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1.1. Wheat 

1.1.1. Origin of wheat 

The domestication of wheat that began  8,000 to 10,000 years ago in the Fertile Crescent 

between the rivers Euphrates and Tigris marked a significant shift in humankind from 

hunter-gatherer to sedentary farmer (Curtis & Halford, 2014). Nowadays, cultivated 

wheat usually refers to two polyploid types: hexaploid bread (common) wheat, Triticum 

aestivum (2n = 6x = 42, BBAADD), and tetraploid durum wheat, T. turgidum var. durum 

(2n = 4x = 28, BBAA). Genomes (A, B, and D) of hexaploid bread wheat originate from 

three diploid wild progenitors: Triticum urartu, an unidentified relative of Aegilops 

speltoides, and Ae. tauschii, respectively (Haas et al., 2019; Levy & Feldman, 2022). 

Hexaploid bread wheat is an annual and primarily self-fertilizing plant species which 

currently accounts for 95% of total wheat production worldwide (Peng et al., 2011; 

Tadesse et al., 2015). According to its growth habit, it is often classified as winter and 

spring wheat (Tadesse et al., 2015). 

1.1.2. Importance of wheat in the world 

Today, wheat is one of the world's most widely grown cereals after maize (Web source 

1) and one of the most adapted crops growing in versatile habitats with a plethora of uses 

developed, such as all sorts of bread, pasta, biscuits, noodles, couscous, and beer 

(Gustafson et al., 2009; Curtis & Halford, 2014). World wheat production has been 

steadily rising. This is mostly due to higher wheat yields and more intensive wheat 

farming rather than land expansion (Reynolds & Braun, 2022). Plant breeding and the 

further development and application of fertilizers, insecticides, and herbicides had a 

significant impact on the productivity of wheat. According to the Food and Agriculture 

Organization of the United Nations (FAO), the world area under wheat cultivation in 

2023 was over 220 million ha, resulting in a production of over 798 million t of wheat with 

a grain yield of 3,625 kg/ha (Figure 1). Asia constituted a significant portion of global 

wheat production, with China (17%) and India (13%) as the leading producers, while the 

Russian Federation ranked third, contributing 11% to global wheat production in 2023. 

In Croatia, wheat was grown in an area of more than 172,000 ha in 2023, resulting in a 

production of around 834,230 t (Web source 1). 
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The consumption of wheat is rising worldwide, including regions with climates 

unsuitable for its cultivation, and the growth of the population will exacerbate the need 

for wheat even more (Shewry & Hey, 2015). The global population is projected to rise by 

2 billion, from the present 7.7 billion to 9.7 billion by 2050, with estimates ranging from 

8.9 to 10.7 billion based on varying fertility rates. Assuming a steady annual per capita 

consumption, this indicates a potential yearly increase of 132 million t of wheat for food 

by 2050 (ranging from 106 to 224 million t based on the projected fertility) (Reynolds & 

Braun, 2022). Besides being essential to human civilization, wheat has also enhanced food 

security, both globally and regionally. It holds the greatest importance among cereals 

mostly due to its grains, which contain protein with unique physical and chemical 

properties (Khalid et al., 2023; Španić, 2023). It provides around 20% of daily human 

requirements for calories and proteins on a worldwide scale and serves as a fundamental 

food source for 40% of the population (Tadesse et al., 2015). 

 

Figure 1. World wheat area harvested, production, and grain yield from 1961 until 2023 (Web source 1).  

Besides providing significant daily requirements of energy in the form of carbohydrates 

and serving as an important source of proteins, wheat also provides significant amounts 

of dietary fibre, B vitamins, and other micronutrients such as lipids, minerals, and 

phytochemicals which contribute to a healthy diet (Shewry & Hey, 2015; Hazard et al., 

2020; Khalid et al., 2023). However, these components may differ in quantity and content 

as a result of the effect of genotype and environment.  
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1.2. Wheat under biotic stress  

Along with the increase in the population and the escalation of abiotic stresses due to 

climate change, biotic stresses significantly threaten wheat production. Climate change 

also heightens the risk of biotic stress by expanding larger pathogen populations, more 

frequent disease outbreaks, and enhanced spread of diseases to novel areas. Biotic stress 

adversely affects wheat in growing regions around the world, resulting in annual yield 

losses of around 22% that are projected to escalate even more. Biotic stress is induced by 

various living organisms, including fungi, viruses, insects, nematodes, and weeds (Mao 

et al., 2023).  

Among causal agents of biotic stress, pathogenic fungi represent one of the most 

significant challenges to wheat global production. To survive and cope with such 

pathogens, wheat has evolved a sophisticated immune system consisting of a passive and 

active line of defence. Passive defence comprises physical barriers such as cutin, waxes, 

lignin deposition on cell walls, and specialised trichomes, which prevent pathogens from 

entering plant cells or the production of antimicrobial molecules. Active defence includes 

two levels of pathogen recognition triggering defence responses, pathogen-associated 

molecular patterns (PAMP)-triggered immunity or PTI (first level of recognising PAMPs 

by pattern recognition receptors) and effector-triggered immunity or ETI (recognising 

pathogen specific effectors or Avr proteins by plant resistance or R proteins) (Ali et al., 

2018; Gimenez et al., 2018; Iqbal et al., 2021). The first reactions to a pathogen attack 

include disturbances of the cytosolic calcium concentration and the formation of reactive 

oxygen species (ROS). These initial responses lead to the activation of mitogen-activated 

protein kinases and defence hormones, as well as a variety of transcriptional, 

translational, and metabolic reprogramming. Thus, PTI and ETI lead to a comprehensive 

reprogramming of wheat gene expression via various receptor proteins, signal 

transduction cascades, kinases, ROS, hormones, and transcription factors, which protect 

against invading pathogens (Muthamilarasan & Prasad, 2013; Seybold et al., 2014; Aldon 

et al., 2018). PTI and ETI are both salicylic acid (SA) dependent and induce a systemic 

defence response termed systemic acquired resistance (SAR), a type of long-term 

resistance which results in the stimulation of resistance in plant parts distant from the site 

of infection (Iqbal et al., 2021; Movahedi et al., 2022).  
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1.3. Fusarium head blight 

Fusarium head blight (FHB) is one of the most devastating mycotoxigenic preharvest 

fungal diseases globally, infecting cereals such as maize, barley, and wheat. The severe 

effect of this wheat disease is attributed to the absence of resistant genotypes, substantial 

grain yield loss, and deterioration of grain quality during epidemic years, as well as the 

health risks associated with wheat food or feed derived from grains contaminated with 

mycotoxins produced by the fungi (Dweba et al., 2017; Ma et al., 2020). The dominating 

species causing FHB fluctuate annually and geographically, based on temperature, 

rainfall, and crop rotations. Species Fusarium graminearum Schwabe (teleomorph 

Gibberella zeae) is the most common pathogen worldwide and was previously considered 

the only cosmopolitan species. Recent genetic investigations revealed that F. graminearum 

comprises at least 16 species, collectively referred to as the F. graminearum species 

complex (Xu et al., 2005; Boutigny et al., 2011; Sarver et al., 2011; Vaughan et al., 2016; 

Peršić et al., 2023). F. graminearum is a species that can typically be found in warm and 

hot climate zones with an average annual temperature of over 15 °C. Nevertheless, it is 

also prevalent in temperate climate regions during the wheat growing season, marked by 

elevated temperatures and high humidity (Spanic et al., 2010; Hellin et al., 2016; 

Hietaniemi et al., 2016; Mielniczuk & Skwaryło-Bednarz, 2020). F. culmorum (Wm. G. Sm.) 

