBs (table 6). This 

indicates that the variability in weather conditions during this study did not influence the 

production of fumonisin toxins. 

4.2 Crop year, hybrids, and nitrogen fertilization harness relative chlorophyll 

contents and canopy reflectance indices concerning yield, fungal disease 

development, and mycotoxin contamination 

4.2.1 Yield response to relative chlorophyll content dynamics in respective hybrids, n 

rates, and crop year.  

The results significantly differed (p < 0.05) in relative chlorophyll content between maize 

hybrids and N rates associated with the final grain yield (Table 9). Relative chlorophyll 

content differences existed among maize hybrids at different growth stages, regardless of 

specific nitrogen rate and crop year.  

Table 9: Relative chlorophyll content (SPAD) in different growth stages to nitrogen rates and maize 

hybrids on grain yield in the experiment years (Debrecen: 2022-2024) 

Source of variation 
Growth stage and (SPAD) Yield 

(Kg/ha) 

Protein 

(%) 

Starch  

(%) V6 VT R0-R3 R6 AVG 

Nitrogen fertilization rates 

2022 Ø 44.55 54.82 54.97 47.88 50.55 7442 9.05 73.19 
 N90 47.26 57.29 57.02 52.63 53.55 8141 11.17 69.91 
 N150 48.44 58.16 59.26 53.9 54.94 7330 11.58 71.40 

2023 Ø 45.56 57.17 54.56 45.71 50.75 12183 6.73 64.66 
 N90 44.77 60.1 57.22 45.99 52.02 13268 7.20 64.52 
 N150 48.68 61.28 58.92 46.86 53.94 12926 7.45 63.84 

2024 Ø 41.41 60.01 60.68 45.71 51.95 19640 7.376 64.8 

 N90 39.58 60.24 62.05 50.15 53.01 21276 7.716 64.49 

 N150 40.55 61.38 61.97 50.41 53.58 21349 7.397 65.14 

 LSD(0.05) 2.63 1.784 1.868 3.555 1.256 1374.6 0.5828 1.822 

Maize Hybrid effects 

2022 P9610 47.36 58.15 57.53 49.49 53.13 6960 10.63 72.29 
 DKC4590 46.69 56.47 56.92 52.44 53.13 8602 9.79 71.72 
 GKT376 46.2 55.66 56.8 52.48 52.78 7351 11.38 70.48 

2023 P9610 48.7 59.74 55.92 44.91 52.32 13784 7.27 64.32 
 DKC4590 44.85 57.86 55.27 45.66 50.91 12679 6.82 64.94 
 GKT376 45.45 60.95 59.52 48.01 53.48 11914 7.30 63.76 

2024 P9610 41.88 62.31 62.25 46.73 53.29 20073 7.407 65.51 

 DKC4590 39.07 57.95 60.29 48.84 51.54 21220 7.27 64.83 

 GKT376 40.58 61.37 62.17 50.71 53.71 20972 7.811 64.09 

 LSD(0.05) 2.572 1.802 1.78 2.873 0.987 1231.9 0.6144 1.795 



 

48 
 

 
Figure 9: Effects of nitrogen fertilization and hybrid selection on relative chlorophyll content- 

SPAD in various growth stages (A&B; C&D; E&F) in 2022, 2023, and 2024, respectively 

(Debrecen, 2022-2024) 
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The SPAD index between N rates and hybrids positively influenced yield between years. 

Similarly, the crop displayed the lowest and highest SPAD index between growth stages 

during V6, R6, and VT, R0-R3, respectively (Figure 9). R0-R3 indicated no variations; 

hence, they were grouped.  At V6, the SPAD index between years recorded in 2024 was 

significantly (p<0.05) lower than the records in 2022 and 2023 in response to nitrogen and 

hybrids. Additionally, within years, the SPAD index recorded in 2024 was not significant 

(p>0.05) between nitrogen treatment and selected hybrids but was significant (p<0.05) in 

2022 and 2023. Conversely, during the VT and R0-R3 growth stages, 2024 recorded the 

highest significant values between 2022 and 2023. However, within years, VT and R0-R3 

values of the SPAD index were significantly affected by N rates in 2022 and 2023 while 

non-significant in 2024. The influence increased with N rates, although the same indicated 

no effects regarding hybrids selected. Additionally, the impact of N rates in the growth 

stages indicates no variation in SPAD values between N90 and N150, similar to hybrids.  

The results showed that, in all cropping years, particularly during VT and R0-R3 stages, the 

SPAD index was significantly (p<0.05) higher and affected by year in response to nitrogen 

treatment and hybrid selection. The influence in yield is expressed by the fact that the leaf 

chlorophyll reacts to environmental changes as a light energy receptor in photon capturing 

and an electron donor in the photosynthesis process, and it is essential in the technical 

evaluation of the photosynthesis capacity (Ahmad et al., 2019). Therefore, under optimal 

leaf chlorophyll content, the photosynthesis process maximizes, improving the dry matter 

production of the vegetative structures and intensifying the quantitative points and final 

yield (Yan et al., 2021). Under N rates, the chlorophyll content levels indicate the most 

adequate plant development stage for the best utilization of nitrogen, which is directly 

related to final production. This is verified by the current study, which aligns with Shapiro 

et al. (2016), suggesting that stages with higher SPAD indexes facilitate maximized N 

nitrogen utilization. The current study reveals that the nitrogen treatments N90 and N150 

did not exhibit substantial differences, particularly when compared to the lower SPAD 

values associated with the control treatment N0. However, on the contrary, the hybrid that 

showed better average SPAD across the years (P9610) during VT did not demonstrate better 

average yield, being surpassed by hybrid DKC4590 with no significant variation with 
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GKT376. It indicates nitrogen as a decisive factor, making the general rank of factors that 

affected yield as Year>N rates>Hybrids.   

The SPAD index pigment content can serve as a metric for calibrating nitrogen fertilization 

rates, using the technology of chlorophyll meter reading, and allows for more rapid and 

accurate application as an indicative resource of the nitrogen nutritional status in crops 

(Melash et al., 2023). Some studies have shown a strong relationship between N levels and 

chlorophyll content in predicting the apparent photosynthesis rate in the initial stage of 

maize plant and final yield production (Yan et al., 2021; Wang et al., 2021). However, this 

study suggests that the VT growth stage influences and maximizes N use. Therefore, the 

SPAD index transforms into an accurate, supportive technique, optimizing the results to 

predict the apparent photosynthesis rate and the final production.   

4.2.2 Canopy reflectance indices influenced by N rates and Selected Hybrids across 

various growth stages  

The leaf area index (LAI) indices across various growth stages were significant (p<0.05) 

within hybrids and N rates in the years.  Similarly, Normalized Difference Vegetation Index 

(NDVI) values were significantly different (p<0.05) between the measurements in various 

growth stages in response to nitrogen fertilization and hybrids in the years (Table 10)  

The various growth stages of the crops exhibited pronounced impacts on LAI and NDVI 

values, characterized by diminishing return associations as the crop progressed through its 

growth phases. These indices reached their minimum levels during the V6 and R6 stages 

while peaking at the VT and R0-R3 stages, particularly highlighted by the effects of N rates 

and selected hybrids in the experimental years (Figures 10, 11). Notably, in 2022, LAI 

demonstrated the highest significant (p<0.05) values during the R0-R3 stages at a nitrogen 

rate of N50 and for the DKC 4590 hybrid. In 2023, the peak significant LAI values were 

observed during the VT stage, influenced by varying nitrogen rates. 
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Table 10: Effects of N fertilization and selected hybrids on NDVI and LAI  in various growth stages to yield and grain quality 

Source of 

variation 

Growth stage and LAI Growth stage and NDVI 
Yield 

(Kg/ha) 

Protein 

(%) 

Starch 

(%) 

V6 VT R0-R3 R6 AVG V6 VT R0-R3 R6 AVG    

Nitrogen fertilization rates 

2022 Ø 1.15 3.24 3.71 1.94 2.51 0.47 0.68 0.73 0.47 0.59 7442 9.05 73.19 
 N90 1.60 3.81 3.88 2.33 2.90 0.56 0.72 0.75 0.53 0.64 8141 11.17 69.91 
 N150 1.66 3.92 4.27 2.34 3.05 0.55 0.71 0.73 0.51 0.62 7330 11.58 71.40 

2023 Ø 2.20 3.18 2.59 2.22 2.55 0.47 0.77 0.73 0.46 0.61 12183 6.73 64.66 
 N90 2.35 3.59 3.21 2.52 2.92 0.45 0.80 0.74 0.51 0.63 13268 7.20 64.52 
 N150 2.44 3.87 3.33 2.70 3.08 0.56 0.81 0.73 0.47 0.65 12926 7.45 63.84 

2024 Ø 1.43 3.42 4.77 2.22 2.96 0.69 0.79 0.71 0.46 0.66 19640 7.376 64.8 

 N90 1.55 3.57 5.34 2.38 3.21 0.70 0.78 0.76 0.47 0.68 21276 7.716 64.49 

 N150 1.30 3.36 4.31 2.67 2.91 0.67 0.79 0.77 0.48 0.68 21349 7.397 65.14 

 LSD(0.05) 0.2800 0.2622 0.3793 0.3892 0.1720 0.0565 0.0296 0.0201 0.0574 0.0256 1374.6 0.5828 1.822 

Maize Hybrid effects 

2022 P9610 1.31 3.49 3.84 2.10 2.68 0.49 0.68 0.72 0.47 0.59 6960 10.63 72.29 
 DKC4590 1.66 3.82 4.10 2.38 2.99 0.55 0.76 0.74 0.54 0.65 8602 9.79 71.72 
 GKT376 1.44 3.67 3.92 2.13 2.79 0.54 0.68 0.74 0.50 0.61 7351 11.38 70.48 

2023 P9610 2.21 3.50 2.95 2.47 2.78 0.43 0.80 0.71 0.45 0.60 13784 7.27 64.32 
 DKC4590 2.39 3.58 3.14 2.48 2.90 0.56 0.80 0.75 0.54 0.66 12679 6.82 64.94 
 GKT376 2.40 3.57 3.05 2.49 2.88 0.50 0.79 0.74 0.45 0.62 11914 7.30 63.76 

2024 P9610 1.31 3.40 4.83 2.39 3.02 0.72 0.79 0.74 0.46 0.68 20073 7.407 65.51 

 DKC4590 1.48 3.44 4.72 2.49 2.99 0.67 0.78 0.75 0.51 0.68 21220 7.27 64.83 

 GKT376 1.49 3.51 4.87 2.40 3.07 0.67 0.79 0.76 0.44 0.67 20972 7.811 64.09 

 LSD(0.05) 0.3887 0.2804 0.3462 0.2695 0.2080 0.1106 0.0334 0.0254 0.0354 0.0379 1231.9 0.6144 1.795 
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However, all hybrids reached their maximum LAI at this stage without achieving statistical 

significance (p>0.05). In contrast, the 2024 data illustrated that nitrogen fertilization had a 

significant impact, with the highest LAI recorded during the R0-R3 stages at a nitrogen rate 

of N90. Similarly, the highest LAI values remained statistically non-significant for all 

selected hybrids during the R0-R3 stages. However, LAI significant (p<0.05) variation was 

observed between various growth stages. 

 
Figure 10: Nitrogen fertilization and Hybrids influence LAI in various growth stages (A&B; 

C&D; E&F) in 2022, 2023, and 2024, respectively 

Similarly,  NDVI indices showed the highest values during the VT and R0-R3 growth stages 

and the lowest values during the V6 and R6 growth stages in response to nitrogen rates and 

maize hybrids over the years. In all years, The NDVI values recorded at VT and R0-R3 
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stages were non-significant (P>0.05) except at VT for hybrids in 2022 (Figure 11B and 

Table 9); however, there existed significant variation during V6 and R6 stages in response 

to N rates and maize hybrids.  

 
Figure 11: Nitrogen fertilization and Hybrids influence NDVI in various growth stages (A&B; 

C&D; E&F) in 2022, 2023, and 2024, respectively 

The interactive effects between N rates, hybrids, and crop years on LAI and NDVI were 

examined (Figures 12 and 13). In 2022, LAI ranged from 0.99 at N0 and V6 (P9610)  to 

4.36 at N150 and R0-R3 (GKT376),  while in  2023, values showed a range of 2.14 at N0 

and V6 (P9610)  to 3.92 at N150 and VT (DKC4590). In 2024, LAI values recorded non-

significant lowest values during V6 across all interacting examined factors; the highest and 
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significant (P<0.05) values were recorded during R0-R3 growth stages noting GKT 376 

(N90) with the highest value of 5.51and the lowest value of 4.1 for DKC4590 at N150. 

Generally, crop year affected the LAI trend, indicating the V6 stage record of the lowest 

values than all stages; however, the values were significantly higher in 2023 than in 2022 

and 2024, irrespective of N rate and hybrids.  

 

Figure 12: Interactive effects of crop year, nitrogen fertilization, and hybrids on leaf area Index 

(LAI): Debrecen, 2022-2024) 

Unlike LAI, the NDVI at V6 generally indicated significant differences (P<0.05) lower in 

2023 than in 2022 and 2024, except at N150 (DKC4590). The lowest values were recorded 
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during the R6 stage at 0.37 at N150 (P9610), while the higher and significant values between 

stages were recorded during VT. In each year, 2022 recorded the lowest NDVI value of 

0.41 during V6 at N0 (P9610) and the highest value of 0.76 during VT at N150 (DKC4590). 

In 2023, the lowest NDVI record was 0.37 at N150 (P9610) during R6, and the highest 

record was 0.82 during VT at 150 (P9610), making P9610 at N150 showing the highest and 

lowest values during R6 and VT, respectively. In 2024, there were no significant differences 

between the NDVI values across N rates and hybrids within growth stages V6, VT, and R0-

R3, but significant between the growth stages. However, there were significant differences 

(P9610) within growth stage R6, with the lowest value of 0.41 at N0 (GKT376).   

 

Figure 13: Interactive effects of crop year, nitrogen fertilization, and hybrids on NDVI 

Debrecen, 2022-2024) 
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The assimilative capacity of a crop depends upon the balance between the quantity of 

incoming light and the amount that exits the crop, which influences photosynthetic capacity 

and production (Dahiya et al., 2023). In most crops, leaf photosynthesis contributes to 95% 

of the total dry matter harvested; the only exception is the mineral nutrients, representing 

the remaining 5% of the overall plant mass (Chen, 1994; Dong et al., 1997 in Li et al., 2022). 

A critical factor affecting this assimilative efficiency is the leaf area index (LAI), which 

significantly affects the crop's capacity to assimilate and overall productivity (Bakó et al., 

2025). LAI is influenced by genotype, soil conditions, and climate.  Consequently, NDVI 

serves as an indirect method of reflectance measurement that has been utilized to estimate 

both plant biomass and yield, enabling producers to evaluate these parameters effectively 

in their crops (El-Hendawy et al., 2022). Leaf Area Index (LAI) and Normalized Difference 

Vegetation Index (NDVI) have been widely used for assessing crop health and potential 

yield in various contexts (Belmahi et al., 2023). It is crucial to explore the underlying 

interrelationship for interpreting respective plant processes since they are key predictors in 

maize yield potential assessment in growth stages.   

The current study indicates that the LAI values across growth stages have influenced crop 

yield. The LAI values during R0-R3 varied significantly across the years, being lowest in 

2023 and highest in 2024, while the values in 2022 remained average between the two. This 

significantly influenced the crop yield irrespective of the cropping year conditions. The 

effects of the LAI might have partly influenced the highest yield in 2024 compared to other 

years, allowing maximum interception of the incoming radiation and maximizing the 

photosynthetic process (Raza et al., 2021). It brings a higher yield recorded in 2024 than in 

2023, provided that 2023 received more precipitation than 2024. However,  LAI values 

showing higher values in 2022 than in 2023 indicated the low yield in the 2022 to 2023 crop 

year. This could be partly influenced by the climatic conditions between the years that noted 

drought conditions in 2022, the wettest year 2023, and the moderate 2024. Further, the 

influence is brought by the genetic landscape of the hybrids as affected by the crop year in 

favor of the hybrid DKC4590 that indicated the highest LAI at VT in 2022 than other 

hybrids. This study investigated the relationship between NDVI and LAI of maize, 

examining their influence on yield and grain quality to enhance the understanding of crop 

monitoring for smart farming technologies. The findings imply that canopy reflectance data 
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could be an essential source for analyzing the ecological performance of plant growth 

dynamics and quality obtained in the field, thereby contributing to the development of smart 

farming technologies. Generally, the results obtained in this research are not substantially 

different from the existing results but confirm the importance of NDVI and LAI. The highest 

NDVI was recorded in the VT, followed by R0-R3. This aligns with Támás et al. (2023), 

suggesting that earlier stages can predict yield, contrasting Yang et al. (2022), suggesting 

R3.    

4.2.3 Linkage between grain yield, fungal diseases development, and mycotoxin 

contamination on relative chlorophyll content and canopy reflectance parameters 

Correlation analysis significantly (P<0.05; p<0.001) determined the relationship between 

grain yield, various physiological parameters, fungi disease progression, and mycotoxin 

contamination (Table 11). In examining the effect of chlorophyll content on maize growth 

and yield, several studies found a significant positive correlation between these traits, which 

agrees with this study. The current research indicates a positive correlation between grain 

yield and SPAD, particularly at VT and R0-R3 (r=0.69 and 0.76). The contrary is the 

negative correlation at earlier stage V6 (r=-0.85). Further, the current study indicated a 

positive correlation between LAI and NDVI at varying growth stages. LAI showed a 

positive correlation (r=0.56) with yield during early generative phases (R0-R3), while 

NDVI indicated a positive correlation during early vegetative growth V6 (r=0.77) and later 

vegetative tasseling VT (r=0.70). 

On the other hand, the relationships between the examined physiological traits with fungi 

disease progression and mycotoxin contamination were significant (p<0.05; p<0.001).  

SPAD (R0-R3) indicated a relatively weak positive correlation with AF% (r = 0.79) and 

FV% (r = 0.78), and a relatively weak correlation (r=0.46) with AFB1 while demonstrating 

no correlation with mycotoxin  FBs. On the contrary, it indicated a negative relationship 

with FG% (r = -0.62) and DON (r=0.47). The exception was a significant negative strong 

correlation between LAI and (FG%, DON) during R0-R3 at (r=-0.87, -0.83) respectively. 
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Table 11: Implication of relative chlorophyll content, LAI, and NDVI on maize yield, fungal disease development, and mycotoxin 

contamination. 

  

Yield  

(kg ha-1) 

SPAD 

-V6 

SPAD 

-VT 

SPAD 

-R0-R3 

SPAD 

-R6 

LAI 

-V6 

LAI 

-VT 

LAI 

-R0-R3 

LAI 

-R6 

NDVI 

-V6 

NDVI 

-VT 

NDVI 

-R0-R3 

NDVI 

-R6 

 

AF% FV% FG% 

AFB1 

(ppb) 

FBs 

(ppm) 

DON 

(ppm) 

Yield(kgha 
-1

 1.00             

 

     
SPAD-V6 -0.85** 1.00                  
SPAD-VT 0.69* -0.34 1.00                 
SPAD:R0-R3 0.76** -0.67* 0.74 1.00                
SPAD-R6 -0.29 0.07 -0.30 0.21 1.00               
LAI-V6 -0.15 0.44 0.20 -0.37 -0.49* 1.00              
LAI-VT -0.38 0.51* -0.01 0.03 0.54* 0.25 1.00             
LAI:R0-R3 0.56* -0.69* 0.24 0.79** 0.44 -0.74** 0.04 1.00            
LAI-R6 0.47* -0.11 0.68* 0.39 -0.15 0.52* 0.32 -0.05 1.00           
NDVI-V6 0.77** -0.77** 0.46* 0.85** 0.19 -0.50* -0.06 0.86** 0.24 1.00          
NDVI-VT 0.70* -0.34 0.73* 0.36 -0.56 0.54* -0.08 -0.04 0.79** 0.31 1.00         
NDVI:R0-R3 0.41 -0.56* 0.19 0.43 0.41 -0.16 0.04 0.38 0.40 0.49* 0.18 1.00        
NDVI-R6 -0.38 0.20 -0.51 -0.35 0.39 0.06 0.52 -0.05 0.09 -0.09 -0.19 0.26 1.00       
AF% 0.82** -0.68* 0.58* 0.79** 0.02 -0.31 -0.05 0.70* 0.40 0.85** 0.52* 0.31 -0.10 1.00      
FV% 0.81** -0.69* 0.65* 0.78** -0.04 -0.38 -0.26 0.63* 0.40 0.80** 0.49* 0.38 -0.20 0.89** 1.00     
FG% -0.54* 0.65* -0.14 -0.62* -0.29 0.87** 0.28 -0.87** 0.20 -0.71** 0.12 -0.21 0.20 -0.61* -0.64* 1.00    
AFB1(ppb) 0.04 -0.19 -0.09 0.46* 0.80** -0.72** 0.32 0.72** -0.14 0.51* -0.39 0.25 0.30 0.43 0.40 -0.66* 1.00   
FBs(ppm) 0.35 -0.28 0.22 0.15 0.01 0.26 0.12 0.09 0.52* 0.21 0.43 0.57* 0.42 0.31 0.32 0.07 0.05 1.00  
DON(ppm) -0.18 0.37 0.12 -0.47* -0.60* 0.94** -0.01 -0.83** 0.36 -0.56* 0.45 -0.15 0.00 -0.43 -0.40 0.90** -0.83** 0.20 1.00 

**(p<0.001); *(p<0.05), AF% = Proportion of kernels infected A. flavus, while FV% =Proportion affected by F. verticillioides. FG% = Proportion 

affected by F. graminearum. AFB1 = aflatoxin B1; FBs = fumonisin B1 + B2; DON = deoxynivalenol 
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On the contrary, LAI (R0-R3) indicated a positive correlation with AF% (r= 0.70, and.35) 

and FV% (r= 0.63), and AFB1 (r= 0.72) while no correlation was demonstrated between 

LAI and FBs. Another negative correlation was demonstrated between NDVI (V6) and 

FG% (r = -0.71), DON (r = -0.56), while at the same growth stage (V6), NDVI showed a 

positive correlation with AF% (r= 0.85) and FV% (r = 0.80) and AFB1 (r=0.51) However, 

there was no distinctive correlation between NDVI and mycotoxin FBs.    

 It is well known that genotypes and mineral nutrition significantly affect maize yield 

(Bojtor et al., 2022). The current study showed a distinctive positive correlation between 

the chlorophyll content and yield during vegetative tasseling (VT) and early generative 

phases (R0-R3) stages. This observation may indicate that relative chlorophyll content 

during the vegetative tasseling (VT) and early generative phases (R0-R3) is essential and 

can be used to estimate the quantity of final maize production. The negative correlation with 

yield during the early V6 marks an important early warning indicator for nutrient 

management, N fertilization in particular, for heightening the index during the following 

stages to maximize assimilation and final production. It is because chlorophyll content can 

be increased by downstream elements promoting maize vegetative growth (Yang et al., 

2023), signified by nitrogen dose significantly impacting relative chlorophyll content 

(SPAD) and other physiological traits.  

While LAI and NDVI indicated an accelerative influence on AF% and FV%  during R0-R3 

and V6, respectively, on the contrary, the impact was beneficial concerning FG% and DON. 

The relativeness between AF% and FV% may depict the possibility of co-occurrence of the 

relative mycotoxins in agricultural production. This is backed by reported secondary 

infection relationships between AF and FV (Liverpool-Tasie et al., 2019), although this case 

did not show a defined relationship with the respective produced mycotoxins. The current 

results reflect a critical definitive correlation between the non-destructive indicators SPAD, 

NDVI, and LAI to final yield. However, their opposite direction influences fungi disease 

progression, and mycotoxin contamination of AF%, FV% vs FG%, and DON indicate an 

area of further concentration for optimum values to bring the balance for an informative 

inference. 
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4.3 The severity of ear rot and the levels of mycotoxins as influenced by nitrogen 

fertilization, hybrids used, and the process of inoculation  

Table 12 illustrates the effects of N dosage and hybrid susceptibility levels on the severity 

of ear rot and the production of mycotoxins. Across all evaluated years, it was observed that 

the application of nitrogen fertilization, the choice of hybrid, and the inoculation treatments 

significantly (p < 0.05) affected the severity of ear rot and mycotoxin contamination levels.  

With the Fusarium fungal diseases, nitrogen treatments affected FV%, indicating a 

significant increase of ear infections in 2022 and 2024 by 200% and 28%, respectively. 

However, in 2023, the infection was significantly higher at N90, and there were no 

differences between N0 and N150. Similarly, FBs production was significantly lowest at 

N0 and highest at N150 in 2022 and 2024. However, 2023 indicated highest significant 

(p<0.05) FBs production at N90 following N90>N0>N150. On the other hand, FG% 

indicated a substantial variation within years in 2022. The treatment at N150 showed the 

highest infection rate and lowest at the control.  However, no significant variation was 

recorded within the years 2023 and 2024. Between years, a considerable infection was noted 

as influenced by nitrogen rate in the trend 2023>2022>2024, with the lowest recorded in 

controls at 7.6%, 23.5%, and 0.61% and the highest recorded in N150 at 13.7%, 25.1%, and 

0.94% in 2022, 2023 and 2024 respectively. The DON production indicated no differences 

with N rates within years and followed the same trend as FG % between years with N 

treatments. Although the percentage of aflatoxin (AF%) demonstrated statistical 

significance (p<0.05) across all observed years, the production of AFB1 showed 

significance (p<0.05) exclusively in the year 2022, not significant in 2024, and the infection 

did not produce any AFB1 in 2023.  

The hybrid tolerance was significant (p<0.05), showing varying effects on fungal diseases 

and toxin production.  FG%  indicated a substantial decrease with hybrid tolerance in 

DKC4590<GKT376<P9610 in 2022 and 2023 and no significance in 2024. Additionally, 

DON production followed a similar trend. FV% and AF% indicated unpredictable trends in 

hybrids both within and between years. GKT376 indicated heightened FBs in all and AFB1 

in 2022 and 2024, with no AFB1 recorded in all hybrids in 2023. Implementing inoculation 

treatments significantly impacted the percentage of ear rot severity. It resulted in the 



 

61 
 

production of mycotoxins, irrespective of the nitrogen rates and the tolerance levels of the 

hybrid, throughout all observed years. Both fungal infection and mycotoxin heightened in 

inoculated treatment compared to non-inoculated controls. 

Table 12: N rates, hybrid selection, and ear inoculation influence the severity of ear rot and 

contamination of mycotoxin (Debrecen, 2022-2024) 

Factors for 

variation 

The severity of ear rot Mycotoxins Amounts 

AF% FV% FG% AFB1(ppb) FBs(ppm) DON(ppm) 

N application doses 

2022 Ø 0.08  0.07  7.60  9.83  1.17  4.37  
  N90 0.21  0.16  13.10  43.11  2.39   3.84  
  N150 0.22  0.26  13.70  67.90  2.89 3.96  
2023 Ø 0.15  0.17  23.50  < LOD 2.69  60.30  
  N90 0.21  0.24  24.90  <LOD 3.57  59.00 
  N150 0.18  0.16  25.10  <LOD 1.88  50.50  
2024 Ø 0.36 0.46 0.61 32.46  1.34 <LOD 
  N90 0.28 0.32 0.67 31.89  3.72 0.42 
  N150 0.32 0.64 0.94 44.71  3.13 1.40 

  LSD(0.05) 0.11 0.13 5.59 33.49 1.26 26.96 

Maize hybrid effects 
2022 DKC4590 0.09  0.13  7.30 37.08  1.73  2.11 
  GKT376 0.22  0.24  9.60 51.38  2.62  4.73 
  P9610 0.19  0.11  17.50  32.38  2.11  5.34 
2023 DKC4590 0.21 0.21  15.80  < LOD 2.51  37.10 
  GKT376 0.17  0.22  27.70  <LOD 3.70  66.50 
  P9610 0.16  0.14  29.90  <LOD 1.94  66.20 
2024 DKC4590 0.37 0.62 0.69 37.22 2.90 0.25 
  GKT376 0.31 0.35 0.85 38.10 3.00 1.62 
  P9610 0.29 0.44 0.67 33.75 2.29 <LOD 

  LSD(0.05) 0.11 0.12 5.40 35.08 1.16 32.27 

Inoculation effects 
2022 Treated 0.28 0.33 22.90 62.59 3.02 8.11 

  
Untreated 

control  
0.05 0.00 0.10 17.97 1.29 0.34 

2023 Treated 0.32 0.33 48.80 <LOD 4.66 113.20 

  
Untreated 

control  
0.03 0.05 0.10 < LOD 0.77 < LOD 

2024 Treated 0.62 0.91 1.46 56.20 4.53 0.91 

  
Untreated 

control  
0.02 0.04 0.01 16.50 0.94 0.36 

  LSD(0.05) 0.08 0.11 4.45 27.49 1.03 25.00 

Note: LOD - Limit of detection; AF = A. flavus; FV = F. verticillioides; FG = F. graminearum; 

AFB1 = aflatoxin B1; FBs = fumonisins B1+B2; DON = deoxynivalenol 

4.3.1 Nitrogen fertilization impacts on mycotoxin levels. 
Nitrogen fertilization is a crucial factor influencing final maize yield and mycotoxin 

synthesis. The variability in toxin amounts observed at different N fertilizer doses used in 

this study underscores their associations' intricacies. While some studies suggest that higher 

nitrogen application rates lead to increased mycotoxin contamination, others present 
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conflicting findings. These inconsistencies emphasize the need to thoroughly explore how 

nitrogen application interacts with ear rot severity and mycotoxin production. The present 

study identified an overall rise in mycotoxin contamination, specifically for AFB1 and FBs, 

in 2022 as nitrogen levels increased. This outcome contradicts Blandino et al. (2008), which 

indicated that nitrogen deficiencies were associated with increased fumonisin 

contamination in maize. 

Tubajika et al. (1999) observed a significant reduction in aflatoxin contamination, ranging 

from 34% - 45%, with the application of nitrogen fertilizer at rates between 50 - 250 kg ha-

1, compared to plots without nitrogen (N0). The current study indicated a significant shift 

in 2023, as no AFB1 was detected, and a decrease in DON toxin contamination was 

correlated with higher nitrogen application when in solitary treatment. Interestingly, the 

highest levels of DON contamination were associated with the N0 treatment in 2023. In 

contrast, 2024 recorded the lowest DON levels, with negligible amounts found at N0 (Table 

12). These results correspond with earlier findings, highlighting the complex associations 

between N application doses, the severity of ear rot, and the occurrence of mycotoxins in 

maize production (Madege et al., 2018; Simões et al., 2023; Krnjaja et al., 2021; Santos et 

al., 2023). Maize susceptibility to mycotoxin contamination is significantly affected by 

nitrogen application, indicating that such fertilization can both elevate and lower mycotoxin 

concentrations (Borràs-Vallverdú et al., 2022; Scarpino et al., 2022). Given the 

inconsistencies surrounding nitrogen fertilization outcomes, additional factors, including 

genetic profiles of hybrids and environmental conditions, may play a critical role in 

governing mycotoxin synthesis in maize following nitrogen usage. Evaluating the effects 

across a range of nitrogen applications is crucial, particularly because a substantial number 

of available research concentrates on higher nitrogen levels. This analysis could delve into 

a profound knowledge of the intricate dynamics between N application practices and 

mycotoxin synthesis, thereby supporting the establishment of specified agronomic practices 

to decrease mycotoxin risk in maize farming. 

4.3.2 Hybrid selection influences mycotoxin contamination in maize 

The findings indicate a substantial hybrid choice influence on mycotoxin contamination 

across all evaluated years. This observation aligns with Bocianowski et al. (2020), who 

reported that maize hybrids exhibiting superior tolerance demonstrate lower mycotoxin 
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contamination levels. In most cases, the hybrid DKC 4590, characterized by its lower 

susceptibility, consistently showed the least accumulation of mycotoxins. In contrast, 

GKT376 displayed higher levels of mycotoxin contamination. The hybrid P9610, which 

has an unspecified tolerance but is associated with greater yields, generally did not 

demonstrate a statistically significant difference from GKT376 for most mycotoxins, 

although it displayed the lowest levels of fumonisins (FBs) compared to other hybrids in 

2023. Excluding this inconsistency, the overall results are consistent with findings from 

other research, reinforcing the suggestive recommendation that hybrids with good tolerance 

levels may alleviate the risks associated with mycotoxin contamination (Mesterházy et al., 

2022; Szabó et al., 2018). 

The inconsistencies in toxin production observed in hybrid P9610 to hybrids DKC4590 and 

GKT376, which have defined tolerance thresholds, align with the results reported by 

Barošević et al. (2022). Their finding highlighted inconsistencies and variable levels of 

mycotoxin contamination across maize hybrids linked to unidentified resistance capacities. 

These variations may result from the documented resistance traits of the hybrids assessed 

in this study. This situation emphasizes the critical significance of hybrid selection with 

well-documented resistance attributes for minimizing the potential risks of mycotoxin 

contamination. Notably, this study identifies a crucial insight: the susceptibility of hybrids 

to mycotoxin contamination is contingent upon both the specific type of mycotoxin and the 

inherent characteristics of the hybrid itself (Leite et al., 2021). 

Furthermore, the performance of diverse maize hybrids significantly influenced the activity 

of mycotoxin-producing fungi, notably A. flavus, F. verticillioides, and F. graminearum. 

The results emphasize that the genetic characteristics of maize hybrids render different 

responses to toxigenic fungi colonization and their toxin synthesis capabilities. This 

variation indicates that efforts to enhance hybrid breeding to minimize mycotoxin 

contamination present considerable challenges. Although identifying maize hybrids that 

exhibit reduced susceptibility to fungal infections is crucial, the apparent disparities among 

hybrids suggest that many maize growers may prefer less vulnerable hybrids to such 

infections. This trend underscores the urgent requirement for targeted educational initiatives 

to guide farmers in recognizing the usefulness of choosing hybrids with established 
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resistance traits, thereby bolstering food safety and alleviating mycotoxin-related hazards 

in maize production systems. 

4.4 Nitrogen dosage and hybrid selection interactions affect ear rot severity and 

mycotoxin levels.  

4.4.1. Fungal ear rot diseases affected by N doses and hybrids selection 

The various treatment interactions substantially impacted the severity of ear rot and 

mycotoxin contamination levels during the growing seasons of 2022 to 2024 (Table 13). In 

plots that were artificially inoculated, the effect of the treatments on ear rot severity was 

dynamic and statistically significant (p < 0.05).  

Table 13:  Interactive effects of N  rates and hybrid selection on the severity of ear and kernel rot 

(Debrecen, 2022-2024) 

Year N level   Hybrids  

Artificial inoculation 

Mean 

Natural infected  Control  

Mean 
AF% FV% FG% 

Aspergillus 

(%)  

Fusarium 

(%) 

2022 Ø DKC4590 0.04 0.09 10.30 3.48 0.01 0.10 0.06 
  GKT376 0.15 0.22 9.60 3.32 0.00 0.00 0.00 
  P9610 0.21 0.12 25.60 8.64 0.05 0.00 0.03 
 N90 DKC4590 0.29 0.14 19.70 6.71 0.08 0.10 0.09 
  GKT376 0.34 0.57 19.50 6.80 0.09 0.11 0.10 
  P9610 0.24 0.21 39.00 13.15 0.21 0.10 0.16 
 N150 DKC4590 0.07 0.57 13.90 4.85 0.03 0.00 0.02 
  GKT376 0.77 0.66 28.20 9.88 0.01 0.10 0.06 

    P9610 0.43 0.34 40.10 13.62 0.01 0.20 0.11 

  Mean   0.28 0.32 22.88 7.83 0.05 0.08 0.07 

 LSD(0.05)  0.24 0.16 10.29     

2023 Ø DKC4590 0.39 0.37 34.20 11.66 0.10 0.13 0.11 
  GKT376 0.20 0.25 49.90 16.78 0.00 0.10 0.05 
  P9610 0.23 0.34 55.90 18.82 0.00 0.15 0.08 
 N90 DKC4590 0.29 0.29 22.90 7.83 0.20 0.15 0.18 
  GKT376 0.40 0.56 59.00 19.99 0.00 0.00 0.00 
  P9610 0.39 0.27 67.30 22.65 0.00 0.00 0.00 
 N150 DKC4590 0.26 0.25 37.10 12.54 0.00 0.05 0.03 
  GKT376 0.40 0.38 56.90 19.23 0.00 0.15 0.08 

    P9610 0.34 0.23 55.90 18.82 0.00 0.05 0.03 

  Mean   0.32 0.33 48.78 16.48 0.03 0.09 0.06 

 LSD(0.05)  0.17 0.17 13.23     

2024 Ø DKC4590 0.80 1.19 1.46 1.15 0.03 0.05 0.04 
  GKT376 0.48 0.67 1.02 0.72 0.04 0.00 0.10 
  P9610 0.79 0.78 1.12 0.90 0.00 0.00 0.00 
 N90 DKC4590 0.59 0.69 0.98 0.76 0.00 0.01 0.04 
  GKT376 0.65 0.48 2.02 1.05 0.00 0.00 0.01 
  P9610 0.40 0.71 0.99 0.70 0.03 0.00 0.00 
 N150 DKC4590 0.71 1.62 1.62 1.32 0.09 0.02 0.15 
  GKT376 0.63 0.84 2.05 1.17 0.03 0.04 0.02 
   P9610 0.49 1.18 1.92 1.19 0.00 0.00 0.00 

 Mean  0.62 0.91 1.46 1.00 0.02 0.01 0.04 

  LSD(0.05)   0.17 0.38 0.82        

AF% = Proportion of kernels infected by A. flavus, while FV% =Proportion affected by F. verticillioides. 