Sacc., F. avenaceum (Fr.) Sacc., and F. poae (Peck) Wollenw. species often infect cereals in 

cooler regions (Xu et al., 2007; Popovski & Celar, 2013; Stenglein et al., 2014). F. culmorum 

exhibits tolerance to fluctuating thermal conditions, although its detrimental impact on 

cereals is amplified at elevated temperatures. F. avenaceum usually occurs in regions with 

an average annual air temperature ranging from 5 to 15 °C and moderate to high 

precipitation between 500 and 1,000 mm annually or even above 1,000 mm. Although this 

species is characteristic for cooler regions, it exhibits considerable tolerance to variations 

in temperature and humidity. Recent years have witnessed an increased importance of 

FHB caused by F. poae, which, while infecting cereal spikes, does not produce usual 

disease symptoms, but contaminates the grain with mycotoxins. Multiple publications 

assert that F. poae is capable of colonising spikes even under drier conditions (Xu et al., 

2008; Mielniczuk & Skwaryło-Bednarz, 2020). Nevertheless, when environmental 

conditions are not optimal for the primary FHB causal agents, other species such as F. 

sporotrichioides Sherb., F. crookwellense L.W. Burgess, P.E. Nelson & Toussoun, F. roseum 

Link (synonym F. cerealis (Cooke) Sacc.), F. equiseti (Corda) Sacc., F. tricinctum (Corda) 

Sacc., F. oxysporum Schltdl., and F. langsethiae Torp & Nirenberg are likely to play 

Ocje
na

 ra
da

 

u t
ije

ku



Introduction 

6 
 

significant roles in pathogenesis (Yli-Mattila, 2011; Infantino et al., 2012; Yli-Mattila et al., 

2013). Most of the Fusarium species can be classified as hemibiotrophs, where in the initial 

phases of the infection, the pathogen relies on a living host (biotrophic) but then shifts to 

colonising and killing host cells (necrotrophic) (Ma et al., 2013).  

The life cycle of Fusarium species comprises a saprophytic and a pathogenic phase (Walter 

et al., 2010). Infected plant debris, on which the fungus overwinters as the saprophytic 

mycelia, serves as the primary source of inoculum for disease development. Although 

the saprophytic mycelia allow the production of both asexual (microconidia, 

macroconidia, and chlamydospores) and sexual (ascospores) spores, ascospores cause 

primary infection of wheat (Leplat et al., 2013; Dweba et al., 2017; Brauer et al., 2020). 

Warm and humid weather triggers the development and maturity of perithecia, and 

consequently, the production of ascospores simultaneously with the wheat flowering 

stage. The produced ascospores are then ejected from the mature peritechia and 

dispersed by wind or rain (Goswami & Kistler, 2004; Leplat et al., 2013).  

Wheat is the most susceptible to disease during the flowering stage when the deposition 

of spores on or inside the spike tissue initiates the infection process. Fusarium hyphae 

then proliferate on the external surfaces of florets and glumes, facilitating the fungus's 

growth towards stomata and other susceptible spots within the inflorescence. Hyphae 

can also develop distinctive formations between the cuticle and cell wall on the surface 

of infected glumes. Such formations are believed to facilitate fungal spread and likely 

result in direct penetration of epidermal cells. After penetration, Fusarium hyphae are 

able to spread within the cell apoplast. The floret, the anthers, the stigma, and lodicules 

are most readily colonised, resulting in substantial cytological changes and, ultimately, 

cell death (Figure 2) (Goswami & Kistler, 2004; Trail, 2009; Walter et al., 2010). Alternative 

pathways for direct entry encompass stomata and near parenchyma, partially or fully 

exposed anthers, gaps between the lemma and palea during anther opening, and via the 

base of the wheat glumes, where the epidermis and parenchyma are thin-walled. The 

primary mechanism of fungal spread in wheat occurs from floret to floret inside a spikelet 

and from spikelet to spikelet via the vascular bundles in the rachis and rachilla.  
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Figure 2. The life cycle of Fusarium graminearum, the causal agent of Fusarium head blight on wheat (Trail, 

2009). 

Symptoms of the disease on the infected spike are evident throughout the milk stage of 

the grain development. Spikes or isolated spikelets infected by Fusarium spp. exhibit a 

complete discoloration, appearing bleached and tan. Awns of the spike often become 

deformed, twisted and curved downward. Infected plant tissues undergo earlier 

senescence, exhibiting the characteristic coloration of mature spikes in comparison to the 

green, uninfected spikes. Pink sporodochia containing conidial spores, along with a 

mycelial layer, emerge on infected chaff in spikes following several days of infection 

under sustained high humidity. The atrophy of infected spikelets blocks grain filling, 

resulting in a decrease of grain quantity within the spike, while the grains maturing 

inside infected spikes are often small, grey, shrivelled, exhibiting a loose texture, 

frequently covered with sporodochia and mycelium (Pirgozliev et al., 2003; Goswami & 

Kistler, 2004; Golinski et al., 2010; Španić, 2016; Mielniczuk & Skwaryło-Bednarz, 2020).  
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1.3.1. Types of wheat resistance to Fusarium head blight

The resistance of wheat to FHB is complex and encompasses numerous resistance 

mechanisms (Martin et al., 2017). It includes passive resistance factors (defined by plant 

characteristics that indirectly reduce susceptibility, including morphological and 

developmental traits) and active resistance factors (defined by gene products that 

enhance plant resistance) (Buerstmayr et al., 2020). Morphological and developmental 

traits such as plant height, spikelet density, awn morphology, flowering date, degree of 

floret opening at the flowering stage, anther extrusion, and grain filling rate are all 

associated with passive mechanisms of FHB resistance (Bai et al., 2018; Buerstmayr et al., 

2020). For instance, plant height is particularly important for FHB resistance. In field 

conditions, the pathogen survives on crop debris on the soil surface, serving as a reservoir 

of inoculum for the subsequent season. For effective infection, Fusarium spores need to 

reach the spikes. Thus, shorter plants are more susceptible to infection by rain-splash-

dispersed conidia or ejected ascospores, while taller plants are more likely to evade 

infection (Jenkinson & Parry, 1994). In addition, microscopic analysis found enhanced 

hyphal growth on deteriorating tissues, including retained anthers, pollen, and stigma, 

whereas colonisation occurred at a slower rate on the more resilient tissues of the lemma 

and palea (Kang & Buchenauer, 2000). 