FG% = Proportion affected by F. graminearum.  
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In 2022 and 2023, AF % for GKT376 was higher than other hybrids, with an increase in N 

application. However, in 2024, AF % for DK4590 surpassed GKT376 at N150.  Similarly, 

except in the N0 treatment, FV % was highest for the hybrid GKT376. On the contrary, FG 

% was highest for the hybrid P9610 in all N levels across years. The infection rate increased 

with N fertilizer.  

The infection rates exhibited notable variation across 2022, 2023, and 2024. In 2022, the 

infection rates ranged between 9.6% and 40.1% for FG, 0.09% to 0.66% for FV, and 0.04% 

to 0.77% for AF. The subsequent year, 2023, demonstrated an increase in variability, with 

FG rates reaching 22.9% to 67.3%, FV showing 0.23% to 0.56%, and AF values 0.2% to 

0.4%. By 2024, the infection rates for FG stood at 0.98% to 2.05%, FV from 0.48% to 

1.62%, and AF from 0.4% to 0.8%. The mean infection rate values for AF, FV, and FG 

were recorded as 0.28%, 0.32%, and 22.88% for 2022; 0.32%, 0.33%, and 48.78% for 2023; 

and 0.62%, 0.915, and 1.46% for 2024 respectively. In the inoculated treatment plots, the 

FG ear rot severity was the most pronounced, showing an increase of 51% from 2022 to 

2023. Conversely, the ear rot severity observed in un-inoculated natural infection controls 

was statistically not significant across varying N dosages and hybrids during the maize 

growing seasons from 2022 to 2024. Notably, the hybrid DKC4590, characterized by lower 

susceptibility, consistently exhibited the least FG ear rot severity across all N doses to  

P9610 and GKT376 

4.4.2 Influence of N Dosage and Hybrid Selection on Mycotoxin Synthesis 

Table (14) illustrates the combined influence of the N application dosage and genotypes of 

selected hybrid on mycotoxin contamination levels. In 2022, a notable interaction between 

the selected hybrids and nitrogen treatments affecting A. flavus mycotoxin contamination 

was observed, with statistical significance (p < 0.05) identified across various fertilizer rates 

and hybrid types. The quantities of mycotoxins detected remained beneath the permissible 

contamination thresholds of 20 ppm for feeds and 4 ppm for food products as established 

by European Commission regulations (EC, 2006, 2007, 2002). The application of nitrogen 

fertilizers corresponded with an 89% increase in contamination, with the highest level 

recorded being 0.129 ppm for hybrid GKT376 at the nitrogen rate of N150, in contrast to 

the lowest level of 0.014 ppm for hybrid P9610 at N0 during 2022. Notably, no aflatoxin 
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was quantified in either inoculated or non-inoculated plots during 2023. In 2022, the highest 

AFB1 in the inoculated plots was lower at the N0 treatment and increased with the N rate, 

with GKT376 recording the heightened amounts. In 2024, the amount of aflatoxin B1 

recorded was insignificant and lower than in 2022; however, the average infection was 

lower in 2022 at 0.28% compared to 0.62% in 2024. Conversely, in the non-inoculated 

treatment, the amount of AFB1 produced in 2022 and 2024 indicated the contrary. 

Table 14: Interaction effects of N doses and hybrid genetics on mycotoxin contamination across years 

(Debrecen, 2022-2024). 

 N 

Level 
Hybrids 

Artificial inoculated Untreated Control 

  DON(ppm) FBs(ppm) AFB1(ppb) DON(ppm) FBs(ppm) AFB1(ppb) 

2022 Ø DKC4590 4.11 0.97 19.95 <LOD 0.47 4.44 
  GKT376 9.78 2.49 15.94 <LOD 0.93 4.23 
  P9610 12.33 1.71 14.41 <LOD 0.48 <LOD 
 N90 DKC4590 5.82 3.06 26.68 <LOD 2.34 14.21 
  GKT376 8.98 3.90 124.20 <LOD 1.48 0.88 
  P9610 8.21 2.26 29.99 <LOD 1.33 62.67 
 N150 DKC4590 2.71 2.37 119.40 <LOD 1.15 37.80 
  GKT376 9.60 6.59 128.56 3.10 0.33 34.46 

    P9610 11.48 3.81 84.20 <LOD 3.09 3.00 

  Mean   8.11 3.02 62.59 3.1 1.29 20.21 

LSD(0.05)   4.60 1.69 99.86 * 1.69 99.86 

2023 Ø DKC4590 54.40 5.34 <LOD <LOD 1.09 <LOD 
  GKT376 154.60 5.19 <LOD <LOD 0.66 <LOD 
  P9610 152.90 3.87 <LOD <LOD <LOD <LOD 
 N90 DKC4590 91.40 4.33 < LOD <LOD 1.99 <LOD 
  GKT376 120.90 8.81 <LOD <LOD 1.44 <LOD 
  P9610 141.50 4.86 <LOD <LOD <LOD <LOD 
 N150 DKC4590 76.60 2.32 <LOD <LOD <LOD <LOD 
  GKT376 123.90 4.60 <LOD <LOD 1.47 <LOD 

    P9610 102.40 2.59 <LOD <LOD 0.30 <LOD 

  Mean   113.17 4.66 * * 1.16 * 

LSD(0.05)   76.29 1.717 * *  * 

2024 Ø DKC4590 <LOD 2.70 41.52 <LOD <LOD 29.98 

 
 GKT376 <LOD 2.72 53.80 <LOD <LOD 8.27 

 
 P9610 <LOD 2.63 52.97 <LOD <LOD 8.22 

 N90 DKC4590 <LOD 4.95 38.67 0.93 4.64 13.87 

 
 GKT376 <LOD 7.93 68.31 1.56 0.90 <LOD 

 
 P9610 <LOD 3.67 70.50 <LOD 0.26 <LOD 

 N150 DKC4590 0.60 4.26 57.75 <LOD 0.83 41.51 

 
 GKT376 7.25 4.78 61.80 0.56 1.69 36.4 

   P9610 <LOD 7.11 60.51 <LOD <LOD 10.27 

 Mean  3.93 4.53 56.20 1.02 1.67 20.04 

LSD(0.05)     3.20 3.26 24.86 3.20 3.26 24.86 

Note: AFB1 = aflatoxin B1; FBs = fumonisin B1+B2; DON = deoxynivalenol; LOD - Limit of 

detection. 

The fusarium mycotoxins, DON, and FBs significantly differed (p<0.05) between all 

nitrogen rates and hybrids used in the three years. DON contamination in artificially 

inoculated plots followed the same trend in % ear rot severity for FG, which was higher in 
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2023, while in  2024, no detectable deoxynivalenol (DON) levels were detected during the 

lowest infection rate FG% except at N150 for DKC4590 (0.6 ppm) and GKT376 (7.25 

ppm). Data from 2022 and 2023 indicate that the hybrid DKC4590 consistently exhibited 

the lowest DON levels compared to other hybrids, showing statistically significant 

differences (p<0.05). The ranking of DON levels in 2022 followed the order 

P9610>GKT376>DKC4590, whereas in 2023, the order was GKT376>P9610> DKC4590. 

In natural conditions, DON synthesis was minimal, with its presence noted solely for the 

hybrid GKT376 at a nitrogen rate of N150 in 2022; however, no DON was detected across 

all hybrids and nitrogen rates in 2023. In contrast, the production of Fusarium mycotoxins 

(FBs) in inoculated maize showed significant variation (p<0.05) across hybrids and 

nitrogen rates in both years. Significant differences were noted within specific nitrogen rates 

at N150 in 2022 and at both N90 and N150 in 2023. Across all observed years, the highest 

levels of FBs were recorded for the hybrid GKT376, measuring 6.59 ppm at N150 in 2022 

and peaking at 8.8 ppm at N90 in 2023. The result on GKT376 indicates a consistent 

increase in the production of Fusarium toxins (FBs) across all nitrogen (N) application rates 

between 2022 and 2023. However, in 2024, at N150, P9610 exhibited the highest 

concentration of FBs at 7.11 ppm), followed by GKT376 at 4.78 ppm, while DKC4590 

recorded the lowest level at 4.26 ppm. Throughout 2022 and 2023, DKC4590 consistently 

demonstrated the lowest FB levels across various N rates, although no significant 

differences were observed among the hybrids during these years. In 2024, P9610 registered 

the lowest FB levels, but these were not statistically significant compared to DKC4590. 

Furthermore, in the non-inoculated control group for the year 2022, a significant variation 

(p < 0.05) in FBs among the hybrids at the N150 rate was noted, while in 2023, FBs levels 

across all hybrids remained statistically insignificant across all nitrogen application rates. 

4.4.3. Mycotoxin contamination levels in maize kernels: evaluating nitrogen 

application dosage and hybrid varieties interactions 

The findings indicate that applying nitrogen affects the intricate patterns of individual 

mycotoxin levels, which are significantly influenced by variations associated with the 

specific maize hybrid used. While there is a noticeable interaction between the rate of 

nitrogen application and the different maize hybrids concerning shifts in mycotoxin 

concentrations in the kernels, this relationship exhibits variability. Specifically, an additive 
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effect is observed in the deoxynivalenol (DON) contamination trend relative to the nitrogen 

fertilization rate, which is further complicated by the differing responses of the various 

hybrids. 

The hybrid with a higher tolerance level to infection and mycotoxin contamination 

(DKC4590) showed less contamination than the less tolerant hybrid GKT376 and the hybrid 

P9610 in 2022 and 2023. DON indicated the lowest record in 2024 with a negligible amount 

and insignificant between DKC4590 and P9610, whereas GKT376 recorded the highest at 

7.25. The findings reveal a significant trend in nitrogen rate performance, with the medium 

nitrogen application (N90) exhibiting superior outcomes in 2022 compared to 2023. 

Notably, GKT376 and the hybrid P9610 displayed no significant differences across all 

nitrogen treatments, implying that the hybrid's genetic attributes dominate regardless of 

nitrogen levels. The effects of the interaction between the accumulation of FBs and nitrogen 

fertilization and hybrid types remain uncertain. In 2022, elevated levels of FBs were noted 

at a nitrogen rate of N150, contrasting with 2023, where the control treatment (N0) showed 

markedly higher FBs concentrations and the highest rate (N150) yielded lower levels. 

Furthermore, the FBs metrics for 2024 aligned closely with those recorded in 2022 at the 

N90 treatment. This inconsistency underscores that manipulating nitrogen rates and hybrid 

varieties may lead to fluctuating mycotoxin levels across diverse maize cultivars, 

potentially establishing conditions associated with high and low mycotoxin risks. 

The results indicate that the average incidence of Aspergillus ear rot increased from 0.28% 

in 2022 to 0.32% in 2023, reaching its peak at 0.62% in 2024. However, AFB1 

contamination was only recorded in the years 2022 and 2024, with a notable contrast in 

levels; specifically, the year 2024 exhibited a considerably elevated AFB1 concentration of 

128.56 ppb at the N150 level, in contrast to the lowest recorded level at N0. The amount 

recorded in 2024 was insignificant within and between N rates and relatively lower than in 

2022. The visual evaluation of AF% (the mere presence of fungal mycelium) is an 

inadequate indicator of the quantity of aflatoxin produced. This assertion is supported by 

data from treatments inoculated with A. flavus, which exhibited an average ear rot 

percentage ranging from 0.05% to 0.28% in 2022. Despite these low ear rot levels, the levels 

of AFB1 toxin in hybrids were higher than the AF% values recorded, specifically 0.03% to 
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0.32% and 0.02% to 0.62% in 2023 and 2024, respectively, in both natural and inoculated 

treatments, which notably produced no AFB1 in comparison to 2022. This phenomenon 

may be attributed to the variations in weather patterns between the growing seasons. The 

present study agrees with the findings of Scarpino et al. (2018), highlighting that the 

production of mycotoxins results from complex metabolic mechanisms driven by fungal 

adaptation to diverse environmental and climatic factors as well as various stressors. Giorni 

et al. (2019) elaborate on these stressors and conditions, noting that aspects such as nutrient 

availability, temperature, moisture levels, water activity, relative humidity, substrate 

composition, and the application of fungicides play significant roles in determining the 

species of fungi that proliferate and, consequently, the levels of mycotoxins in crops. In the 

current investigation, specific attention is given to the impact of rainfall (which influences 

moisture content) and humidity on the severity of ear rot and the mycotoxin contamination 

from A. flavus and F. graminearum. These factors exhibited substantial variability during 

the growing seasons from 2022 to 2024, as depicted in Figure 5 and summarized in Table 

5. 

In artificial inoculation, treatments provided a reduction in contamination due to the 

interaction between nitrogen fertilization and hybrids, indicating the improved performance 

of DKC4590 and a moderate N rate of 90 kg ha-1.  The level of recorded mycotoxins, 

specifically DON, was above the European maximum tolerable levels (MTL). However, 

under natural conditions, the levels of Fusarium mycotoxins DON and FBs recorded were 

below the European MTL for unprocessed maize at  1.75 ppm, 4 ppm for food, and 20 ppm 

for feed, promising the integration to help manage toxins in natural conditions.     

4.4.4 Analysis of the correlation between ear rot and kernel damage and the 

impact on mycotoxin production 

Regression and correlation analyses were conducted to assess mycotoxin production due to 

nitrogen's effect on ear rot severity in selected hybrids (Figure 14 and Table 15).  Pooled 

yearly general means facilitated regression analysis and two-tailed Pearson correlation to 

explore ear rot severity relations among fungal isolates and nitrogen treatments. This 

methodology evaluated the relationship between ear rot severity, fungal isolates associated 

with the selected hybrids, and differing nitrogen treatment levels. 
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All isolates exhibited varying degrees of correlation between the severity of ear rot and the 

corresponding mycotoxin production in the examined fungal species. Specifically, the 

correlation between AF% and AFB1 synthesis was assessed, recording a weak and not 

significant (p>0.05) positive relationship (r = 0.43). Conversely, FV% and FBs production 

revealed a weak positive, not significant relationship (r = 0.32). Notably, FG% ear rot 

severity demonstrated a strong positive relationship with DON production, characterized 

by a correlation coefficient of r = 0.90, which was statistically significant at p<0.001. 

Additionally, a negative correlation of r = -0.66 (p<0.05) was observed between FG% ear 

rot severity and AFB, indicating an inverse relationship, while no correlation was 

established between FG% and FBs contamination. Furthermore, AF%, FBs synthesis, 

FV%, and AFB1 production all exhibited weak nonsignificant positive correlations. 

Table 15: Pearson correlation coefficients for ear rot and mycotoxin levels (Debrecen, 2022-2024). 

  AF% FV% FG% AFB1(ppb) FBs(ppm) DON(ppm) 

AF% 1.00      

FV% 0.89** 1.00     

FG% -0.61* -0.64* 1.00    

AFB1(ppb) 0.43 0.40 -0.66* 1.00   

FBs(ppm) 0.31 0.32 0.07 0.05 1.00  
DON(ppm) -0.43 -0.40 0.90** -0.83** 0.20 1.00 

**(p<0.001); *(p<0.05), AF% = Proportion of kernels infected by A. flavus, while FV% 

=Proportion affected by F. verticillioides. FG% = Proportion affected by F. 

graminearum. Color coding indicates correlations: green indicates a positive 

correlation, yellow signifies no correlation, and red denotes a negative correlation. 
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Figure 14: Analyzing the relationships between the severity of ear rot and the production of 

mycotoxins reveals a regression relationship: (A) FG% vs. DON; (B) FV% vs. FBs; (C) AF% 

vs AFB1 
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Mycotoxins directly correlate with fungal infections, as Giorni et al. (2019) demonstrated. 

This observation aligns perfectly with the current research findings, explaining that the 

severity of each respective fungal infection showed a strong positive correlation to the levels 

of toxins produced (Figure 14). Consequently, the results also indicate a concerning trend 

regarding the co-occurrence of the Aspergillus toxin AFB1 and FBs produced by F. 

verticillioides (Table 15). The findings presented by Casu et al. (2024) reinforce the 

concerns regarding co-contamination of mycotoxins in the agricultural sector. The 

concurrent infection of agricultural plants by various mycotoxigenic fungal strains suggests 

that agricultural commodities are frequently subjected to co-contamination, which is 

particularly alarming. The capability of these fungal strains to produce multiple mycotoxins 

concurrently due to potential synergistic interactions among diverse toxins exacerbates the 

issue. As such, a thorough investigation into the environmental factors becomes essential 

to elucidate the additive effects of these various elements that influence the concentration 

of mycotoxins in agricultural products. This understanding is vital for assessing food safety 

and public health implications. 

4.5 Principal component analysis: general associations of the examined predictors on 

yield, physiological parameters, fungal disease development, and mycotoxin 

contamination 

The principal component analysis investigated the associations between grain yield, 

different physiological parameters, fungal disease development, and mycotoxin 

contamination as affected by selected maize hybrids and N rates in the three growing years.  

The variability in cropping year, N fertilization, and hybrids resulted in notable shifts in the 

named examined variables.  

The intricate relationships between fluctuations in weather conditions during growing 

seasons, crop yield, quality metrics, fungal disease incidence, and mycotoxin levels were 

analyzed using principal component analysis (PCA), as illustrated in Figure 15. The results 

of the PCA revealed a significant correlation between the crop year, grain yield (GY), the 

development of fungal diseases, and mycotoxin contamination levels. Principal Component 

1 (PC1), which accounts for 33.26% of the observed variability, demonstrated a notable 

association between quality parameters such as protein and starch content and AFB1, 

specifically related to the crop year 2022. Additionally, PC1 indicates pronounced 
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influences on yield metrics, including AF%, FV%, and FB production in 2024. Conversely, 

Principal Component 2 (PCA2), which explains 27.39% of the variability, highlights 

substantial year effects on DON levels and FG% observed in 2023. 

The PCA strongly highlights the significant variations in weather conditions experienced 

during each cropping year, which affected the examined parameters. Principal Component 

Analysis (PCA) elucidates the complex relationships among the various parameters under 

consideration by analyzing the pertinent weather conditions for each cropping year. PCA 

groups the predictor variables that exert the most substantial influence on the assessed 

variables into clusters. These clustered patterns illustrate the impacts of the evaluated 

factor(s) on the corresponding variables, facilitating informed inferences regarding the 

trends of the affected variables, provided that the underlying characteristics of the predictor 

factors and their potential effects on the dependent variable are understood. 

 

 

Figure 15: The principal component analysis biplot showing the relationships of crop year on 

yield, fungal disease development, and mycotoxin contamination. The first principal component 

explains 33.26% of the variance, while the second principal component contributes 27.39%, 

making a total variability of 60.65% 
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The analysis of the complex interplay between weather variability and cropping years 

reveals significant patterns in the PCA biplot, which illustrates distinct clusters 

corresponding to shifts in various variables throughout the cropping year (Figure 16). 

Notably, protein content, starch, and AFB1 variability strongly correlated with 2022. This 

year was characterized by drought conditions, marked by the lowest precipitation levels, 

resulting in reduced grain yields, elevated protein content, and decreased starch levels. 

Conversely, the production of AFB1 increased due to conducive weather conditions; 

however, the infection rate of A. flavus (AF %) remained comparatively low and was not 

influenced by the 2024 cluster.  

In terms of grain yield, a strong correlation was observed with the year 2024, aligned with 

PC1, which indicated the highest yield levels, surpassing those of 2022 and 2023. This 

increase is closely linked with physiological parameters such as the SPAD index during the 

vegetative tasseling (VT) stage, along with the Leaf Area Index at VT (LAI-VT) and 

Normalized Difference Vegetation Index (NDVI). These relationships underscore the 

complex influence of environmental conditions on yield, suggesting that year-specific 

weather patterns profoundly affect the interplay of various variables. 

Additional patterns indicate that 2023 significantly impacted the production of Fusarium 

mycotoxins, specifically Deoxynivalenol (DON), and the relative ear rot infection caused 

by F. graminearum (FG%). Unlike the relationship observed between AFB1 and AF%, 

higher levels of FG% were strongly associated with increased DON production. It suggests 

that the infection rate is a predictive indicator for the quantities of DON mycotoxin 

generated. Consequently, the effects of each year on the principal components PC1 and PC2 

highlight the influences of grain quality and AFB1 in 2022, yield and physiological 

parameters in 2024, and Fusarium ear rot along with DON in 2023. The cropping season 

2024 exhibited minimal variability in its impact on the affected traits, as evidenced by 

smaller ellipse on their positive positioning along PC1. In contrast, the broader dispersion 

illustrated by the ellipses for the years 2022 and 2023 across both PC1 and PC2 indicates a 

wider degree of variability in the influences on traits such as protein content, starch, AFB1,  

DON and NDVI during the vegetative tasseling (VT) growth stage. Furthermore, the 

directional magnitude of the arrows' correspondence reinforces this variability assessment. 
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Figure 16: The principal component analysis biplot showing the relationships of crop year on 

yield, SPAD, NDVI, LAI,  fungal disease development, and mycotoxin contamination. The first 

principal component explains 28% of the variance, while the second principal component 

accounts for 16.05%, making a total variability of about 44.05%. Clustering patterns of 

observation, direction, and magnitude of variables contributing to variability are presented by 

ellipses and arrows (Debrecen, 2022-2024). 

Another principal component, biplot, illustrates the significant effects of nitrogen 

fertilization on grain yield, various physiological traits, the progression of different fungal 

diseases, and the consequent production of mycotoxins (Figure 17). This biplot reveals that 

principal component 1 (PC1) contributes to 26.3% of the total variability of the N rates 

influence, while principal component 2 (PC2) accounts for 18.2%, making a total variability 

of 44.5% 

The PC biplot indicates that the Ø (no nitrogen) treatment demonstrates the most variability 

between the other N rates stretching further toward the left between PC1 and PC2.  The  

N150 and N90 groups overlap much more closely. This overlapping suggests that these 

groups exhibit similar trait responses at moderate and high nitrogen levels. However, N90 

is more centralized between N0 and N150, with the latter stretching toward the right 

between PC1 and PC2. The positioning depicts N90 as likely stable on the influence of the 

R0-R3 

R0-R3 

R0-R3 
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examined variables.  Additionally, the specific positioning of the traits within the biplot 

suggests that nitrogen application notably affects key quality attributes such as starch and 

protein content in the maize plants. Furthermore, the spread of data points observed within 

each treatment group indicates the degree of variability in the maize response to different 

levels of nitrogen application, highlighting essential insights regarding how maize might 

react to varying nitrogen inputs in agricultural practices.  

 
Figure 17: Effects of nitrogen fertilization on grain yield, quality, physiological traits, fungal 

disease development, and mycotoxin contaminations of maize (Debrecen, 2022-2024). 

The fourth PC biplot indicates the influence of the genetic landscape of the selected hybrids 

on the examined variables, such as physiological parameters, grain yield and quality traits, 

fungal disease development, and mycotoxin contamination (Figure 18).  

The overlapping ellipses suggest a similarity among the genotypes rather than the presence 

of distinct groups. Nonetheless, the PCA biplots reveal that hybrids P9610 and GKT376 

exhibit greater variability concerning the assessed variables, implying a lack of stability and 

consistency in these hybrids. It is further evidenced by the broader dispersion observed 

along the principal components. Additionally, the variance between these hybrids is 

oriented in opposing directions relative to the principal components. Hybrid P9610 stretches 

R0-R3 

R0-R3 

R0-R3 
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on the negative side of PC1, whereas GKT376 demonstrates a broader distribution across 

both PC1 and PC2. 

 

Figure 18: Effects of selected hybrid on grain yield, quality, physiological traits, fungal disease 

development, and mycotoxin contaminations (Debrecen, 2022-2024) 

In contrast, a smaller ellipse and a more centralized distribution along the principal 

components characterize hybrid DKC4590. This pattern suggests reduced variability 

regarding the significant effects on the evaluated traits, indicating that DKC4590 possesses 

more excellent stability and consistency in its influence on the examined traits. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 Annual weather variability, N fertilization, and hybrid selection on yield 

Under varying weather conditions between crop cultivation years, this study evaluated the 

effects of nitrogen fertilization and selected maize hybrids on yield and mycotoxin 

contaminations. The study further assessed the usefulness of physiological traits measured 

non destructively, which can be used to give inferences on potential shifts of the central 

themes. There was a general change in overall yield across the years. The change indicated 

the lowest yield in the year that received the least precipitation. Similarly, the year with the 

least precipitation was associated with reduced relative chlorophyll content (SPAD), LAI, 

and canopy reflectance indices of NDVI.   

Following the years' trend, nitrogen fertilization did not indicate a significant influence on 

yield between the moderate and higher nitrogen rates during the dry year. A substantial 

variation in yield between hybrids was recorded in the interaction of hybrids with N rates. 

The hybrid DKC4590 yielded higher yields, which were recorded at a moderate N rate of 

N90 than at N150. The hybrid DKC4590 demonstrated superior performance during the 

year characterized by lower precipitation in 2022, achieving a statistically significant yield 

of 9.1 tons per hectare. In contrast, 2023 did not showcase any notable differences among 

the hybrids at nitrogen rates of N90 and N150, with GKT376 recording the lowest yield at 

N0.  In 2024, DKC4590 excelled again, yielding 22.4 tons per hectare at N90, while 

GKT376 yielded 22.5 tons per hectare at N150 while revealing no significant yield 

differences between the two hybrids at the moderate and higher rates.  

Therefore, this study advocates for DKC4590 as the top-performing hybrid across varying 

N rates and recommends the moderate N rate of N90 to enhance hybrid performance during 

dry and wet growing seasons. The crop year emerged as a crucial determinant of nitrogen 

(N) rates and hybrid performance in terms of grain yield. However, hybrids exhibited varied 

responses to different N rates concerning yield outcomes. 

5.2 Yearly weather conditions and mycotoxin contaminations 

Meteorological conditions play a crucial role in colonization, disease development, and 

mycotoxin synthesis. These conditions can be dry and warm, moderately rainy and warm, 
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or include higher precipitation with mild temperatures, impacting these processes uniquely. 

AF% and FV% by A. flavus and F. verticillioides were consistent in 2022 and 2023, with 

notable infections in 2024. FBs from F. verticillioides were not significant and under 

European maximum tolerable levels.  AFB1 production by A. flavus was absent in the 

humid 2023, with the highest levels found in the dry 2022, attributable to warmer, drier 

conditions favoring A. flavus and mycotoxin contamination. In contrast, F. graminearum's 

FG% peaked during the wet 2023 year, resulting in increased deoxynivalenol (DON) 

production. Despite increased FV% in 2024, no significant changes in fumonisin production 

were observed, indicating that weather variability didn’t impact FBs. 

5.3 hybrid selection and N fertilization on mycotoxin contamination 

The results demonstrate a significant impact of hybrid selection on mycotoxin 

contamination over the years assessed. In most cases, the hybrid DKC 4590, characterized 

by its lower susceptibility, consistently showed the least accumulation of mycotoxins than 

P9610 and GKT376. These variations may stem from the resistance traits of the hybrids 

studied. This underscores the importance of selecting hybrids with well-documented 

resistance attributes to mitigate mycotoxin contamination risks. The results highlight that 

maize hybrids display varying genetic characteristics that influence their response to 

toxigenic fungi and toxin production. This variation poses challenges for breeding hybrids 

to reduce mycotoxin contamination.  

Identifying less susceptible hybrids is essential, yet differences among them suggest that 

growers might lean toward those less prone to infections. This trend points to an urgent 

need for educational initiatives to help farmers understand the benefits of selecting hybrids 

with resistance traits, enhancing food safety, and reducing mycotoxin risks in maize 

production. Nitrogen fertilization significantly affects maize yield and mycotoxin 

production. The varying toxin levels observed with different N fertilizer doses highlight 

complex associations. Mycotoxins AFB1 and FBs increased with N in 2022, while DON 

decreased with N in 2023 between the control (N0) and other N rates, respectively. Thus, 

the individual application of nitrogen reveals a complex relationship involving various 

mycotoxin contaminations, showcasing contrasting effects at different nitrogen rates. The 

interaction with selected hybrids shifts the sole N trends following the hybrids' 
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susceptibility levels with the less susceptible hybrid DKC4590 demonstrating reduction of 

contamination at moderate N rate N90.  

The overall contamination of mycotoxins for the experiment seasons for AFB1, DON and 

FBs at N90 and N150 was; DKC4590, (21.8, 59.1 ppb), (32.4, 26.6ppm) and 4.1, 3.0 ppm); 

P9610, (33.5, 48.2 ppb), (49.6, 38.0 ppm) and (3.6, 4.5 ppm); GKT376, (64.2, 63.5 ppb), 

(43.3, 46.9 ppm) and (6.9, 5.3 ppm) respectively. The hybrid DKC4590 indicated lower 

contaminations of mycotoxins for all fungi isolates of FG, FV, and AF at N90, suggesting 

that proper hybrid selection can reverse sole nitrogen application complexity at a moderate 

rate of 90 kgha-1. 

5.4 SPAD, LAI, and NDVI implication on yield and mycotoxin contamination 

The indices SPAD, LAI, and NDVI measured at the vegetative stage (VT) and the 

reproductive stages R0-R3 exhibit a strong and positive correlation with the overall crop 

yield. Thus, when suitable and appropriate hybrids are chosen carefully, these indices can 

effectively function as reliable indicators for predicting crop yield at the VT and the R0-R3 

stages of growth. This predictive capability highlights the importance of monitoring these 

indices to optimize yield outcomes in agricultural practices. 
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6. NEW SCIENTIFIC RESULTS 

1. The hybrid DKC4590 at moderate  N90 increased the overall yield by  7.2%  than at  

N150 surpassing  P9610 and GKT376 with no significant differences between all 

hybrids at N150.  It recorded the overall yield of  14.8  tonsha-1 vs. 13.8 and 14 

tonsha-1 for P9610, and  GKT376 at N90  while recording 13.8 tonsha-1  vs. 13.86 

and 13.9  tonsha-1 for P9610 and GKT376  at N150 respectively.   

2. Mycotoxins AFB1 and FBs increased with N by (79% and 85.5%, 51% and  59.5%)  

in 2022, while DON decreased with N by 2% and 19.4 % in 2023 between the control 

(N0) and other N rates, respectively. Thus, the individual application of nitrogen 

reveals a complex relationship involving various mycotoxin contaminations, 

highlighting contrasting effects at different nitrogen rates. 

3. At N90, hybrid DKC4590 exhibits a reduction in contamination of AFB1, DON and 

FBs by 66%, 35% and 25% respectively in comparison to the GKT376 hybrid, while 

recording a decrease of 35% and 19% AFB1 and DON against P9610 hybrid. Thus, 

when paired with a moderate nitrogen application rate of N90, the strategic selection 

of hybrids results in a substantial decrease in the risk of mycotoxin contamination. 

Notably, no clear trend in contamination risk was observed at the higher nitrogen 

rate of N150.  

4. Fungal disease infection rate vs. mycotoxin contamination as affected by the 

interactions of hybrids and N rates is strongly suggestive regarding FG% and DON 

production. On the contrary, the favorability of the weather conditions of the 

cropping season for AF% and AFB mycotoxin contamination is a significant 

consideration. AF% indicated 0.28%, 0.32%, and 0.62% in 2022, 2023, and 2024 

respectively, while 2022 showed the most heightened AFB1 levels.  

5. The SPAD, LAI, and NDVI indices measured at the vegetative stage (VT) and 

reproductive phases (R0-R3) exhibited a positive correlation with crop yield; 

however, the highest average indexes record was at VT (58.94) in the range between 

54.82 to 62.31 for SPAD, (0.76), between 0.68 to 0.81 for NDVI, and 2.59 to 5.34 

for LAI at R0-R3.  

  



 

82 
 

7. PRACTICAL UTILIZATION OF RESULTS 

1. Breeding hybrids with enhanced tolerances to fungal infection and higher yield may 

help manage mycotoxin contamination with lower moderate nitrogen rates of 90 kg 

ha -1. 

2. The selection of hybrids demonstrates considerable potential in bridging the yield 

gap throughout different crop cultivation years, particularly under diverse weather 

conditions. This is further enhanced by implementing moderate nitrogen application 

rates of 90 kg N/ha. 

3. Visual assessment of Fusarium graminearum infection can be used to predict the 

resultant mycotoxin while being controversial for Aspergillus flavus mycotoxins, 

particularly AFB1. 

4. Considering overall measured mycotoxin under natural conditions (un-inoculated 

treatments) was lower than the European MTL for unprocessed maize for DON 

<1750 μg kg -1, FB1+2,  ≤ 4000 μg kg -1 except for AFB1  >5 μg kg -1. The reduction of 

mycotoxin contamination by integrating hybrid selection and moderate N 

fertilization demonstrated by hybrid DKC4590 in inoculated treatment offers a 

potential for reducing mycotoxin under natural conditions, provided that commercial 

hybrid information on fungal tolerance levels is disclosed.  

5. Using non-destructive precision agricultural tools such as chlorophyll meter, remote 

sensing technologies, and NDVI profiling can be valuable for farmers in assessing 

maize's health and nutrient requirement, particularly during VT, and allow for timely 

interventions such as nutrient supplementation. 

6. With crop year variability, moderate N rates performed better, surpassing the higher 

N rate of N150 during the dry year 2022. In contrast, there were no differences 

between N90 and N150 between 2023 and 2024, with moderately higher rainfall. 

This suggests that, in rich chernozemic soils, a moderate N rate yields better 

performance in restricted and adequate water conditions.   
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8. SUMMARY 

This study established field experiments to evaluate the effects of applying agrotechnical 

practices deploying hybrid varieties selection and nitrogen fertilization on yield, Fusarium 

and Aspergillus fungal diseases development and examining the resulting mycotoxins 

contaminations of maize grown in years with varying weather conditions between 2022-

2024 cropping seasons.  Aspergillus flavus, Fusarium graminearum, and Fusarium 

verticillioides were the specific fungal species used to evaluate the respective mycotoxins  

AFB1, DON, and FBs. The implications of relative chlorophyll content using SPAD reading 

and canopy reflectances of LAI and NDVI measured non destructively were assessed 

concerning the examined factors inferring for yield prediction. 

Established in rich chernozemic soil at the Látókép long-term experiment site of the 

University of Debrecen, the study involved nitrogen treatment in three (3) regimes (N0, 

N90, and N150 kgNha-1) and three (3) selected maize hybrids. The maize hybrids obtained 

from commercial companies in Hungary include (DKC4590- FAO360, GKT376-FAO360, 

and P9610- FAO340), characterized by enhanced tolerance, low tolerances, and unknown 

sensitivity to fungal disease and mycotoxins contamination, respectively.  The latter is 

additionally recorded as a high-yielding variety. 

 The results provide a detailed analysis of the effects of hybrid varieties and nitrogen 

fertilization on maize production and their subsequent impact on the colonization and 

progression of Fusarium and Aspergillus fungal ear rot diseases and mycotoxin 

contamination. The analysis delves into how variability in weather conditions during the 

growing seasons shifts the situation. Moreover, the understanding and implications of 

physiological parameters such as relative chlorophyll content and canopy reflectance 

indices are examined to yield outcomes, fungal disease occurrence, and mycotoxin 

contamination levels.  

The variability in weather conditions during the growing season significantly influenced 

yield, grain quality, and hybrid performance in mycotoxin contamination. Provided rich 

soils, the years characterized by low precipitation levels indicated the lowest yield than 

years with more rainfall, an obvious no surprise. However, the sensitivity of selected maize 

hybrids in bridging the yield gap was profoundly demonstrated in the year with low 
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precipitation.  The hybrid DKC4590 surpassed other hybrids across all nitrogen regimes 

(N0, N90, and N150), showing the highest performance at the moderate N90 level. Stability 

with the hybrid DKC4590 remained similar and consistent in the succeeding years, with the 

highest performance in 2024 at the N90 level. With adequate water, hybrid GKT376 least 

performed at N0 in 2023. Its performance at N150 was also medium, with no variation with 

DKC4590. At the same time, P9610 yielded the highest, although 2024 recorded the highest 

yield of GKT376 at N150, explaining GKT376's lack of stability in varying weather and 

fertilization conditions. Therefore, this study suggests hybrid selection with stability across 

varying weather conditions and nitrogen fertilization, advocating hybrid DKC4590 and a 

moderate N rate of  N90.  

Further, the variability in weather conditions resulted in a shift in mycotoxin contamination. 