Active resistance mechanisms comprise five types of resistance (Martin et al., 2017; 

Mesterhazy, 2020; Spanic & Sarcevic, 2023). Schroeder and Christensen (Schroeder & 

Christensen, 1963) first observed two types of resistance - type I and type II. Type I 

resistance is characterised by the host's ability to prevent pathogen penetration during 

the initial phase of infection. It is often assessed by applying a spore suspension to 

flowering spikes and quantifying disease incidence (the proportion of spikes exhibiting 

disease symptoms). Type II resistance relates to resistance to the spread of the pathogen 

inside a spike, and it is assessed by introducing conidia into an individual spike floret 

and determining the percentage of symptomatic spikelets (Bai & Shaner, 2004). 

Genotypes exhibiting high type II resistance show reduced final disease severity, even 

when numerous florets are infected. In contrast, susceptible genotypes with low type II 

resistance undergo complete bleaching of the spike despite initial infection of only a 

single spikelet (Bai et al., 2018). The precise evaluation of type I resistance is more 

challenging than that of type II resistance, which has been thoroughly examined and is 

frequently used in breeding programmes due to its stability and ease of evaluation (Wu 

et al., 2022). These two types of resistance were later extended to type III resistance or 
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resistance to mycotoxin accumulation, type IV resistance or resistance to kernel infection, 

and type V resistance or tolerance to the FHB (Mesterházy, 1995). Since type III resistance 

has a role in reducing disease spread, it is often considered a component of type II 

resistance. In addition, some authors proposed type III resistance to be classified into two 

categories – resistance to trichothecene accumulation through metabolic transformation 

and resistance via suppression of trichothecene biosynthesis (Boutigny et al., 2008). For 

the parameter of type IV resistance, researchers typically utilise damaged kernel rate (Wu 

et al., 2022). Tolerance to the FHB or type V resistance assesses the grain yield response 

to FHB infection.  

1.3.2. Fusarium mycotoxins 

Apart from the reduction of wheat grain yield and quality, each Fusarium species 

produces a distinct profile of secondary metabolites toxic to human and animal health. 

Consequently, the European Union Commission established legal limits and 

recommendations for several FHB mycotoxin concentrations in food and feed (European 

Commission, 2006a, 2006b, 2013; Spanic et al., 2020). Three types of mycotoxins - 

trichothecenes, fumonisins, and zearalenone, have been demonstrated to induce 

outbreaks of disease in both, humans and animals. 

Trichothecenes,  sesquiterpene epoxides, are one of the most important and chemically 

diverse groups of Fusarium mycotoxins, which include more than 200 toxins (Escrivá et 

al., 2015; Ji et al., 2019). Based on the presence of a keto group on the C-8 position, 

Fusarium trichothecenes are divided into two groups: type A, which lacks a keto group, 

and type B, where a keto group is present (Pasquali et al., 2016). Type A trichothecenes 

mainly comprise the highly toxic T-2 toxin, its deacetylated form HT-2 toxin, 

diacetoxyscirpenol, and neosolaniol (Ekwomadu et al., 2021). However, some of the most 

significant trichothecenes are type B trichothecenes - deoxynivalenol (DON) (Figure 3a), 

nivalenol (NIV) (Figure 3b) and their acetylated derivatives (Spanic et al., 2023). 

According to the profiles of trichothecene production, specific chemotypes of Fusarium 

spp. were determined (Pirgozliev et al., 2003; Mielniczuk & Skwaryło-Bednarz, 2020). In 

chemotype I are included strains that produce DON and/or its acetylated forms 3-

acetyldeoxynivalenol (3-ADON) and 15-acetyldeoxynivalenol (15-ADON), while in 

chemotype II are included strains that produce NIV and/or 4-acetylnivalenol (4-ANIV). 

Within chemotype I, two separate chemotypes are distinguished based on the production 

of 3-ADON (chemotype IA) and 15-ADON (chemotype IB) (Gilbert & Haber, 2013; 
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Pasquali et al., 2016). According to Dweba et al. (Dweba et al., 2017), the data indicate 

that 15-DON is the predominant FHB chemotype worldwide. At the molecular level, 

trichothecenes exhibit inhibitory effects on the primary metabolism of eukaryotic cells, 

including the suppression of protein, DNA and RNA synthesis (Alassane-Kpembi et al., 

2013). Diseases linked to these toxins in humans and animals encompass feed refusal, 

nausea, vomiting, abortions, weight loss, skin irritation, internal organ haemorrhaging, 

haematological problems, immunosuppression, and neurological disturbances (Escrivá 

et al., 2015; Ekwomadu et al., 2021). 

Zearalenone (ZEN) (Figure 3c), in conjunction with fumonisins and type B 

trichothecenes, is regarded as the most significant representative of Fusarium mycotoxins 

concerning human and animal health consequences and related economic losses (Escrivá 

et al., 2015). ZEN is a 6-(10-hydroxy-6-oxo-trans-1-undecenyl)-β-resorcylic acid lactone 

and is biosynthesized through a polyketide pathway. When present in the body of 

mammals, ZEN is metabolized to α-zearalenone, which has greater toxicity than ZEN 

and even low doses of this mycotoxin can affect the sex hormone cycle (Zhang et al., 

2018). Due to the structural similarity with the estrogen hormones, ZEN and its 

metabolites are often termed as nonsteroidal mycoestrogens, a subgroup of naturally 

occurring estrogenic compounds. Hence, its main target is the reproductive system, 

where ZEN competitively binds to estrogen receptors. It has been shown that ZEN not 

only causes changes in the reproductive system, but it can also be genotoxic, 

immunotoxic, hepatotoxic, nephrotoxic, and an inducer of lipid peroxidation in both 

domestic and laboratory animals (Pistol et al., 2014). Although ZEN toxicity in humans 

has not been studied in detail, studies indicate that it has carcinogenic potential and that 

it can cause reproductive toxicity by acting as an endocrine disruptor (Rai et al., 2020; 

Han et al., 2022). Prolonged exposure to ZEN through dietary sources in pregnant women 

may lead to lower embryo survival, reduced fetal weight, and impaired lactation. ZEN is 

also considered to alter uterine tissue morphology and reduce progesterone and 

luteinizing hormone levels, while in men, ZEN decreases the number of sperm and their 

viability and obstructs spermatogenesis (Ropejko & Twarużek, 2021).  Ocje
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Figure 3. Molecular structures of a) deoxynivalenol (DON), b) nivalenol (NIV), and c) zearalenone (ZEN) 

(Escrivá et al., 2015). 

Occasionally, clinical symptoms of diseases resulting from the consumption of 

mycotoxin-contaminated food and feed in humans and animals have been significantly 

more severe than expected based on the measured concentrations of well-known 

mycotoxins in the food and feed. This has resulted in the identification of “masked” 

mycotoxins or mycotoxin glucosides, named for their ability to evade detection by 

standard analytical techniques (Broekaert et al., 2015).  Although the term “masked” 

mycotoxins initially referred to DON and ZEN glucosides, recent discoveries of other 

mycotoxin derivatives, such as N-deoxyfructosyl-fumonisins, have led to the suggestion 

of the name “modified” mycotoxins (Nakagawa et al., 2017). While in vitro research 

indicates that masked forms exhibit less toxicity on animal and human cells compared to 

free mycotoxins, in vivo studies reveal that masked forms possess considerable toxicity 

owing to their enzymatic conversion to the free form. Consequently, it is essential to 

consistently monitor the prevalence of Fusarium mycotoxins and their modified variants 

in food and feed products (Broekaert et al., 2015; Ekwomadu et al., 2021).  

Except for “masked” mycotoxins, there are also mycotoxins termed as minor or 

“emerging”, which refers to mycotoxins which are not routinely determined or 

legislatively regulated, but the evidence of their incidence is rapidly increasing 

(Woelflingseder et al., 2019). This category includes mycotoxins such as beauvericin, 

enniatins, fusaproliferin, moniliformin, and culmorin (CUL). Although CUL is often 

considered a fungal secondary metabolite, in recent times, it is also referred to as an 

“emerging“ mycotoxin. It is a tricyclic sesquiterpene diol synthesised by many Fusarium 

species, including F. culmorum, F. graminearum, F. venenatum, and F. cerealis (syn. 

crookwellense) (Woelflingseder et al., 2019). Only a limited number of studies describing 

the toxicological relevance of CUL. However, it has been shown that this metabolite 

possesses antifungal and phytotoxic effect to wheat coleoptile tissue (Weber et al., 2018). 
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Furthermore, naturally contaminated grain samples are found to have elevated amounts 

of CUL, which are often positively associated with the levels of DON. Although CUL 

alone does not seem to impact insects or animals, its co-occurrence with DON may have 

a synergistic effect on toxicity. Recent results suggest that CUL may inhibit the activity of 

uridine diphosphate glucosyltransferases. These enzymes, found in most mammalian 

cells, facilitate the glucuronidation which is a major phase II conjugation pathway for 

xenobiotics. Consequently, inhibition of these enzymes suppresses glycosylation of DON 

into the less toxic DON-3-glucoside (D3G) (Wipfler et al., 2019). Other naturally occurring 

related compounds of CUL include 5-hydroxyculmorin, 12-hydroxyculmorin, and 15-

hydroxyculmorin (Weber et al., 2018). 

1.4. Plant metabolism in response to pathogen attack 

Plants synthesise thousands of distinct metabolites that function to attract pollinators, 

repel herbivores, resist microbial infections, and provide protection against different kind 

of stress (Kessler & Kalske, 2018). Plant metabolism is categorised into two main 

categories: primary metabolism, which comprises molecules essential for the plant's 

growth, development, and reproduction, and specialised (secondary) metabolism, which 

includes compounds necessary for the plant to effectively manage abiotic and biotic stress 

factors. These categories are inherently interconnected, where metabolites from primary 

metabolism act as building blocks for secondary metabolism (Sulpice & McKeown, 2015; 

Fang et al., 2019).  

Metabolites exhibit several functions in plant-pathogen interactions, encompassing 

pathogen detection, signal transmission, enzyme control, intercellular signalling, and 

antimicrobial activity (Castro-Moretti et al., 2020). Phytopathogen infection induces 

modifications in secondary metabolism through the activation of defensive mechanisms, 

as well as modifications in primary metabolism that impact the plant's growth and 

development. Consequently, pathogen invasion results in reductions in crop yield, even 

in cases that do not result in disease or plant death (Berger et al., 2007). A substantial 

array of metabolites that may function in cereals to mitigate the effects of toxigenic fungi, 

specifically Fusarium, and diminish mycotoxin accumulation has been identified. These 

metabolites originate from primary and secondary plant metabolism and can be broadly 

categorised into six principal groups: fatty acids, amino acids and their derivatives, 

carbohydrates, amines and polyamines, terpenoids, and phenylpropanoids (Atanasova-

Penichon et al., 2016). While the biochemical foundations of pathogenesis in plant-
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pathogen interactions have been thoroughly examined, recent advancements in 

metabolomics enable the holistic monitoring of the plant's metabolome and metabolic 

regulation in response to stimuli, allowing for an integrated study rather than an analysis 

of isolated pathways (Aliferis et al., 2014). This suggests that in the future, metabolomics 

could open a new approach in examining plant-pathogen interactions during FHB 

infection and thus contribute to the discovery and development of a strategy for adapting 

wheat genotypes resistant to the FHB (Dong et al., 2023). 

1.5. Photosynthesis in response to pathogen attack 

Phytopathogen infection induces alterations in secondary metabolism through the 

activation of defence mechanisms, as well as modifications in primary metabolism that 

impact plant growth and development. Although the regulation of defence responses has 

been thoroughly studied, the impact of pathogen infection on primary metabolism, such 

as photosynthesis, remains poorly understood (Berger et al., 2007). Photosynthesis is a 

process that occurs in diverse green organs, including leaves, young stems, green fruits, 

and immature spikes, supplying the energy necessary for numerous processes in plants 

(Yang & Luo, 2021). The initiation of defence mechanisms and the pathogen’s uptake of 

nutrients subsequently result in greater demand for assimilates inside the plant. 

However, pathogen infection frequently also results in the formation of chlorotic and 

necrotic regions on the surface of green organs, which leads to the reduction in 

chlorophyll (Chl) biosynthesis and photosynthetic assimilate production (Berger et al., 

2007; Cheaib & Killiny, 2024). Photosynthetic source organs, primarily the leaves, are 

plant organs that can carry out photosynthesis, whereas photosynthetic sink organs, 

including stalks, roots, fruits, and grains, serve as store organs for the organic matter 

synthesised by photosynthesis. During various stages of growth and development, the 

photosynthetic sources and sinks may alter correspondingly (Paul & Foyer, 2001). The 

down-regulation of photosynthesis, coupled with an increased need for assimilates 

during plant-pathogen interactions, usually results in the conversion of source tissue into 

sink tissue (Berger et al., 2007).  