The year characterized by relatively less rainfall and increased temperature in 2022 recorded 

elevated AFB1 at 40.28 ppb, while DON dominated in 2023 at 56.59 ppm, a year 

characterized by the highest precipitation and lowest temperature, also recording negligible 

AFB1. The year 2024 is characterized by moderate rainfall compared to other years, and 

the highest temperature recorded higher AFB1 (36.35) ppb and lowest DON. However, no 

variation was recorded for FBs contamination between the years, recording an average of 

2.15, 2.71, and 2.73 ppm in 2022, 2023, and 2024, respectively.  

In studying the effects of hybrid selection and nitrogen fertilization on fungal disease 

development and mycotoxin contamination, the study indicated increasing AFB1 and FBs 

with N rate in 2022, while no impacts on DON, similar to 2024. However, in 2023, DON 

was recorded to decrease with the N rate.  Integrating the N rates with hybrid selection 

indicated the defined performance of hybrids over nitrogen fertilization.  Demonstrating 

stability across N levels in the varying weather conditions across the year, The hybrids 

DKC4590 showed a reduction in mycotoxin at a moderate N rate of N90.  

The hybrid DKC4590 was found to perform better with consistency in yield and mycotoxin 

contamination across the years. This observation highlights the importance of selecting 

hybrids with documented agronomic traits and various stress tolerances, particularly the 

development of fungal diseases and mycotoxin contamination. It is particularly relevant 

when fluctuations in weather conditions can significantly influence outcomes. Therefore, 
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under natural conditions, the current study advocates opting for such hybrids under 

moderate nitrogen fertilization as a possible strategy to reduce mycotoxin contamination 

while simultaneously addressing yield gaps. 

In yield prediction, using relative chlorophyll (SPAD) reading and other canopy reflectance 

indices of LAI and NDVI measured across various growth stages gives an indicative yield 

of hybrids under nitrogen treatment. The measured indices indicated a positive correlation 

with yield and were higher, particularly during VT, followed by R0-R3. The relationship 

suggests that these indices,  measured non destructively, can be used by producers to predict 

yield in smart agricultural technologies. However, the relationship between fungal year rots 

and mycotoxin contamination was not indicative. It did not show defined trends of the 

relationships between varying growth stages indices on fungal diseases and mycotoxin 

contaminations; hence, further comprehension is needed to give inferences.  

 

  



 

86 
 

9. REFERENCES 

1. Aakash, Thakur, N. S.- Singh, M. K., Bhayal, L.- Meena, K.- Choudhary, S. K- Singh, A. 

K.: 2022. Sustainability in rainfed maize (Zea mays L.) production using choice of corn 

variety and nitrogen scheduling. Sustainability, 14(5), 3116. 

2. Abbas, H. K. - Cartwright, R. D.- Xie. W.- Shier, W - T.: 2006. Aflatoxin and fumonisin 

contamination of corn (maize, Zea mays) hybrids in Arkansas. Crop protection, 25(1), 1-

9. 

3. Abbas, H. K.- Mascagni Jr, H. J.- Bruns, H. A.- & Shier, W. T.: 2012. Effect of planting 

density, irrigation regimes, and maize hybrids with varying ear size on yield and aflatoxin 

and fumonisin contamination levels.  

4. Abbas, H. K.- Williams, W. P.- Windham, G. L.- Pringle, H. C.- Xie, W.- Shier, W. T.: 

2002. Aflatoxin and fumonisin contamination of commercial corn (Zea mays) hybrids in 

Mississippi. Journal of Agricultural and Food Chemistry, 50(18), 5246-5254. 

5. Abramson, D.: 1998. Mycotoxin formation and environmental factors. Mycotoxins in 

agriculture and food safety, 255, 277. 

6. Adeyeye, S. A.: 2016. Fungal mycotoxins in foods: A review. Cogent Food & 

Agriculture, 2(1), 1213127. 

7. Ahmad, P.- Ahanger, M. A.- Alyemeni, M. N.- Alam, P. (Eds.).: 2019. Photosynthesis, 

productivity, and environmental stress. John Wiley & Sons. 

8. Alam, M. A.- Seetharam, K.- Zaidi, P. H.- Dinesh, A.- Vinayan, M. T.- Nath, U. K.: 2017. 

Dissecting heat stress tolerance in tropical maize (Zea mays L.). Field Crops 

Research, 204, 110-119. 

9. Albonico, M.- Schütz, L. F.- Caloni, F.- Cortinovis, C.- Spicer, L. J.: 2016. Toxicological 

effects of fumonisin B1 alone and in combination with other fusariotoxins on bovine 

granulosa cells. Toxicon, 118, 47-53. 

10. Aldred, D.- Magan, N.- Olsen, M.: 2004. The use of HACCP in the control of mycotoxins: 

the case of cereals. Mycotoxins in food: Detection and control, 139-173. 

11. Ariño, A.- Herrera, M.- Juan, T.- Estopañan, G.- Carramiñana, J. J.- Rota, C.- Herrera, 

A.: 2009. Influence of agricultural practices on the contamination of maize by fumonisin 

mycotoxins. Journal of Food Protection, 72(4), 898-902. 

12. Armando, M.- Dogi, C.- Pizzolitto, R.- Escobar, F.- Peirano, M.- Salvano, M.- Cavaglieri, 

L.: 2011. Saccharomyces cerevisiae strains from animal environment with in vitro 

aflatoxin B1 binding ability and anti-pathogenic bacterial influence. World Mycotoxin 

Journal, 4(1), 59-68. 

13. Asibi, A. E.- Chai, Q.- A. Coulter, J.: 2019. Mechanisms of nitrogen use in 

maize. Agronomy, 9(12), 775. 



 

87 
 

14. Aylor, D. E.: 2004. Survival of maize (Zea mays) pollen exposed in the 

atmosphere. Agricultural and Forest Meteorology, 123(3-4), 125-133. 

15. Bakó, K.- Rácz, C.- Dövényi-Nagy, T.- Molnár, K.- Dobos, A.: 2025. Advancements in 

Leaf Area Index Estimation for Maize Using Modeling and Remote Sensing Techniques: 

A Review. Agronomy, 15(3), 519. 

16. Barošević, T.- Bagi, F.- Savić, Z.- Ljubičić, N.- Ivanović, I.: 2022. Assessment of maize 

hybrids resistance to Aspergillus ear rot and aflatoxin production in environmental 

conditions in Serbia. Toxins, 14(12), 887. 

17. Basra, A. (Ed.).: (2000). Crop responses and adaptations to temperature stress: new 

insights and approaches. CRC Press. 

18. Battilani, P.- Formenti, S.- Ramponi, C.- Rossi, V.: 2011. Dynamic of water activity in 

maize hybrids is crucial for fumonisin contamination in kernels. Journal of Cereal 

Science, 54(3), 467-472. 

19. Belli, N.- Marin, S.- Argiles, E.- Ramos, A. J.- Sanchis, V.: 2007. Effect of chemical 

treatments on ochratoxigenic fungi and common mycobiota of grapes (Vitis 

vinifera). Journal of food protection, 70(1), 157-163. 

20. Bellí, N.- Marín, S.- Coronas, I.- Sanchis, V.- Ramos, A. J.: 2007. Skin damage, high 

temperature, and relative humidity as detrimental factors for Aspergillus carbonarius 

infection and ochratoxin A production in grapes. Food Control, 18(11), 1343-1349. 

21. Bennett, J. W.- Klich, M.: 2003. Clinical microbiology reviews. Mycotoxins, 16(1), 497-

516. 

22. Bhatnagar, D.- Payne, G.- Klich, M. - Leslie, J. F.: 2014. Identification of toxigenic 

Aspergillus and Fusarium species in the maize grain chain. Mycotoxin Reduction in Grain 

Chains, 9-25. 

23. Bhattacharya, A.- Bhattacharya, A.: 2021. Effect of soil water deficits on plant–water 

relationship: A review. Soil Water Deficit and Physiological Issues in Plants, 1-98. 

24. Bhattacharya, A.- Bhattacharya, A.: 2021. Effect of soil water deficit on growth and 

development of plants: a review. Soil water deficit and physiological issues in plants, 393-

488. 

25. Blanc, E.: 2012. The impact of climate change on crop yields in Sub-Saharan Africa. 

26. Blandino, M.- Reyneri, A. - Vanara, F.: 2008. Influence of nitrogen fertilization on 

mycotoxin contamination of maize kernels. Crop protection, 27(2), 222-230.. 

https://doi.org/10.1016/j.cropro.2007.05.008  

27. Bocianowski, J.- Szulc, P.- Waśkiewicz, A.- Cyplik, A.: 2020. The effect of agrotechnical 

factors on Fusarium mycotoxins level in maize. Agriculture, 10(11), 528. 

https://doi.org/10.1016/j.cropro.2007.05.008


 

88 
 

28. Bojtor, C.- Mousavi, S. M. N.- Illés, Á.- Széles, A.- Nagy, J.- Marton, C. L.: 2021. Stability 

and adaptability of maize hybrids for precision crop production in a long-term field 

experiment in hungary. Agronomy, 11(11), 2167. 

29. Borràs-Vallverdú, B.- Ramos, A. J.- Cantero-Martínez, C.- Marín, S.- Sanchis, V.- 

Fernández-Ortega, J.: 2022. Influence of agronomic factors on mycotoxin contamination 

in maize and changes during a 10-day harvest-till-drying simulation period: a different 

perspective. Toxins, 14(9), 620. 

30. Bostock, R. M.- Pye, M. F.- Roubtsova, T. V.: 2014. Predisposition in plant disease: 

exploiting the nexus in abiotic and biotic stress perception and response. Annual review of 

phytopathology, 52(1), 517-549. 

31. Böhm, R.- Jones, P. D.- Hiebl, J.- Frank, D.- Brunetti, M.- Maugeri, M.:2010. The early 

instrumental warm-bias: a solution for long central European temperature series 1760–

2007. Climatic Change, 101, 41-67. 

32. Bramdeo, K. - Rátonyi, T.: 2020. Effect and interaction of crop management factors and 

crop year on the yield of maize (Zea mays L.). 

33. Brown, R. L.- Chen, Z. Y.- Menkir, A.- Cleveland, T. E.- Cardwell, K.- Kling, J.- White, D. 

G.: 2001. Resistance to aflatoxin accumulation in kernels of maize inbreds selected for ear 

rot resistance in West and Central Africa. Journal of Food Protection, 64(3), 396-400.  

34. Brown, R. L.- Williams, W. P.- Windham, G. L.- Menkir, A.- Chen, Z. Y.: 2016. Evaluation 

of African-bred maize germplasm lines for resistance to aflatoxin 

accumulation. Agronomy, 6(2), 24. https://doi.org/10.3390/agronomy6020024  

35. Bruns, H. A.: 2003. Controlling aflatoxin and fumonisin in maize by crop 

management. Journal of Toxicology: Toxin Reviews, 22(2-3), 153-173. 

https://doi.org/10.1081/TXR-120024090  

36. Bui-Klimke, T. R.- Wu, F.: 2015. Ochratoxin A and human health risk: A review of the 

evidence. Critical reviews in food science and nutrition, 55(13), 1860 1869.  

37. Cary, J. W.- Rajasekaran, K.- Brown, R. L.- Luo, M.- Chen, Z. Y.- Bhatnagar, D.: 2011. 

Developing resistance to aflatoxin in maize and cottonseed. Toxins, 3(6), 678-696. 

38. Casu, A.- Camardo Leggieri, M.- Toscano, P.- Battilani, P.: 2024. Changing climate, 

shifting mycotoxins: A comprehensive review of climate change impact on mycotoxin 

contamination. Comprehensive Reviews in Food Science and Food Safety, 23(2), e13323. 

39. Chen, Z. Y.- Rajasekaran, K.- Brown, R. L.- Sayler, R. J.- Bhatnagar, D.: 2015. Discovery 

and confirmation of genes/proteins associated with maize aflatoxin resistance. World 

mycotoxin journal, 8(2), 211-224.  

40. Chen, Z. Y.-Brown, R. L.- Damann, K. E.- Cleveland, T. E.: 2004. Identification of a maize 

kernel stress-related protein and its effect on aflatoxin 

accumulation. Phytopathology, 94(9), 938-945. 

https://doi.org/10.3390/agronomy6020024
https://doi.org/10.1081/TXR-120024090


 

89 
 

41. Chilaka, C. A.- De Boevre, M.- Atanda, O. O.- De Saeger, S.: 2017. The status of Fusarium 

mycotoxins in sub-Saharan Africa: A review of emerging trends and post-harvest 

mitigation strategies towards food control. Toxins, 9(1), 19. 

42. Commission regulation (EC) Directive 2002/32/EC of the European Parliament and of the 

Council of 7 May.: 2002 on undesirable substances in animal feed. [(accessed on 19 March 

2025)]; Off. J. Eur. Union 2002 30:10. Available online: https://eur-

lex.europa.eu/eli/dir/2002/32/oj/eng  

43. Commission Regulation (EC) No 1126/2007 of 28 September.: 2007. amending regulation 

(EC) No 1881/2006 setting maximum levels for certain contaminants in foodstuffs as 

regards Fusarium toxins in maize and maize products. [(accessed on 19 March 2025)]; Off. 

J. Eur. Union. 2007 L255:14–17. Available online: https://eur-lex.europa.eu/legal-

content/EN/TXT/PDF/?uri=CELEX:32007R1126 

44. Commission Regulation (EC) No 1881/2006 of 19 December.: 2006. setting maximum 

levels for certain contaminants in foodstuffs. [(accessed on 19 March 2025)]; Off. J. Eur. 

Union, 364, 5-24. https://eur-lex.europa.eu/eli/reg/2006/1881/oj/eng  

45. Council for Agricultural Science Technology (CAST).: 2003. Mycotoxins: risks in plant, 

animal, and human systems (No. 139). [(accessed on 30 April 2024)]. Available 

online: https://www.cast-science.org/wp-

content/uploads/2002/11/CAST_R139_Mycotoxins_Risks_Plant_Animal_Health_Syste

ms.pdf. 

46. da Rocha, M. E. B.- Freire, F. D. C. O.- Maia, F. E. F.- Guedes, M. I. F.- Rondina, D.: 

2014. Mycotoxins and their effects on human and animal health. Food Control, 36(1), 159-

165. 

47. Dahiya, S.- Rana, M.- Khedwal, R. S.- Chaudhary, A.: 2023. Significance of plant canopy 

maintenance in crop yield. International Journal of Environment and Climate 

Change, 13(8), 2265-2272. 

48. Dalla Lana, F.- Madden, L. V.- Paul, P. A.: (2021). Natural occurrence of maize Gibberella 

ear rot and contamination of grain with mycotoxins in association with weather 

variables. Plant disease, 105(1), 114-126. 

49. Daves, C. A.- Windham, G. L.- Williams, W. P.: 2010. Aflatoxin accumulation in 

commercial corn hybrids artificially inoculated with Aspergillus flavus in 2008 and 2009. 

Office of Agricultural Communications, Division of Agriculture, Forestry and Veterinary 

Medicine. 

50. Degraeve, S.- Madege, R. R.- Audenaert, K.- Kamala, A.- Ortiz, J.- Kimanya, M.- 

Haesaert, G.: 2016. Impact of local pre-harvest management practices in maize on the 

occurrence of Fusarium species and associated mycotoxins in two agro-ecosystems in 

Tanzania. Food Control, 59, 225-233. 

51. Dobos, A.- Megyes, A.: 2013. Irrigated Farming. University of Debrecen. 

https://eur-lex.europa.eu/eli/dir/2002/32/oj/eng
https://eur-lex.europa.eu/eli/dir/2002/32/oj/eng
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32007R1126
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32007R1126
https://eur-lex.europa.eu/eli/reg/2006/1881/oj/eng
https://www.cast-science.org/wp-content/uploads/2002/11/CAST_R139_Mycotoxins_Risks_Plant_Animal_Health_Systems.pdf
https://www.cast-science.org/wp-content/uploads/2002/11/CAST_R139_Mycotoxins_Risks_Plant_Animal_Health_Systems.pdf
https://www.cast-science.org/wp-content/uploads/2002/11/CAST_R139_Mycotoxins_Risks_Plant_Animal_Health_Systems.pdf


 

90 
 

52. Donatelli, M.- Magarey, R. D.- Bregaglio, S.- Willocquet, L.- Whish, J. P.- Savary, S.: 

2017. Modelling the impacts of pests and diseases on agricultural systems. Agricultural 

systems, 155, 213-224. 

53. Dong, X.- Li, B.- Yan, Z.- Guan, L.- Huang, S.- Li, S.- Yang, H.: 2024. Impacts of high 

temperature, relative air humidity, and vapour pressure deficit on the seed set of contrasting 

maize genotypes during flowering. Journal of Integrative Agriculture, 23(9), 2955-2969. 

54. Doohan, F. M.- Brennan, J.-  Cooke, B. M.: 2003. Influence of climatic factors on 

Fusarium species pathogenic to cereals. Epidemiology of Mycotoxin Producing Fungi: 

Under the Aegis of COST Action 835 ‘Agriculturally Important Toxigenic Fungi 1998–

2003’, EU project (QLK 1-CT-1998–01380), 755-768. 

55. Easterling, D. R.- Wallis, T. W.- Lawrimore, J. H.- Heim Jr, R. R.: 2007. Effects of 

temperature and precipitation trends on US drought. Geophysical Research 

Letters, 34(20). 

56. El-Hendawy, S.-Al-Suhaibani, N.- Mubushar, M.- Tahir, M. U.- Marey, S.- Refay, Y.- Tola, 

E.: 2022. Combining hyperspectral reflectance and multivariate regression models to 

estimate plant biomass of advanced spring wheat lines in diverse phenological stages under 

salinity conditions. Applied Sciences, 12(4), 1983. 

57. Eli, K.: 2022. Management of Fusarium graminearum and its mycotoxins in Ontario 

maize (Doctoral dissertation, University of Guelph). 

58. Erenstein, O.- Chamberlin, J.- Sonder, K.: 2021. Estimating the global number and 

distribution of maize and wheat farms. Global Food Security, 30, 100558. 

59. Erenstein, O.- Jaleta, M.- Sonder, K.- Mottaleb, K.- Prasanna, B. M.: 2022. Global maize 

production, consumption and trade: trends and R&D implications. Food security, 14(5), 

1295-1319. 

60. Farfan, I. D. B.- De La Fuente, G. N.- Murray, S. C.- Isakeit, T.- Huang, P. C.- Warburton, 

M.- Kolomiets, M.: 2015. Genomewide association study for drought, aflatoxin resistance, 

and important agronomic traits of maize hybrids in the sub-tropics. PloS one, 10(2), 

e0117737.   