In the beginning, plant defence mechanisms and photosynthesis were investigated 

separately. However, as the mechanisms of plant photosynthesis and immune defence 

have been clarified, it has been discovered that photosynthesis functions as a basis for 

signal transduction in plant immune defence, indicating an interconnection between 

these two processes (Pieterse et al., 2009; Yang & Luo, 2021). The impact of pathogen 
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infection on photosynthesis can be assessed by photosynthetic pigment analysis and by 

observing in vivo Chl a fluorescence. This non-invasive technique involves quantifying 

the fluorescence of Chl a in a dark-adapted plant tissue following exposure to saturating 

light pulses. Chl a fluorescence serves as a highly sensitive indicator of photosynthetic 

efficiency, as this approach has been reported to show the down-regulation of the 

effective photosystem II quantum yield in compatible interactions with both biotrophic 

and necrotrophic pathogens. As such, Chl a fluorescence can be used for early detection 

of pathogen infection when symptoms are not yet visible (Berger et al., 2007). Besides Chl, 

carotenoids (Car) also play a significant role in photosynthesis, photo-oxidative defence, 

and the synthesis of phytohormones such as abscisic acid (ABA) (Colasuonno et al., 2017). 

1.6. Plant antioxidative system under pathogen attack 

ROS such as superoxide radical (O2
•-), singlet oxygen (1O2), hydroxyl radical (•OH), and 

hydrogen peroxide (H2O2) are produced in different cell parts, including apoplast, 

mitochondria, chloroplasts, and peroxisomes, as natural by-products of aerobic 

metabolism. However, ROS production is also one of the earliest plant responses 

following pathogen recognition (Khaledi et al., 2016; García-Caparrós et al., 2021). If not 

regulated, disrupted ROS homeostasis increases plant vulnerability to pathogens 

through lipid peroxidation, which initiates a chain reaction that intensifies oxidative 

stress by generating lipid radicals, leading to protein and DNA damage (Mittler et al., 

2011; Taheri, 2018; García-Caparrós et al., 2021). Redox homeostasis in plants during 

stressful conditions is maintained by the plant antioxidative system, which involves both 

enzymatic and non-enzymatic antioxidants. The enzymes in various subcellular 

compartments that constitute the enzymatic antioxidant system include superoxide 

dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), monodehydroascorbate 

reductase (MDHAR), dehydroascorbate reductase (DHAR), glutathione reductase (GR), 

glutathione-S-transferase (GST), and guaiacol peroxidase (GPOD). The other half of the 

antioxidant system includes ascorbic acid (AsA), glutathione (γ-glutamyl-cysteinyl-

glycine, GSH), α-tocopherol, Car, phenolics, flavonoids, and proline (Das & 

Roychoudhury, 2014). The involvement of the antioxidative system in defence against 

pathogens and ROS removal is considered an indicator of wheat genotype resistance 

(Spanic et al., 2017). 

A key role in ROS scavenging by the antioxidant system is assigned to the ascorbate-

glutathione (AsA–GSH) cycle, also called the Asada-Halliwell-Foyer cycle or the Foyer-
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Halliwell-Asada pathway. The cycle consists of metabolites (AsA, GSH, and 

nicotinamide adenine dinucleotide phosphate (NADPH)) and enzymes (APX, MDHAR, 

DHAR, and GR) which regenerate reduced forms of AsA and GSH (Foyer & Kunert, 

2024).  

The initial stage of the cycle involves the reduction of H2O2 to H2O by APX, utilising AsA 

as the electron donor. Oxidised AsA or monodehydroascorbate (MDHA) may 

subsequently either undergo spontaneous disproportionation to AsA and 

dehydroascorbate (DHA) or be enzymatically reduced to AsA by enzyme MDHAR, 

utilising the reducing potential of NAD(P)H. DHA is converted to AsA by the enzyme 

DHAR, utilising reduced GSH as the reducing agent. The enzyme GR converts oxidised 

glutathione (GSSG) to GSH with NADPH as the reductant (Figure 4) (Foyer & Halliwell, 

1976). In addition to its function in ROS scavenging, the AsA-GSH cycle also modulates 

the signalling capacity of AsA and GSH. As AsA and GSH, the principal redox buffers of 

plant cells, interact with various compounds, the alterations in their concentrations 

induced by ROS can be detected and transmitted to other redox-sensitive signalling 

pathways, such as those mediated by phytohormones like SA and ABA (Foyer & Noctor, 

2011).  

  

Figure 4. Schematic representation of the ascorbate-glutathione (AsA-GSH) pathway. H2O2 (hydrogen 

peroxide); H2O (water); AsA (ascorbic acid); MDHA (monodehydroascorbate); DHA (dehydroascorbate); 

GSSG (oxidised glutathione); GSH (reduced glutathione); NADPH (reduced nicotinamide adenine 

dinucleotide phosphate); NADP (nicotinamide adenine dinucleotide phosphate); APX (ascorbate 

peroxidase); MDHAR (monodehydroascorbate reductase); DHAR (dehydroascorbate reductase); GR 

(glutathione reductase) (Pandey et al., 2015). 
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1.7. Phytohormones and their role in response to pathogen attack 

Plants synthesise a diverse array of hormones, including auxins, gibberellins, ABA, SA, 

cytokinins, ethylene, jasmonic acid, brassinosteroids, and peptide hormones (Bari & 

Jones, 2009). Alterations in hormone concentrations or sensitivity, induced by 

interactions with biotic agents, initiate a series of hormone-signalling events that regulate 

adaptive responses in plants. The ultimate result of the activated defence response is 

significantly affected by the content and dynamics of combinations of produced 

hormones (Verhage et al., 2010).  

ABA is a 15-carbon sesquiterpenoid containing two chiral centres. Consequently, one of 

these centres (at C-1’) allows for the differentiation of two ABA forms: the natural (+)-

ABA (cis-trans) and its unnatural stereoisomer (-)-ABA (trans-trans) (Kitahata & Asami, 

2011). In higher plants, ABA is synthesised through an indirect carotenoid pathway (as it 

originates with the cleavage of β-carotene, the C40 carotenoid precursor), in contrast to a 

direct pathway that initiates with intermediates containing 15 or fewer carbon atoms 

(Chen et al., 2020). ABA detection initiates with the binding with pyrabactin-resistance 

1/pyrabactin-resistance-like/regulatory component of ABA protein receptors, commonly 

known as PYLs. The binding of ABA to these receptors inhibits the activity of protein 

phosphatase 2C, subsequently activating sucrose nonfermenting 1-related protein kinase 

2. Activated through autophosphorylation or other protein kinases, sucrose 

nonfermenting 1-related protein kinase 2 then phosphorylates specific substrates (such 

as transcription factors and proteins), resulting in ABA-related physiological responses 

(Gietler et al., 2020). Although ABA is a well-known plant hormone which is essential for 

regulating stress tolerance, its function extends beyond abiotic stress responses to 

encompass other developmental processes, including seed dormancy, germination, and 

seedling growth (Vishwakarma et al., 2017). In addition to its recognised function in 

physiological processes and adaptation to abiotic stresses, ABA has recently also been 

regarded as a modulator of response to different diseases of plants, specifically in 

mediating FHB susceptibility in wheat (Gordon et al., 2016). While ABA can influence 

resistance in both positive and negative directions depending on the pathogen, the 

prevailing evidence suggests that ABA functions more as a susceptibility factor, 

particularly for fungal diseases (Mauch-Mani & Mauch, 2005; Asselbergh et al., 2008). 