61. Faucet-Marquis, V.- Joannis-Cassan, C.- Hadjeba-Medjdoub, K.- Ballet, N.- Pfohl 

Leszkowicz, A.: 2014. Development of an in vitro method for the prediction of mycotoxin 

binding on yeast-based products: case of aflatoxin B 1, zearalenone and ochratoxin 

biotechnology, 98(17), 7583-7596. 

62. Fink-Gremmels, J.: 2008. The role of mycotoxins in the health and performance of dairy 

cows. The Veterinary Journal, 176(1), 84-92. 

63. Fischer, G.- Shah, M.- N. Tubiello, F.- Van Velhuizen, H.: 2005. Socio-economic and 

climate change impacts on agriculture: an integrated assessment, 1990–

2080. Philosophical Transactions of the Royal Society B: Biological Sciences, 360(1463), 

2067-2083. 



 

91 
 

64. Fonseca, A. E.- Westgate, M. E.: 2005. Relationship between desiccation and viability of 

maize pollen. Field crops research, 94(2-3), 114-125. 

65. Food and Agriculture Organization of the United Nations statistics (FAOstat).: 2023. 

Available at https://www.fao.org/faostat/en/#home  (accessed on 12th February 2023)  

66. Fountain, J. C.- Scully, B. T.- Ni, X.- Kemerait, R. C.- Lee, R. D.- Chen, Z. Y.- Guo, B.: 

2014. Environmental influences on maize-Aspergillus flavus interactions and aflatoxin 

production. Frontiers in microbiology, 5, 40. 

67. Gao, C.- El-Sawah, A. M.- Ali, D. F. I.- Alhaj Hamoud, Y.- Shaghaleh, H.- Sheteiwy, M. 

S.: 2020. The integration of bio and organic fertilizers improve plant growth, grain yield, 

quality and metabolism of hybrid maize (Zea mays L.). Agronomy, 10(3), 319. 

68. Geary, P. A.- Chen, G.- Kimanya, M. E.- Shirima, C. P.- Oplatowska-Stachowiak, M.- 

Elliott, C. T.- Gong, Y. Y.: 2016. Determination of multi-mycotoxin occurrence in maize 

based porridges from selected regions of Tanzania by liquid chromatography tandem mass 

spectrometry (LC-MS/MS), a longitudinal study. Food Control, 68, 337-343. 

69. Gembeh, S. V.- Brown, R. L.- Grimm, C.- Cleveland, T. E.: 2001. Identification of chemical 

components of corn kernel pericarp wax associated with resistance to Aspergillus flavus 

infection and aflatoxin production. Journal of Agricultural and Food Chemistry, 49(10), 

4635-4641. 

70. Gheith, E. M. S.- El-Badry, O. Z.- Lamlom, S. F.- Ali, H. M.- Siddiqui, M. H.- Ghareeb, R. 

Y.- Kandil, E. E.: 2022. Maize (Zea mays L.) productivity and nitrogen use efficiency in 

response to nitrogen application levels and time. Frontiers in Plant Science, 13, 941343. 

71. Giomi, G. M.- Kreff, E. D.- Iglesias, J.- Fauguel, C. M.- Fernandez, M.- Oviedo, M. S.- 

Presello, D. A.: 2016. Quantitative trait loci for Fusarium and Gibberella ear rot resistance 

in Argentinian maize germplasm. Euphytica, 211(3), 287-294. 

72. Giorni, P.- Bertuzzi, T.- Battilani, P.: 2019. Impact of fungi co-occurrence on mycotoxin 

contamination in maize during the growing season. Frontiers in microbiology, 10, 1265. 

73. Guo, B. Z.- Brown, R. L.- Lax, A. R.- Cleveland, T. E.- Russin, J. S.- Widstrom, N. W.: 

(1998). Protein profiles and antifungal activities of kernel extracts from corn genotypes 

resistant and susceptible to Aspergillus flavus. Journal of Food Protection, 61(1), 98-102. 

74. Guo, B. Z.- Russin, J. S.- Cleveland, T. E.- Brown, R. L.- Widstrom, N. W.: 1995. Wax and 

cutin layers in maize kernels associated with resistance to aflatoxin production by 

Aspergillus flavus. Journal of food protection, 58(3), 296-300. 

75. Guo, B. Z.- Russin, J. S.- Cleveland, T. E.- Brown, R. L.- Widstrom, N. W.: 1995. Wax and 

cutin layers in maize kernels associated with resistance to aflatoxin production by 

Aspergillus flavus. Journal of Food Protection, 58(3), 296-300. 

76. Hansen, J.- Ruedy, R.- Sato, M.- Lo, K.: 2010. Global surface temperature change. Reviews 

of geophysics, 48(4). 

https://www.fao.org/faostat/en/#home


 

92 
 

77. Harrison, L.- Michaelsen, J.- Funk, C.- Husak, G.: 2011. Effects of temperature changes 

on maize production in Mozambique. Climate Research, 46(3), 211-222. 

78. Haschek, W. M.- Gumprecht, L. A.- Smith, G.- Tumbleson, M. E.- Constable, P. D.: (2001). 

Fumonisin toxicosis in swine: an overview of porcine pulmonary edema and current 

perspectives. Environmental health perspectives, 109(suppl 2), 251-257. 

79. Hassegawa, R. H.- Fonseca, H.- Fancelli, A. L.- da Silva, V. N.- Schammass, E. A.- Reis, 

T. A.- Corrêa, B.: (2008). Influence of macro-and micronutrient fertilization on fungal 

contamination and fumonisin production in corn grains. Food Control, 19(1), 36-43. 

https://doi.org/10.1016/j.foodcont.2007.01.006  

80. Hawkins, L. K.- Mylroie, J. E.- Oliveira, D. A.- Smith, J. S.- Ozkan, S.- Windham, G. L.- 

Warburton, M. L.: 2015. Characterization of the maize chitinase genes and their effect on 

Aspergillus flavus and aflatoxin accumulation resistance. PloS one, 10(6), e0126185. 

https://doi.org/10.1371/journal.pone.0126185  

81. Hell, K.- Cardwell, K. F.- Setamou, M.- Poehling, H. M.: 2000. The influence of storage 

practices on aflatoxin contamination in maize in four agroecological zones of Benin, West 

Africa. Journal of stored products research, 36(4), 365-382. 

82. Holou, R. A. Y.- Kindomihou, V.: 2011. Impact of nitrogen fertilization on the oil, protein, 

starch, and ethanol yield of corn (Zea mays L.) grown for biofuel production. Journal of 

Life Sciences, 5, 1013-1021. 

83. Hope, R.- Magan, N.: 2003. Two‐dimensional environmental profiles of growth, 

deoxynivalenol and nivalenol production by Fusarium culmorum on a wheat‐based 

substrate. Letters in Applied Microbiology, 37(1), 70-74. 

84. Huang, Z.- White, D. G.- Payne, G. A.: 1997. Corn seed proteins inhibitory to Aspergillus 

flavus and aflatoxin biosynthesis. Phytopathology, 87(6), 622-627. 

85. Imran, M., Cao, S.- Wan, S. F.- Chen, Z.- Saleemi, M. K.- Wang, N.- Munawar, J.: 2020. 

Mycotoxins–a global one-health concern: A review. Agrobiological records, 2, 1-16.  

86. International Grain Council.: 2022. Grain Market Report available at 

https://www.igc.int/en/default.aspx (accessed on 23rd November 2022) 

87. James, A.- Zikankuba, V. L.: 2018. Mycotoxins contamination in maize alarms food safety 

in sub-Sahara Africa. Food Control, 90, 372-381. 

88. James, B.- Adda, C.- Cardwell, K.- Annang, D.- Hell, K.- Korie, S.- Houenou, G.: 2007. 

Public information campaign on aflatoxin contamination of maize grains in market stores 

in Benin, Ghana, and Togo. Food additives and contaminants, 24(11), 1283-1291.  

89. Jarvis, B. B.: 2002. Chemistry and toxicology of molds isolated from water-damaged 

buildings. Mycotoxins and Food Safety, 43-52. 

https://doi.org/10.1016/j.foodcont.2007.01.006
https://doi.org/10.1371/journal.pone.0126185
https://www.igc.int/en/default.aspx


 

93 
 

90. Kebede, A. Z.- Woldemariam, T.- Reid, L. M.- Harris, L. J.: (2016). Quantitative trait loci 

mapping for Gibberella ear rot resistance and associated agronomic traits using 

genotyping-by-sequencing in maize. Theoretical and Applied Genetics, 129, 17-29. 

91. Kenny, G. J.- Harrison, P. A.: 1992. The effects of climate variability and change on grape 

suitability in Europe. Journal of Wine Research, 3(3), 163-183. 

92. Kim, K. H.- Feiz, L.- Dyer, A. T.- Grey, W.- Hogg, A. C.- Martin, J. M.- Giroux, M. J.: 

2012. Increased resistance to Penicillium seed rot in transgenic wheat over‐expressing 

puroindolines. Journal of Phytopathology, 160(5), 243-247. 

93. Kos, J.- Radić, B.- Lešić, T.- Anić, M.- Jovanov, P.- Šarić, B.- Pleadin, J.: 2024. Climate 

Change and Mycotoxins Trends in Serbia and Croatia: A 15-Year Review. Foods, 13(9), 

1391. 

94. Krnjaja, V.- Mandić, V.- Bijelić, Z.- Stanković, S.- Obradović, A.- Petrović, T.. Radović, 

Č.: 2021. Influence of nitrogen rates and Fusarium verticillioides infection on Fusarium 

spp. and fumonisin contamination of maize kernels. Crop Protection, 144, 105601. 

95. Kumar, A.- Pathak, H.- Bhadauria, S.- Sudan, J.: 2021. Aflatoxin contamination in food 

crops: causes, detection, and management: a review. Food Production, Processing and 

Nutrition, 3(1), 1-9. 

96. Kumar, A.-Thakur, A.- Patyal, A.- Thakur, R.- Sharma, H.- Shakya, S.: 2020. Mitigating 

the health risks of mycotoxins: Concerns and solutions vis-à-vis food web. International 

Journal of Livestock Research, 10(11), 1-14. 

97. Lacey, J.- Bateman, G. L.- Mirocha, C. J.: 1999. Effects of infection time and moisture on 

development of ear blight and deoxynivalenol production by Fusarium spp. in 

wheat. Annals of Applied Biology, 134(3), 277-283. 

98. Lanubile, A.- Ferrarini, A.- Maschietto, V.- Delledonne, M.- Marocco, A.- Bellin, D.: 2014. 

Functional genomic analysis of constitutive and inducible defense responses to Fusarium 

verticillioides infection in maize genotypes with contrasting ear rot resistance. BMC 

Genomics, 15, 1-16. 

99. Lanubile, A.- Maschietto, V.- Marocco, A.: 2014. Breeding maize for resistance to 

mycotoxins. Mycotoxin reduction in grain chains, 37-58. 

100. Lazzaro, I.- Susca, A.- Mulè, G.- Ritieni, A.- Ferracane, R.- Marocco, A.- Battilani, P.: 

2012. Effects of temperature and water activity on FUM2 and FUM21 gene expression and 

fumonisin B production in Fusarium verticillioides. European journal of plant 

pathology, 134, 685-695. 

101. Leite, M.- Freitas, A.- Silva, A. S.- Barbosa, J.- Ramos, F.: 2021. Maize food chain and 

mycotoxins: A review on occurrence studies. Trends in Food Science & Technology, 115, 

307-331. 



 

94 
 

102. Lević, J.- Gošić-Dondo, S.- Ivanović, D.- Stanković, S. Ž.- Krnjaja, V.- Bočarov-Stančić, 

A. S.- Stepanić, A.: 2013. An outbreak of Aspergillus species in response to environmental 

conditions in Serbia. Pesticidi i fitomedicina, 28(3), 167-179. 

103. Li, Y.- Ming, B.- Fan, P.- Liu, Y.- Wang, K.- Hou, P.- Xie, R.: 2022. Quantifying 

contributions of leaf area and longevity to leaf area duration under increased planting 

density and nitrogen input regimens during maize yield improvement. Field Crops 

Research, 283, 108551. 

104. Liu, M.- Sheng, D.- Liu, X.- Wang, Y.- Hou, X.-Wang, Y.- Huang, S.: 2022. Dissecting heat 

tolerance and yield stability in maize from greenhouse and field experiments. Journal of 

Agronomy and Crop Science, 208(3), 348-361.  

105. Liu, Y. E.-Li, Y. X.- Lü, T. F.- Xing, J. F.- Xu, T. J.- Cai, W. T.- Wang, R. H.: 2021. The 

priority of management factors for reducing the yield gap of summer maize in the north of 

Huang-Huai-Hai region, China. Journal of Integrative Agriculture, 20(2), 450-459. 

106. Liverpool-Tasie, L. S. O.-Turna, N. S.- Ademola, O.- Obadina, A.- Wu, F.: 2019. The 

occurrence and co-occurrence of aflatoxin and fumonisin along the maize value chain in 

southwest Nigeria. Food and Chemical Toxicology, 129, 458-465. 

107. Lizaso, J. I.- Ruiz-Ramos, M.- Rodríguez, L.- Gabaldon-Leal, C.- Oliveira, J. A.- Lorite, I. 

J.- Rodríguez, A.: 2018. Impact of high temperatures in maize: Phenology and yield 

components. Field crops research, 216, 129-140. 

108. Lobell, D. B.- Burke, M. B.: 2008. Why are agricultural impacts of climate change so 

uncertain? The importance of temperature relative to precipitation. Environmental 

Research Letters, 3(3), 034007. 

109. Lobell, D. B.- Field, C. B.: 2007. Global scale climate–crop yield relationships and the 

impacts of recent warming. Environmental research letters, 2(1), 014002. 

110. Lobell, D. B.- Gourdji, S. M.: 2012. The influence of climate change on global crop 

productivity. Plant physiology, 160(4), 1686-1697. 

111. Lobell, D. B.- Hammer, G. L.- McLean, G.- Messina, C.- Roberts, M. J.- Schlenker, W.: 

2013. The critical role of extreme heat for maize production in the United States. Nature 

climate change, 3(5), 497-501. 

112. Logrieco, A.- Battilani, P.- Leggieri, M. C.- Jiang, Y.- Haesaert, G.- Lanubile, A.- 

Munkvold, G.: (2021). Perspectives on global mycotoxin issues and management from the 

MycoKey Maize Working Group. Plant disease, 105(3), 525-537. 

https://doi.org/10.1094/PDIS-06-20-1322-FE  

113. Logrieco, A.- Mule, G.- Moretti, A.- Bottalico, A.: 2002. Toxigenic Fusarium species and 

mycotoxins associated with maize ear rot in Europe. Mycotoxins in Plant Disease: Under 

the aegis of COST Action 835 ‘Agriculturally Important Toxigenic Fungi 1998-2003’, EU 

project (QLK 1-CT-1998-01380), and ISPP ‘Fusarium Committee’, 597-609. 

https://doi.org/10.1094/PDIS-06-20-1322-FE


 

95 
 

114. Lysenko, E. A.- Kozuleva, M. A.- Klaus, A. A.- Pshybytko, N. L.- Kusnetsov, V. V.: 2023. 

Lower air humidity reduced both the plant growth and activities of photosystems I and II 

under prolonged heat stress. Plant Physiology and Biochemistry, 194, 246-262.  

115. Madege, R. R.- Audenaert, K.- Kimanya, M.- Tiisekwa, B.- De Meulenaer, B.- Bekaert, B.- 

Haesaert, G.: 2018. Control of Fusarium verticillioides (Sacc.) nirenberg and fumonisins 

by using a combination of crop protection products and fertilization. Toxins, 10(2), 67. 

116. Magan, N. 2007.: Fungi in extreme environments. The mycota, 4, 85-103. 

117. Magnoli, C.- Astoreca, A.- Ponsone, M. L.- Fernández-Juri, M. G.- Barberis, C.- Dalcero, 

A. M.: 2007. Ochratoxin A and Aspergillus section Nigri in peanut seeds at different 

months of storage in Córdoba, Argentina. International Journal of Food 

Microbiology, 119(3), 213-218. 

118. Mann, M. E.- Zhang, Z.- Rutherford, S.- Bradley, R. S.- Hughes, M. K.- Shindell, D.- Ni, 

F.: 2009. Global signatures and dynamical origins of the Little Ice Age and Medieval 

Climate Anomaly. science, 326(5957), 1256-1260. 

119. Marocco, A.- Gavazzi, C.- Pietri, A.- Tabaglio, V.: 2008. On fumonisin incidence in 

monoculture maize under no‐till, conventional tillage and two nitrogen fertilisation 

levels. Journal of the Science of Food and Agriculture, 88(7), 1217-1221. 

120. Massart, F.- Saggese, G.: 2010. Oestrogenic mycotoxin exposures and precocious pubertal 

development. International journal of andrology, 33(2), 369-376.  

121. Matumba, L.- Namaumbo, S.- Ngoma, T.- Meleke, N.- De Boevre, M.- Logrieco, A. F.- De 

Saeger, S.: 2021. Five keys to prevention and control of mycotoxins in grains: A 

proposal. Global Food Security, 30, 100562. https://doi.org/10.1016/j.gfs.2021.100562  

122. Mayfield, K.- Betrán, F. J.- Isakeit, T.- Odvody, G.- Murray, S. C.- Rooney, W. L.- 

Landivar, J. C.: 2012. Registration of maize germplasm lines Tx736, Tx739, and Tx740 

for reducing preharvest aflatoxin accumulation. Journal of plant registrations, 6(1), 88-94. 

https://doi.org/10.3198/jpr2010.12.0675crg  

123. Medina, A.- Akbar, A.- Baazeem, A.- Rodriguez, A.- Magan, N.: 2017. Climate change, 

food security and mycotoxins: Do we know enough?. Fungal biology reviews, 31(3), 143-

154. 

124. Medina, Á.- González-Jartín, J. M.- Sainz, M. J.: 2017. Impact of global warming on 

mycotoxins. Current Opinion in Food Science, 18, 76-81.  

125. Mekonnen, M. M.- Gerbens-Leenes, W.: 2020. The water footprint of global food 

production. Water, 12(10), 2696. 

126. Melash, A. A.-Bytyqi, B- Nyandi, M. S- Vad, A. M.- Ábrahám, É. B.: 2023. Chlorophyll 

Meter: A Precision Agricultural Decision-Making Tool for Nutrient Supply in Durum 

Wheat (Triticum turgidum L.) Cultivation under Drought Conditions. Life, 13(3), 824. 

https://doi.org/10.1016/j.gfs.2021.100562
https://doi.org/10.3198/jpr2010.12.0675crg


 

96 
 

127. Mesterházy, A.- Lemmens, M.- Reid, L. M.: 2012. Breeding for resistance to ear rots caused 

by Fusarium spp. in maize–a review. Plant Breeding, 131(1), 1 19. 

128. Mesterházy, A.- Szieberth, D.- Toldine, E. T.- Nagy, Z.- Szabó, B.- Herczig, B.- Tóth, B.: 

(2022). Updating the methodology of identifying maize hybrids resistant to ear rot 

pathogens and their toxins—Artificial inoculation tests for kernel resistance to Fusarium 

graminearum, F. verticillioides, and Aspergillus flavus. Journal of Fungi, 8(3), 293. 

https://doi.org/10.3390/jof8030293  

129. Mesterhazy, A.- Toldine Toth, E.- Szel, S.- Varga, M.- Toth, B.: 2020. Resistance of maize 

hybrids to Fusarium graminearum, F. culmorum, and F. verticillioides ear rots with 

toothpick and silk channel inoculation, as well as their toxin production. Agronomy, 10(9), 

1283. 

130. Mesterházy, Á.-Varga, M.- Tóth, B.- Kótai, C.- Bartók, T.-Véha, A.- Lehoczki Krsjak, S.: 

2018. Reduction of deoxynivalenol (DON) contamination by improved fungicide use in 

wheat. Part 2. Farm scale tests with different nozzle types and updating the integrated 

approach. European Journal of Plant Pathology, 151(1), 1-20.  

131. Mideros, S. X- Warburton, M. L.- Jamann, T. M.- Windham, G. L.- Williams, W. P.- Nelson, 

R. J.: 2014. Quantitative trait loci influencing mycotoxin contamination of maize: analysis 

by linkage mapping, characterization of near‐isogenic lines, and meta‐analysis. Crop 

Science, 54(1), 127-142. 

132. Mielniczuk, E.- Skwaryło-Bednarz, B.: 2020. Fusarium head blight, mycotoxins and 

strategies for their reduction. Agronomy, 10(4), 509. 

133. Milani, J. M.: 2013. Ecological conditions affecting mycotoxin production in cereals: a 

review. Veterinarni Medicina, 58(8). 

134. Miller, J. D.: 2001. Factors that affect the occurrence of fumonisin. Environmental health 

perspectives, 109(suppl 2), 321-324. https://doi.org/10.1289/ehp.01109s2321  

135. Miller, S. S.- Reid, L. M.- Butler, G.- Winter, S. P.- McGoldrick, N. J.: 2003. Long chain 

alkanes in silk extracts of maize genotypes with varying resistance to Fusarium 

graminearum. Journal of agricultural and food chemistry, 51(23), 6702-6708. 

136. Miraglia, M.- Marvin, H. J. P.- Kleter, G. A.- Battilani, P.- Brera, C.- Coni, E.- 

Vespermann, A.: 2009. Climate change and food safety: an emerging issue with special 

focus on Europe. Food and chemical toxicology, 47(5), 1009-1021. 

137. Moore, K. G.- Price, M. S.- Boston, R. S.- Weissinger, A. K.- Payne, G. A.: 2004. A 

chitinase from Tex6 maize kernels inhibits growth of Aspergillus 

flavus. Phytopathology, 94(1), 82-87. 

138. Moretti, A.- Logrieco, A.- Visconti, A.- Bottalico, A.: 2004. An overview of mycotoxins 

and toxigenic fungi in Italy. An overview on toxigenic fungi and mycotoxins in Europe, 

141-160. 

https://doi.org/10.3390/jof8030293
https://doi.org/10.1289/ehp.01109s2321


 

97 
 

139. Moretti, A.- Pascale, M.- Logrieco, A. F.: 2019. Mycotoxin risks under a climate change 

scenario in Europe. Trends in food science & technology, 84, 38-40. 

140. Mosier, A.- Syers, J. K.- Freney, J. R. (Eds.).: 2013. Agriculture and the nitrogen cycle: 

assessing the impacts of fertilizer use on food production and the environment. Island 

Press (Vol. 65).  

141. Munkvold, G. P.- Arias, S.- Taschl, I.- Gruber-Dorninger, C.: 2019. Mycotoxins in maize: 

Occurrence, impacts, and management. AACC International Press. (pp. 235-287).  

142. Munkvold, G. P.: 2003. Cultural and genetic approaches to managing mycotoxins in 

maize. Annual review of phytopathology, 41(1), 99-116.   

https://doi.org/10.1146/annurev.phyto.41.052002.095510  

143. Munkvold, G.: 2014. Crop management practices to minimize the risk of mycotoxins 

contamination in temperate‐zone maize. Mycotoxin reduction in grain chains, 59-77. 

https://doi.org/10.1002/9781118832790.ch5  

144. Murchie, E. H.- Pinto, M.- Horton, P.: 2009. Agriculture and the new challenges for 

photosynthesis research. New Phytologist, 181(3). 

145. Nada, S., Nikola, T.- Bozidar, U.- Ilija, D.- Andreja, R.: 2022. Prevention and practical 

strategies to control mycotoxins in the wheat and maize chain. Food Control, 136, 108855. 

146. Nagy, J.: 2007. Evaluating the effect of year and fertilisation on the yield of mid ripening 

(FAO 400–499) maize hybrids. Cereal Research Communications, 35(3), 1497-1507. 

147. Nazari, L. E. Y. L. A.- Pattori, E.- Terzi, V.- Morcia, C.- Rossi, V.: 2014. Influence of 

temperature on infection, growth, and mycotoxin production by Fusarium langsethiae and 

F. sporotrichioides in durum wheat. Food Microbiology, 39, 19-26. 

148. Nicholson, P.- Gosman, N.- Draeger, R.- Steed, A.: 2004. Control of Fusarium and 

Aspergillus species and associated mycotoxins on wheat and maize. In Meeting the 

mycotoxin menace (pp. 113-132). Wageningen Academic. https://doi.org/10.3920/978-90-

8686-523-9  

149. Niculita-Hirzel, H.- Hantier, G.- Storti, F.- Plateel, G.- Roger, T.: 2016. Frequent 

occupational exposure to Fusarium mycotoxins of workers in the Swiss grain industry. 

Toxins, 8(12), 370.  

150. Nielsen, R. L.:2016. Silk development and emergence in corn. Corny News Network, July. 

http://www.kingcorn.org/news/timeless/Silks.html  

151. Omotayo, O. P.- Omotayo, A. O.- Mwanza, M.- Babalola, O. O.: 2019. Prevalence of 

mycotoxins and their consequences on human health. Toxicological research, 35, 1-7. 

152. Oury, V.- Tardieu, F.- Turc, O.: 2016. Ovary apical abortion under water deficit is caused 

by changes in sequential development of ovaries and in silk growth rate in maize. Plant 

Physiology, 171(2), 986-996. 

https://doi.org/10.1146/annurev.phyto.41.052002.095510
https://doi.org/10.1002/9781118832790.ch5
https://doi.org/10.3920/978-90-8686-523-9
https://doi.org/10.3920/978-90-8686-523-9
http://www.kingcorn.org/news/timeless/Silks.html


 

98 
 

153. Pachauri, R. K- Reisinger, A.: 2007. Climate change 2007: Synthesis report. Contribution 

of working groups I, II and III to the fourth assessment report of the Intergovernmental 

Panel on Climate Change. Ipcc. 

154. Pacini, E.- Dolferus, R.: 2019. Pollen developmental arrest: maintaining pollen fertility in 

a world with a changing climate. Frontiers in Plant Science, 10, 679. 

155. Pan, W.- Cheng, X.- Du, R.- Zhu, X.- Guo, W.: 2024. Detection of chlorophyll content 

based on optical properties of maize leaves. Spectrochimica Acta Part A: Molecular and 

Biomolecular Spectroscopy, 309, 123843. 

156. Parry, M. L. (Ed.).: (2007). Climate change 2007-impacts, adaptation and vulnerability: 

Working group II contribution to the fourth assessment report of the IPCC (Vol. 4). 

Cambridge University Press. 

157. Parry, M.- Rosenzweig, C.- Livermore, M.: 2005. Climate change, global food supply and 

risk of hunger. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 360(1463), 2125-2138. 

158. Paterson, R. R. M.-Lima, N.: 2017. Thermophilic fungi to dominate 

aflatoxigenic/mycotoxigenic fungi on food under global warming. International journal of 

environmental research and public health, 14(2), 199. doi:10.3390/ijerph14020199   

159. Pepó, P.- Csajbók, J.: 2013. Integrated Crop Production II. Debrecen: University of 

Debrecen. 

160. Pepó, P.- Sárvári, M.: 2013. Special agrotechnical crop models for Martonvásár maize 

genotypes. 

161. Pepó, P.: 2012. Effect of crop year and some agrotechnical factors in rainfed and irrigated 

maize (Zea mays L.) production. Növénytermelés, 61, 77-80. 

162. Pepó, P.:2009. Study of cropyear effects in cereal crop models. 

163. Peraldi, A.- Beccari, G.- Steed, A.- Nicholson, P.: 2011. Brachypodium distachyon: a new 

pathosystem to study Fusarium head blight and other Fusarium diseases of wheat. BMC 

Plant Biology, 11(1), 1-14. 

164. Perrone, G.- Ferrara, M.- Medina, A.- Pascale, M.- Magan, N.: 2020. Toxigenic fungi and 

mycotoxins in a climate change scenario: Ecology, genomics, distribution, prediction and 

prevention of the risk. Microorganisms, 8(10), 1496. 

165. Pimentel, D.: 2009. Energy inputs in food crop production in developing and developed 

nations. Energies, 2(1), 1-24.  

166. Pinton, P. - Oswald, I.P.: 2014 Effect of deoxynivalenol and other Type B trichothecenes 

on the intestine: a review. Toxins, 6, 1615-1643. 

https://doi:10.3390/ijerph14020199


 

99 
 

167. Plavsic, H.- Josipovic, M.- Andric, L.- Jambrovic, A.- & Sostaric, J.: 2007. Influences of 

irrigation and N fertilization on maize (Zea mays L.) properties. Cereal research 

communications, 35, 933-936. 

168. Porter, J. R.- Semenov, M. A.: 2005. Crop responses to climatic variation. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 360(1463), 2021-2035.  

169. Prasad, P. V.- Staggenborg, S. A.- Ristic, Z.: (2008). Impacts of drought and/or heat stress 

on physiological, developmental, growth, and yield processes of crop plants. Response of 

crops to limited water: Understanding and modeling water stress effects on plant growth 

processes, 1, 301-355. 

170. Qiao, L., Silva, J. V.- Fan, M.- Mehmood, I.- Fan, J.- Li, R.- van Ittersum, M. K.: 2021. 

Assessing the contribution of nitrogen fertilizer and soil quality to yield gaps: A study for 

irrigated and rainfed maize in China. Field Crops Research, 273, 108304. 

171. Raza, M. A.- Cui, L.- Khan, I.- Din, A. M. U.- Chen, G., Ansar, M.- Yang, W.: 2021. 

Compact maize canopy improves radiation use efficiency and grain yield of maize/soybean 

relay intercropping system. Environmental Science and Pollution Research, 28, 41135-

41148. 

172. Reid, L. M.- Nicol, R. W.- Ouellet, T.- Savard, M.- Miller, J. D.- Young, J. C.- Schaafsma, 

A. W.: 1999. Interaction of Fusarium graminearum and F. moniliforme in maize ears: 

disease progress, fungal biomass, and mycotoxin accumulation. Phytopathology, 89(11), 

1028-1037. https://doi.org/10.1094/PHYTO.1999.89.11.1028  

173. Reid, L. M.- Zhu, X. - Ma, B. L.: 2001. Crop rotation and nitrogen effects on maize 

susceptibility to gibberella (Fusarium graminearum) ear rot. Plant and soil, 237, 1-14. 

174. Rohde, R.- Muller, R. A.- Jacobsen, R.- Muller, E.- Perlmutter, S.- Rosenfeld, A.- Wickham, 

C.: 2013. A new estimate of the average Earth surface land temperature spanning 1753 to 

2011. Geoinfor Geostat: An Overview 1: 1. 

175. Sah, R. P.- Chakraborty, M.- Prasad, K.- Pandit, M.- Tudu, V. K.- Chakravarty, M. K.-

Moharana, D.: 2020. Impact of water deficit stress in maize: Phenology and yield 

components. Scientific reports, 10(1), 2944. 

176. Sánchez, B.- Rasmussen, A.- Porter, J. R.: (2014). Temperatures and the growth and 

development of maize and rice: a review. Global change biology, 20(2), 408-417. 

177. Sanchis, V.- Magan, N.: 2004. Environmental conditions affecting mycotoxins. 

Mycotoxins in food: Detection and control, 174-189. 

178. Santos, F. C.- Figueiredo, J. E. F.- Pinheiro, R. B.- Cota, L. V.- Vasconcelos, A. A.- 

Albuquerque Filho, M. R.- Silva-Araújo, D. D.: 2023. Effects of maize genotypes, nitrogen 

rates and sources in yield, nutritional status, and fumonisins incidence. Brazilian Journal 

of Biology, 83, e274081. 

https://doi.org/10.1094/PHYTO.1999.89.11.1028


 

100 
 

179. Sárvári, M.- Pepó, P.: 2014. Effect of production factors on maize yield and yield 

stability. Cereal Research Communications, 42(4), 710-720. 

180. Scarpino, V.- Reyneri, A.- Sulyok, M.- Krska, R.- Blandino, M.: 2018. Impact of the 

insecticide application to maize cultivated in different environmental conditions on 

emerging mycotoxins. Field Crops Research, 217, 188-198. 

181. Scarpino, V.- Sulyok, M.- Krska, R.- Reyneri, A.- Blandino, M.: 2022. The role of nitrogen 

fertilization on the occurrence of regulated, modified and emerging mycotoxins and fungal 

metabolites in maize kernels. Toxins, 14(7), 448. 

182. Schaafsma, A. W.- Nicol, R. W.- Reid, L. M.: (1997). Evaluating commercial maize hybrids 

for resistance to gibberella ear rot. European Journal of Plant Pathology, 103, 737-746. 

183. Scott, G. E.- Zummo, N.: 1990. Registration of Mp313E parental line of maize. 

http://dx.doi.org/10.2135/cropsci1990.0011183X003000060080x  

184. Scott, G. E.- Zummo, N.: 1992. Registration of Mp420 germplasm line of maize. 

http://dx.doi.org/10.2135/cropsci1992.0011183X003200050054x  

185. Screen, J. A- Simmonds, I.: (2010). The central role of diminishing sea ice in recent Arctic 

temperature amplification. Nature, 464(7293), 1334-1337. 

186. Shahid, M. R.: 2012. Effects of nitrogen fertilization rate and harvest time on maize (Zea 

mays L.) fodder yield and its quality attributes. Asian J. Pharm. Biol. Res, 2, 19-26. 

187. Shapiro, C.-Attia, A.- Ulloa, S.- Mainz, M.: 2016. Use of five nitrogen source and 

placement systems for improved nitrogen management of irrigated corn. Soil Science 

Society of America Journal, 80(6), 1663-1674. 

188. Shiferaw, B.- Prasanna, B. M.- Hellin, J.- Bänziger, M.: 2011. Crops that feed the world 

6. Past successes and future challenges to the role played by maize in global food 

security. Food security, 3, 307-327. 

189. Shim, D.- Lee, K. J.- Lee, B. W.: 2017. Response of phenology-and yield-related traits of 

maize to elevated temperature in a temperate region. The Crop Journal, 5(4), 305-316. 

190. Simões, D.- Carbas, B.- Soares, A.- Freitas, A.- Silva, A. S.- Brites, C.- Andrade, E. D.: 

2023. Assessment of agricultural practices for controlling Fusarium and mycotoxins 

contamination on maize grains: Exploratory study in maize farms. Toxins, 15(2), 136. 

191. Singh, S. D.: 2018. An investigation into the analytical, cytotoxicity and immunotoxicity 

of mycotoxins found in commercially available pelleted pet foods in Durban, South Africa 

(Doctoral dissertation). 

192. Solomon, S. (Ed.).: 2007. Climate change 2007-the physical science basis: Working group 

I contribution to the fourth assessment report of the IPCC (Vol. 4). Cambridge university 

press. 

http://dx.doi.org/10.2135/cropsci1990.0011183X003000060080x
http://dx.doi.org/10.2135/cropsci1992.0011183X003200050054x


 

101 
 

193. Souza, T. M.- Bernd, L. P.- Okumura, R. S.- Takahashi, H. W.- Ono, E. Y. S.- & Hirooka, 

E. Y.: 2016. Nitrogen fertilization effect on chemical composition and contamination by 

fungal-fumonisin of maize kernels. Revista Brasileira de Ciências Agrárias, 11(3), 218-

233. http://www.redalyc.org/articulo.oa?id=119047705011  

194. Suleiman, R. A.- Kurt, R. A.: 2015. Current maize production, postharvest losses and the 

risk of mycotoxins contamination in Tanzania. In 2015 ASABE Annual International 

Meeting (p. 1). American Society of Agricultural and Biological Engineers. 

195. Suzuki, N.- Rivero, R. M.- Shulaev, V.- Blumwald, E.- Mittler, R.: 2014. Abiotic and biotic 

stress combinations. New Phytologist, 203(1), 32-43. https://doi.org/10.1111/nph.12797  

196. Szabo, B.- Toth, B.- Toth Toldine, E.- Varga, M.- Kovacs, N.- Varga, J.- Mesterházy, A.: 

2018. A new concept to secure food safety standards against Fusarium species and 

Aspergillus flavus and their toxins in maize. Toxins, 10(9), 372. 

https://doi.org/10.3390/toxins10090372  

197. Széles, A.- Harsányi, E.- Kith, K.- Nagy, J.: 2018. The effect of fertilisation and weather 

extremities caused by climate change on maize (Zea mays L.) yield in Hungary. Journal of 

Agriculture Food and Development, 4(1), 1-9. 

198. Tamás, A., Kovács, E.- Horváth, É.- Juhász, C.- Radócz, L.- Rátonyi, T.- Ragán, P.: 2023. 

Assessment of NDVI dynamics of maize (Zea mays L.) and its relation to grain yield in a 

polyfactorial experiment based on remote sensing. Agriculture, 13(3), 689. 

199. Tima, H., Brückner, A.- Mohácsi-Farkas, C.- Kiskó, G.: 2016. Fusarium mycotoxins in 

cereals harvested from Hungarian fields. Food Additives & Contaminants: Part B, 9(2), 

127-131. 