Regardless of the considerable advancements in comprehending ABA signalling and 
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response at the molecular level, knowledge about cereals remains sparse (Gietler et al., 

2020).  

SA (2-hydroxybenzoic acid) is a member of a broad class of phenolic substances, 

characterised by an aromatic ring with a hydroxyl group or its functional derivative, 

synthesised by plants (Dempsey et al., 2011). Recent characterisation of the SA 

biosynthesis process identified two different pathways -  the isochorismate pathway and 

the phenylpropanoid pathway, both of which originate from chorismate, the end product 

of the shikimate pathway (Li et al., 2019). Besides participating in the enhancement of 

plant development, photosynthesis, flowering, and post-harvest longevity, SA is a 

phytohormone that significantly influences plant defence mechanisms. It is usually 

involved in activating defence responses against biotrophic and hemi-biotrophic 

infections, as well as in establishing SAR (Bari & Jones, 2009; Pokotylo et al., 2019). A 

major effect of SA in plant defence is the induction of pathogenesis-related (PR) genes 

expression, which encode proteins exhibiting antimicrobial properties. So far, PR proteins 

have been grouped into 17 families mainly based on their protein sequence similarities, 

enzymatic activities, and other biological features (Ali et al., 2018). The biochemical role 

of PR1 remains unidentified. However, a recent study indicated that PR1 possesses sterol-

binding activity, which impedes pathogen proliferation by sequestering sterol from 

pathogens. In addition, other PR proteins show diverse functions, including β-1,3-

glucanase (PR2), chitinases (PR3), a thaumatin-like protein (PR5), peroxidases (PR9), 

plant defensins (PR12), and thionins (PR13) (Ali et al., 2018; Qi et al., 2018). SA-mediated 

defence signalling requires nonexpressor of pathogenesis-related genes 1 (NPR1), a 

redox-sensitive regulator and an SA receptor (Ullah et al., 2023). Over 98% of SA-

regulated genes exhibit expression that relies on NPR1. Before pathogen infection, NPR1 

is located in the cytoplasm as oligomers formed through intermolecular disulfide bonds. 

Following pathogen stimulation or SA treatment, NPR1 experiences conformational 

alterations facilitating the translocation of NPR1 monomers into the nucleus. NPR1 then 

interacts with transcription factors TGA, which are in a basic leucine zipper form, and 

activates the transcription of PR genes (Withers & Dong, 2016; Qi et al., 2018; Arif et al., 

2020; Peng et al., 2021). However, SA-mediated defence is not flawless. Numerous 

strategies exist through which plant pathogens escape this defence mechanism. The 

disruptive techniques employed by the pathogens can be classified into three primary 

strategies: (1) directly reducing SA accumulation by converting it to inactive derivatives 

(Li et al., 2017), (2) obstructing SA production by targeting specific pathways (Liu et al., 
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2014), and (3) interfering with SA signalling (Qi et al., 2018). The insights acquired from 

these studies may be utilised to design effective approaches for managing plant diseases 

by inhibiting the impairment of SA-mediated plant defence mechanisms (Qi et al., 2018).  

1.8. Breeding and sources of resistance to Fusarium head blight 

The effective management of FHB cannot be accomplished with only one control 

technique, as each possesses certain limits. The utilisation of several control techniques, 

including cultural, biological, chemical, and host plant resistance, constitutes effective 

measures for managing FHB. Genetic control, through breeding for resistance, when 

combined with other aforementioned control measures, has the ability to serve as a 

sustainable solution for FHB management (Dweba et al., 2017; Zhu et al., 2019). However, 

the efficacy of breeding programmes targeting FHB-resistant genotypes is predominantly 

dependent upon several factors, including the accessibility of resistant germplasm, 

genetic diversity within breeding populations, and methodologies for accurately 

assessing the resistance levels of breeding lines to facilitate the efficient selection of 

improved individuals (Steiner et al., 2017).  

Resistance to FHB is a quantitatively inherited trait affected by environmental factors, 

exhibiting notable genotype-by-environment interactions (Anderson et al., 2007; Steiner 

et al., 2017). Despite substantial efforts to identify FHB resistance during the past decades 

and thousands of accessions evaluated, only a limited number of resistant accessions 

have been recognised, and sources of resistance to FHB enhancement in breeding 

programmes remain scarce. Some of them include Arina, Fundulea 201R, and Renan from 

Europe, Wangshuibai and Sumai 3 from China, Frontana and Encruzilhada from Brazil, 

Shinchunaga and Nobeokabouzu from Japan, and Ernie and Freedom from the United 

States (Shi et al., 2020). While several resistant accessions have been effectively utilised to 

enhance FHB resistance in global wheat-breeding programmes, the majority have proven 

ineffective due to their unfavourable agronomic characteristics or the challenges 

associated with integrating the resistance into elite lines (Shi et al., 2020).  

1.9. New perspectives in breeding for Fusarium head blight resistance 

Breeding for FHB resistance was long limited to phenotypic selection. However, the 

advancement of high-throughput marker systems facilitated the incorporation of 

genotypic data in the development of new wheat genotypes. Molecular breeding 
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techniques, including marker-assisted selection and the more sophisticated genomic 

selection, utilise associations between markers and traits to predict phenotypes and 

identify favourable genotypes, significantly enhancing the rate of genetic gain. In marker-

assisted selection, molecular markers that indicate quantitative trait loci (QTLs) for 

improving FHB resistance are employed for indirect selection (Buerstmayr et al., 2020). 

Utilising QTLs from genetic sources to breed for FHB resistance is one of the most 

efficient strategies for managing this disease and mitigating toxin contamination in 

harvested grains (Wu et al., 2022). Hundreds of QTLs, including 50 unique QTLs, 

associated with FHB resistance have been found throughout all 21 wheat chromosomes, 

but only a few QTLs have been validated across research and successfully applied in 

breeding programmes worldwide (Buerstmayr et al., 2009; Steiner et al., 2017; Ren et al., 

2019; Venske et al., 2019; Fabre et al., 2020; Shi et al., 2020). The most significant and well-

validated resistance QTL was found in Chinese germplasm. Fhb1, initially discovered in 

Sumai 3, is the most accurate QTL for FHB resistance and is extensively utilised in 

breeding programmes (Su et al., 2019). In addition, derived from Sumai 3 are also Fhb2 

and Qfhs.ifa-5A (Španić, 2016). Additional resistant sources comprise the QTL Fhb4 and 

Fhb5 identified in Wangshiubai and Qfhs.nau-2DL discovered in the breeding line CJ9306. 