200. Tola, M.- Kebede, B.: 2016. Occurrence, importance and control of mycotoxins: A review. 

Cogent Food & Agriculture, 2(1), 1191103.  

201. Tubajika, K. M.- Mascagni, H. J.- Damann, K. E.- Russin, J. S.: 1999. Nitrogen fertilizer 

influence on aflatoxin contamination of corn in Louisiana. Journal of Agricultural and 

Food Chemistry, 47(12), 5257-5260. https://doi.org/10.1021/jf990535f 

202. Tubajika, K. M.- Mascagni, H. J.- Damann, K. E.- Russin, J. S.: 1999. Nitrogen fertilizer 

influence on aflatoxin contamination of corn in Louisiana. Journal of Agricultural and 

Food Chemistry, 47(12), 5257-5260. 

203. Van der Fels-Klerx, H. J.- Liu, C.- Battilani, P.: 2016. Modelling climate change impacts 

on mycotoxin contamination. World Mycotoxin Journal, 9(5), 717 726.  

204. Van der Fels-Klerx, H. J.- van Asselt, E. D.- Madsen, M. S.- Olesen, J. E.: 2013. Impact 

of climate change effects on contamination of cereal grains with deoxynivalenol. PloS 

one, 8(9), e73602. 

205. van Doorn, W. G.- Van Meeteren, U.: 2003. Flower opening and closure: a review. Journal 

of experimental botany, 54(389), 1801-1812.  

http://www.redalyc.org/articulo.oa?id=119047705011
https://doi.org/10.1111/nph.12797
https://doi.org/10.3390/toxins10090372
https://doi.org/10.1021/jf990535f


 

102 
 

206. Virág, I. C.- Kutasy, E. T.- Lelesz, É. J.- Biró, G.- Tarcali, G.- Csüllög, K.: 2020. 

Appearance of Aspergillus flavus and Aspergillus niger toxin-producing fungi on maize 

around Debrecen in 2019 and 2020. 

207. Vučetić, V.: 2006. Impact of climate change on the maize productivity in Croatia. In Sixth 

Annual Meeting of the European Meteorological Society (EMS) and Sixth European 

Conference on Applied Climatology (ECAC) (pp. 1-1). 

208. Wahl, N.- Murray, S. C.- Isakeit, T.- Krakowsky, M.- Windham, G. L.- Williams, W. P.- 

Betran, J.: 2017. Identification of resistance to aflatoxin accumulation and yield potential 

in maize hybrids in the Southeast Regional Aflatoxin Trials (SERAT). Crop 

Science, 57(1), 202-215.  

209. Wang, L- Luo, Z.- Li, L.- Xie, J.- Fudjoe, S. K.- Zechariah, E.: 2022. Land use affects soil 

water balance and soil desiccation within the soil profile: evidence from the western Loess 

Plateau case. Land, 11(8), 1136. 

210. Wang, Y.- Liu, X.- Hou, X.- Sheng, D.- Dong, X.- Gao, Y.- Huang, S.: 2021. Maximum 

lethal temperature for flowering and seed set in maize with contrasting male and female 

flower sensitivities. Journal of Agronomy and Crop Science, 207(4), 679-689. 

211. Wang, Y.- Tao, H.- Tian, B.- Sheng, D.- Xu, C.- Zhou, H.- Wang, P.: 2019. Flowering 

dynamics, pollen, and pistil contribution to grain yield in response to high temperature 

during maize flowering. Environmental and Experimental Botany, 158, 80-88. 

212. Warburton, M. L.- Williams, W. P.- Windham, G. L.- Murray, S. C.- Xu, W.- Hawkins, L. 

K.- Duran, J. F.: 2013. Phenotypic and genetic characterization of a maize association 

mapping panel developed for the identification of new sources of resistance to Aspergillus 

flavus and aflatoxin accumulation. Crop Science, 53(6), 2374-2383. 

213. Warburton, M. L.- Williams, W. P.: 2014. Aflatoxin resistance in maize: what have we 

learned lately?. Advances in Botany, 2014(1), 352831. 

214. Warburton, M. L.-Tang, J. D.- Windham, G. L.- Hawkins, L. K.- Murray, S. C.- Xu, W.-

Williams, W. P.: 2015. Genome‐wide association mapping of Aspergillus flavus and 

aflatoxin accumulation resistance in maize. Crop Science, 55(5), 1857-1867. 

215. Westgate, M. E.- Boyer, J. S.: 1985. Osmotic adjustment and the inhibition of leaf, root, 

stem and silk growth at low water potentials in maize. Planta, 164, 540-549.  

216. Westgate, M. E.- Boyer, J. S.: 1986. Reproduction at low and pollen water potentials in 

maize 1. Crop Science, 26(5), 951-956.  

217. Wheeler, T.- Von Braun, J.: 2013. Climate change impacts on global food 

security. Science, 341(6145), 508-513. 

218. White, J. W.- Reynolds, M. P.: 2003. A physiological perspective on modeling temperature 

response in wheat and maize crops. Modeling temperature response in wheat and maize, 8. 



 

103 
 

219. Widstrom, N. W.- Guo, B. Z.- Wilson, D. M.: 2003. Integration of crop management and 

genetics for control of preharvest aflatoxin contamination of corn. Journal of Toxicology: 

Toxin Reviews, 22(2-3), 195-223. 

220. Williams, W.- Krakowsky, M. D.- Windham, G. L.- Balint-Kurti, P.- Hawkins, L. K.- Henry, 

W.: 2008. Identifying maize germplasm with resistance to aflatoxin accumulation. Toxin 

Reviews, 27(3-4), 319-345. https://doi.org/10.1080/15569540802399838  

221. Williams, W. P.- Krakowsky, M. D.- Scully, B. T.- Brown, R. L.- Menkir, A.- Warburton, 

M. L.-Windham, G. L.: 2015. Identifying and developing maize germplasm with resistance 

to accumulation of aflatoxins. World Mycotoxin Journal, 8(2), 193-210. 

https://doi.org/10.3920/WMJ2014.1751  

222. Williams, W. P.- Krakowsky, M. D.- Scully, B. T.- Brown, R. L.- Menkir, A.- Warburton, 

M. L.- Windham, G. L.: 2015. Identifying and developing maize germplasm with resistance 

to accumulation of aflatoxins. World Mycotoxin Journal, 8(2), 193-210. 

223. Williams, W. P.- Windham, G. L.- Buckley, P. M.- Perkins, J. M.: 2005. Southwestern corn 

borer damage and aflatoxin accumulation in conventional and transgenic corn 

hybrids. Field Crops Research, 91(2-3), 329-336.  

224. Williams, W. P.- Windham, G. L.: (2009). Diallel analysis of fumonisin accumulation in 

maize. Field crops research, 114(2), 324-326. 

225. Williams, W. P.- Windham, G. L.: 2001. Registration of maize germplasm line 

Mp715. Crop Science, 41(4), 1374-1374. 

226. Williams, W. P.- Windham, G. L.: 2006. Registration of maize germplasm line 

Mp717. Crop Science, 46(3), 1407-1409. 

227. Windham, G. L.- Williams, W. P.- Mylroie, J. E.- Reid, C. X.- Womack, E. D.: 2018. A 

histological study of Aspergillus flavus colonization of wound inoculated maize kernels of 

resistant and susceptible maize hybrids in the field. Frontiers in microbiology, 9, 799.  

228. Wu, F.- Bhatnagar, D.- Bui-Klimke, T.- Carbone, I.- Hellmich, R.- Munkvold, G.- Takle, 

E.: 2011. Climate change impacts on mycotoxin risks in US maize. World Mycotoxin 

Journal, 4(1), 79-93. 

229. Xu, F.- Baker, R. C.- Whitaker, T. B.- Luo, H.- Zhao, Y.- Stevenson, A.- Zhang, G.: 2022. 

Review of good agricultural practices for smallholder maize farmers to minimise aflatoxin 

contamination. World Mycotoxin Journal, 15(2), 171-186. 

230. Yan, Y.- Hou, P., Duan, F.- Niu, L.- Dai, T.- Wang, K- Zhou, W.: 2021. Improving 

photosynthesis to increase grain yield potential: an analysis of maize hybrids released in 

different years in China. Photosynthesis Research, 150(1), 295-311. 

231. Yang, B.- Zhu, W.- Rezaei, E. E.- Li, J.- Sun, Z.- Zhang, J.: 2022. The optimal phenological 

phase of maize for yield prediction with high-frequency UAV remote sensing. Remote 

Sensing, 14(7), 1559. 

https://doi.org/10.1080/15569540802399838
https://doi.org/10.3920/WMJ2014.1751


 

104 
 

232. Yang, D.- Jiang, X.- Sun, J.- Li, X.- Li, X.- Jiao, R.- Bai, W.: 2018. Toxic effects of 

zearalenone on gametogenesis and embryonic development: a molecular point of review. 

Food and Chemical Toxicology, 119, 24-30.  

233. Yiannikouris, A.- Poughon, L.- Cameleyre, X.- Dussap, C. G.- François, J.- Bertin, G.- 

Jouany, J. P.: 2003. A novel technique to evaluate interactions between Saccharomyces 

cerevisiae cell wall and mycotoxins: application to zearalenone. Biotechnology letters, 

25(10), 783-789.  

234. Zafar, S.- Iqbal, N. A. E. E. M.- Haidar, M. Z.- Rafique, M.- Ali, M.: 2021. Responses of 

spring sown maize (Zea mays L.) genotypes to Aspergillus flavus inoculation: grain yield 

and quality attributes. Pak. J. Bot, 53(4), 1507-1513. http://dx.doi.org/10.30848/PJB2021-

4(30  

235. Zain, M. E.: 2011. Impact of mycotoxins on humans and animals. Journal of Saudi 

Chemical Society, 15(2), 129-144. 

236. Žalud, Z.- Hlavinka, P.- Prokeš, K.- Semerádová, D. Jan, B.- Trnka, M.: 2017. Impacts of 

water availability and drought on maize yield–A comparison of 16 indicators. Agricultural 

Water Management, 188, 126-135. 

237. Zhang, Y.- Wang, H.- Lei, Q.- Luo, J.- Lindsey, S.- Zhang, J.- Liu, H.: 2018. Optimizing 

the nitrogen application rate for maize and wheat based on yield and environment on the 

Northern China Plain. Science of the Total Environment, 618, 1173-1183. 

http://dx.doi.org/10.30848/PJB2021-4(30
http://dx.doi.org/10.30848/PJB2021-4(30


 

105 
 

10 PUBLICATIONS 

 



 

106 
 



 

107 
 

 

  



 

108 
 

11. DECLARATIONS 

 

DECLARATION  

This dissertation enables to obtain the doctoral (Ph.D.) degree of the University of Debrecen 

prepared in the framework of Kerpely Kálman Doctoral School of the University of Debrecen.  

Debrecen, 20..................................   

................................................... 

Signature of the candidate 

DECLARATION 

 I certify that ………………………………. doctoral candidate 20 ..….-20 ..…. The above-

mentioned Doctoral School carried out its work under my direction. The independent creative 

activity of the candidate is decisive for the results included in the dissertation, and the 

dissertation is the candidate's independent work. I suggest/recommend the acceptance of the 

dissertation.  

Debrecen, 20 ................................ 

  ...........................................  

Signature of the supervisor (s)  



 

109 
 

12. APPENDICES 

12.1 List of Tables 

Table 1: Global maize production trends (FAOStat, 2024) ....................................................... 5 

Table 2: Mycotoxigenic Fungi species associated with cereal crops and their mycotoxins ...... 8 

Table 3: Mycotoxin in cereals and other associated crops and health effects on human and 

animals ..................................................................................................................................... 10 

Table 4: Agrotechnical operations in the experimental years, Latókép – Debrecen (2022-2024)

 .................................................................................................................................................. 29 

Table 5: Deviation of weather conditions in growing seasons (Debrecen, 2022-2024) .......... 40 

Table 6: Crop year weather variability influences grain yield and quality .............................. 41 

Table 7: Effects of year variability on fungal disease development and mycotoxin 

contamination ........................................................................................................................... 45 

Table 8: Correlation coefficient values showing a relationship of yearly agrometeorological 

conditions on yield, fungal disease development, and mycotoxin contamination (Debrecen, 

2022-2024) ............................................................................................................................... 46 

Table 9: Relative chlorophyll content (SPAD) in different growth stages to nitrogen rates and 

maize hybrids on grain yield in the experiment years (Debrecen: 2022-2024) ....................... 47 

Table 10: Effects of N fertilization and selected hybrids on NDVI and LAI  in various growth 

stages to yield and grain quality ............................................................................................... 51 

Table 11: Implication of relative chlorophyll content, LAI, and NDVI on maize yield, fungal 

diseases development, and mycotoxin contamination. ............................................................ 58 

Table 12: N rates, hybrid selection, and ear inoculation influence the severity of ear rot and 

contamination of mycotoxin (Debrecen, 2022-2024) .............................................................. 61 

Table 13:  Interactive effects of N  rates and hybrid selection on the severity of ear and kernel 

rot (Debrecen, 2022-2024) ....................................................................................................... 64 

Table 14: Interaction effects of N doses and hybrid genetics on mycotoxin contamination across 

years (Debrecen, 2022-2024). .................................................................................................. 66 

Table 15: Pearson correlation coefficients for ear rot and mycotoxin levels (Debrecen, 2022-

2024). ........................................................................................................................................ 70 

 

  



 

110 
 

12.2 List of Figures 

Figure 1: Changes in global maize production trends compared to other staple cereals 

(FAOSTAT, 2024) ..................................................................................................................... 6 

Figure 2: Meteorological data of the Látókép research station during the experiment years and 

the average for the past 30 years (Debrecen: 2022-2024). ....................................................... 28 

Figure 3: Agrotechnical treatment combinations ..................................................................... 30 

Figure 4: toothpick inoculation procedures: (1) Inoculum toothpicks, (2) Making a hole  with 

an awl, (3) Hole on the ear, (4) Inoculum toothpick inserted .................................................. 31 

Figure 5: Ears inoculated with fungal isolates  of FG, AF, and FV vs untreated controls ...... 32 

Figure 6: Harvesting- Sampo Rosenlew SR 2010 plot combine harvester .............................. 35 

Figure 7: Yearly agrometeorological conditions during the growing seasons at the Latókép 

experiment site of the University of Debrecen (2022-2024): A, B, and C Rainfall, Temperature: 

and RH % 2022, 2023, and 2024 respectively). ....................................................................... 39 

Figure 8: Interactive influence of N dosage and selected hybrids on yield across the experiment 

years (Debrecen, 2022-2024) ................................................................................................... 42 

Figure 9: Effects of nitrogen fertilization and hybrid selection on relative chlorophyll content- 

SPAD in various growth stages (A&B; C&D; E&F) in 2022, 2023, and 2024, respectively 

(Debrecen, 2022-2024) ............................................................................................................. 48 

Figure 10: Nitrogen fertilization and Hybrids influence LAI in various growth stages (A&B; 

C&D; E&F) in 2022, 2023, and 2024, respectively ................................................................. 52 

Figure 11: Nitrogen fertilization and Hybrids influence NDVI in various growth stages (A&B; 

C&D; E&F) in 2022, 2023, and 2024, respectively ................................................................. 53 

Figure 12: Interactive effects of crop year, nitrogen fertilization, and hybrids on leaf area Index 

(LAI): Debrecen, 2022-2024)................................................................................................... 54 

Figure 13: Interactive effects of crop year, nitrogen fertilization, and hybrids on leaf area Index 

(NDVI): Debrecen, 2022-2024) ............................................................................................... 55 

Figure 14: Analyzing the relationships between the severity of ear rot and the production of 

mycotoxins reveals a regression relationship: (A) FG% vs. DON; (B) FV% vs. FBs; (C) AF% 

vs AFB1 .................................................................................................................................... 71 

Figure 15: The principal component analysis biplot showing the relationships of crop year on 

yield, fungal disease development, and mycotoxin contamination. The first principal 

component explains 33.26% of the variance, while the second principal component contributes 

27.39%, making a total variability of 60.65% .......................................................................... 73 



 

111 
 

Figure 16: The principal component analysis biplot showing the relationships of crop year on 

yield, SPAD, NDVI, LAI,  fungal disease development, and mycotoxin contamination. The first 

principal component explains 28% of the variance, while the second principal component 

accounts for 16.05%, making a total variability of about 44.05%. Clustering patterns of 

observation, direction, and magnitude of variables contributing to variability are presented by 

ellipses and arrows (Debrecen, 2022-2024). ............................................................................ 75 

Figure 17: Effects of nitrogen fertilization on grain yield, quality, physiological traits, fungal 

disease development, and mycotoxin contaminations of maize (Debrecen, 2022-2024). ....... 76 

Figure 18: Effects of selected hybrid on grain yield, quality, physiological traits, fungal disease 

development, and mycotoxin contaminations (Debrecen, 2022-2024) .................................... 77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

112 
 

 12.3 Some Experimental photos 

 



 

113 
 

 



 

114 
 

 

Above all, I am thankful to the almight GOD for granting me good health throughout the 

study during the stay in Debrecen, Hungary. 

I would like to express my sincere gratitude and appreciation to my supervisor Prof. Dr. PÉTER 

PEPÓ (DSc.)  for his unwavering and constructive guidance, encouragement and insightful 

support rendered throughout the study process from proposal development, experiment 

establishment, data collection and preparation of this dissertation. 

A debt of gratitude goes to all staff of the institute of plant production for their invaluable 

support and collaboration throughout my academic journey, their invaluable support, expertise 

and generosity in knowledge sharing greatly enriched this journey with a vital role to successful 

completion.  I am grateful and thankful to my thesis opponents Prof. Dr. CSAJBÓK JÓZSEF 

and Dr. FUTÓ ZOLTAN (Ass. Professor) for being resourceful and constructive criticism and 

feedback, which comprehensively enhanced the overall quality of the dissertation. 

I am grateful to my family, my late parents LETICIA RAPHAEL and SYLIVESTER NYANDI 

who built the foundation in my academic journey.  I am profoundly grateful to my wife Mrs. 

HYASINTA CONSTANTINE MWANGA for her unwavering support, patience and 

understanding throughout this journey. Her belief in me and encouragement strengthened me 

for making this accomplishment.  

To my friends and colleagues, ANTENEH AGEZEW MELASH, BEKIR BYTYQI, 

EBENEZER AYEW APPIAH, AKASAIRI OCWA and everyone else I had the opportunity to 

interact with and who have contributed to my pleasant stay and memorable experiences in 

Hungary, thank you very much. I would like to express my sincere gratitude to the Látókép 

Research site Staff of the university of Debrecen for their technical guidance and support 

throughout the experiment  

ACKNOWLEDGEMENT 