Furthermore, wild relatives of wheat have also provided multiple resistance genes/loci, 

including Fhb3 from species Leymus racemosus (Qi et al., 2008), Fhb6 from Elymus 

tsukushiensis (Cainong et al., 2015), and Fhb7 from Thinopyrum elongatum (Guo et al., 2015), 

all conferring Type II resistance (Wu et al., 2022). To enhance the utility of these mapped 

QTLs for plant breeding and to better understand FHB resistance in wheat and other 

small grain cereals, a thorough QTL meta-analysis has demonstrated efficacy. Several 

QTL meta-analyses have been conducted on FHB resistance in wheat (Liu et al., 2009; 

Löffler et al., 2009; Mao et al., 2010), with the most recent study identifying a total of 323 

QTL and generating 65 meta-QTL, which are regions statistically validated as unique 

(Venske et al., 2019). Candidate gene mining inside the meta-QTL 1 on chromosome 3B 

yielded 324 genes, where 10 of these genes were found responsive to FHB. Two of these 

genes encode a glycosyltransferase and cytochrome P450, proteins that have already been 

confirmed to contribute to FHB resistance. However, the remaining eight genes require 

more investigation (Venske et al., 2019). It is, therefore, imperative to identify additional 

FHB resistance QTLs, especially those exhibiting major effects and high stability across 

different environments, to increase resistance diversity for sustainable FHB management 
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and to extend the selection of FHB-resistant germplasm for breeding programmes (Ren 

et al., 2019).   

Genomic selection, in contrast to the marker-assisted selection, utilises all available 

marker data to calculate the genomic estimated breeding value, thereby capturing 

variation from typically undetectable minor-effect QTLs. Genomic selection is a 

completely predictive methodology designed to predict the phenotype of untested 

genotypes by utilising estimated marker effects, using existing knowledge of the 

phenotypic performance of previously genotyped lines, known as the training 

population (Buerstmayr et al., 2020). As breeding for FHB resistance is mostly based on 

phenotypic data and FHB resistance is strongly influenced by the environment, accurate 

assessments of the actual genetic resistance of specific breeding lines are often imprecise. 

Therefore, utilising genomic estimated breeding values for selection rather than 

phenotypic data may enhance the breeder's capacity for the selection of individuals with 

FHB resistance (Arruda et al., 2015).  

1.10. Aim of the research 

Due to frequent exposure to a diverse array of pathogens, wheat plants have evolved 

complex mechanisms to control responses to these pathogens. In spite of numerous 

previous studies trying to decipher the mechanisms of resistance to FHB, the complexity 

of these mechanisms is still insufficiently investigated. Previous studies focused mainly 

on the investigation of separate plant systems while studying wheat response to FHB (e.g. 

antioxidant system). This study is a rare comprehensive analysis investigating the 

metabolic, physiological, biochemical, and molecular response of different winter wheat 

genotypes to FHB stress in field and controlled environments. It focuses on the 

mycotoxins and polar metabolites in wheat grains, oxidative stress markers, enzymatic 

and nonenzymatic antioxidants, photosynthetic efficiency, stress hormone levels, and 

stress-responsive gene expression, shedding light on potential interactions between 

defence mechanisms during infection. 

The basic hypothesis of the research is that mycotoxin levels vary in different winter 

wheat genotypes and under different environmental conditions, with higher levels in 

genotypes that are more susceptible to FHB and in environments that favour greater 

infection development. In addition, FHB will alter the polar metabolite profile of the 

genotypes studied, with metabolite synthesis being induced or suppressed depending on 
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the genotype's resistance or susceptibility. Furthermore, it is hypothesised that FHB will 

induce a genotype-specific antioxidant response in artificially infected plants, with FHB-

susceptible genotypes showing more pronounced changes. In order to investigate the 

validity of the hypotheses, the following research objectives were set: 

 to determine the impact of FHB on winter wheat genotypes (Triticum aestivum L.) 

that differ in the level of resistance to FHB 

 to determine the impact of the disease on the synthesis of polar metabolites and 

mycotoxin levels in wheat grain 

 to determine biochemical, physiological, and molecular responses of wheat spikes 

to FHB. 

This research will enable the selection of genotypes with more effective defence 

mechanisms against FHB, which will contribute to developing genotypes tolerant to FHB 

in the wheat breeding program. 
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2.1. Plant material 

Field experiment and experiment in controlled conditions (greenhouse) will be 

conducted on six winter wheat (Triticum aestivum L.) genotypes (Vulkan, Kraljica, 

Galloper, Tika Taka, El Nino, and Golubica) originating from the Agricultural Institute 

Osijek. All selected genotypes were characterised as early or mid-early winter wheat 

genotypes with varying levels of resistance to FHB based on the results obtained in the 

previous field experiments (Spanic et al., 2017).  

2.2. Inoculum preparation  

Fusarium species used in this experiment were F. graminearum (PIO 31), isolated from the 

winter wheat collected in the eastern part of Croatia, and F. culmorum (IFA 104), obtained 

from IFA-Tulln, Austria. The conidial inoculum of Fusarium spp. was produced by a 

mixture of wheat and oat grains (3:1 by volume). Grains were soaked in glass jars filled 

with distilled water overnight. The following day, excess water was decanted, and the 

grains were sterilized. To inoculate the mixture of grains with macroconidia, a piece of 

synthetic nutrient agar containing fungal mycelium of each species isolate was placed in 

the appropriate jar. The glass jars were left at room temperature, exposed to diffused 

daylight and shaken daily for two weeks to ensure proper aeration and drying. 

Macroconidia were then washed off the colonized grains with sterilised water, and the 

suspension was diluted, while final conidial concentrations of both fungi were 

determined using a hemocytometer (Bürker-Türk, Hecht Assistent, Sondheim vor der 

Rhön, Germany) and were set to 1 × 105 mL-1 for the inoculation in the field experiment, 

and to 5 × 104 mL-1 for the inoculation in controlled conditions. 

2.3. Field experiment 

The field experiment was conducted in the growing season 2019/2020 at Osijek (45° 32´ 

N, 18° 44´ E) and Tovarnik (45° 10´ N, 19° 09´ E), Croatia. The soil types in these two 

regions are the major soil types used for crop production in continental Croatia, eutric 

cambisol and black soil chernozem, respectively. According to data from the Croatian 

meteorological and hydrological service, the precipitation during the growing season 

(from October 2019 until July 2020) was 408.6 mm in Osijek and 448.3 mm in Tovarnik, 

and the average temperature was 11.1 °C in Osijek and 11.7 °C in Tovarnik (Figure 5). 

The amount of precipitation during May, at the flowering stage (Zadoks scale 65) (Zadoks 
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et al., 1974), when the plants are the most vulnerable to FHB, was 53.3 mm in Osijek and 

58.8 mm in Tovarnik, while the average temperature was 15.3 °C in Osijek and 15.6 °C in 

Tovarnik. The seeds of six winter wheat genotypes were sown with a plot sowing 

machine (Hege 80, Wintersteiger) in October 2019 in 7.56 m2 plots at the experimental 

field of the Agricultural Institute Osijek at Osijek and at the experimental field of Agro-

Tovarnik at Tovarnik. The seed density was 330 seed m-2 for all wheat genotypes. The 

field experiment was set up in a randomized complete block design, where two replicates 

were subjected to artificial Fusarium treatment and two replicates were subjected to 

natural infection treatment. Fusarium treatment was performed when 50% of the plants 

inside each plot were at the flowering stage, with 100 mL of prepared inoculum sprayed 

on an area of 1 m2. One treatment was grown according to standard agronomical practice 

with no usage of fungicide and without misting treatment, while another treatment was 

subjected to two inoculation events, two days apart, using a tractor-back (Osijek) and 

hand sprayer (Tovarnik). To provide high humidity necessary for the development of the 

infection, misting was provided by water spraying with sprinklers on several occasions 

after inoculations. Except for fungicide application, which was excluded in these 

experiments, the agro-technical practices utilized were usual for commercial wheat 

cultivation in Croatia. The seed was treated with Vitavax 200 FF (thiram + carboxin) at a 

rate of 200 g Vitavax for 100 kg of seeds in order to control seed-borne diseases. Weed 

control was conducted with a herbicide at the wheat tillering stage (Zadoks scale 31) 

(Zadoks et al., 1974). Insecticides were sprayed in the spring of the growing season. 

Fertilization was in proportions N:P:K 130:100:120 kg ha-1. In July 2020, experimental 

plots were harvested with a Wintersteiger cereal plot combine-harvester, and grains were 

stored until further analysis.  
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Figure 5. Climate diagrams for the growing season 2019/2020 for (a) Osijek and (b) Tovarnik. 

2.3.1. Determination of disease severity and type I resistance to Fusarium head blight 

General resistance (disease severity) represented a percentage of diseased spikelets in the 

plot and was determined by assessing the whole plot area, which consisted of 4,400–4,600 

plants. Type I resistance (resistance to initial infection) indicated a percentage of diseased 

spikes per plot and was determined following an evaluation of a random sample of 30 

spikes. Both general and type I resistance were firstly evaluated on 10th day post-

inoculations (dpi), followed by the next four evaluations at four-day intervals (on the 14th, 

18th, 22nd, and 26th dpi) according to a linear scale (0–100%), after which the area under the 

disease progress curve (AUDPC) was calculated according to the following formula: 

 

𝐴𝑈𝐷𝑃𝐶 = ∑ {[
𝑌𝑖+𝑌𝑖−1

2
] ∗ (𝑋𝑖 − 𝑋𝑖 − 1)}𝑛

𝑖=1 , 

 

where Yi is the percentage of visibly infected spikelets (Yi/100) at the ith observation, Xi is 

the day of the ith observation, and n is the total number of observations.  
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2.3.2. Mycotoxin analysis 

Determination of mycotoxins was performed by liquid chromatography tandem mass 

spectrometry (LC-MS/MS) (Sulyok et al., 2020). Two replicates from naturally infected 

(control) and Fusarium inoculated treatment were pooled together, resulting in one 

measurement for naturally infected and one measurement for Fusarium inoculated 

treatment. Due to the method accuracy and reliability, one measurement was found to be 

sufficient in this kind of experiment. Previously grounded by mill IKA M20 (Staufen, 

Germany), 5 g of wheat grains were extracted using 20 mL extraction solvent 

(acetonitrile:water:acetic acid = 79:20:1, v/v/v) on a rotary shaker (GFL 3017, GFL; 

Burgwedel, Germany) for 90 min at room temperature in a horizontal position. After 

extraction, 0.5 mL of the extract was diluted with 0.5 mL of dilution solvent composed of 

acetonitrile:water:acetic acid = 20:79:1 (v:v:v)  in vials. Finally, 5 µL was injected into an 

LC-MS/MS system, and the screening of target fungal metabolites was performed with a 

QTrap 5500 LC-MS/MS System (Applied Biosystems, Foster City, CA, USA) equipped 

with a TurboIon Spray electrospray ionization source and a 1290 Series HPLC System 

(Agilent, Waldbronn, Germany).  

Chromatographic separation was performed at 25 °C on a Gemini C18-column, 150 × 4.6 

mm i.d., 5 μm particle size, equipped with a C18 4 × 3 mm i.d. security guard cartridge 

(all from Phenomenex, Torrance, CA, USA). The eluents used were composed of 

methanol:water:acetic acid = 10:89:1 (v:v:v) as eluent A, and methanol:water:acetic acid = 

97:2:1 (v:v:v) as eluent B. Confirmation of positive analyte identification was obtained by 

the acquisition of two multiple reaction monitorings per analyte (with the exception of 

moniliformin and 3-nitropropionic acid that exhibit only one fragment ion), which 

yielded 4.0 identification points according to commission decision (European Parliament 

and the Council of the European Union, 2002). In addition, the liquid chromatography 

retention time and the intensity ratio of the two multiple reaction monitorings transitions 

agreed with the related values of an authentic standard within 0.03 min and 30% relative 

deviation, respectively. Quantification was performed via external calibration using 

serial dilutions of a multi-analyte stock solution. Results were corrected for apparent 

recoveries obtained for wheat (Sulyok et al., 2020). The accuracy of the method is verified 

on a continuous basis by regular participation in proficiency testing scheme organized by 

BIPEA (Gennevilliers, France). 
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2.3.3. Polar metabolite profiling 

Determination of polar metabolites was performed by gas chromatography mass 

spectrometry (GC-MS). Prior to extraction for metabolic analyses, the grains were flash 

frozen in liquid nitrogen and ground in 10 mL plastic tubes together with a grinding ball 

for 2 min per sample in the automatic Labman’s cryogenic grinding system (Labman, 

Middlesbrough, UK). Polar metabolites were extracted from 15 mg of deep-frozen 

homogenized plant material using the polar metabolite extraction protocol (Lisec et al., 

2006; Erban et al., 2007; Riewe et al., 2012, 2016). Extraction proceeded by adding 1 mL 

chilled extraction buffer (methanol:chloroform:water = 2.5:1:1, v/v/v) containing 1 µL of a 

2 mg mL-1 stock solution of 13C-sorbitol, and D4-Alanine to the flash frozen and 

pulverized tissue. Following 15 min incubation at 4 °C, 0.4 mL of water was added and 

the extraction was split into three batches and aliquots of 50 μL of polar phase were 

sampled. The dried extracts were in-line derivatised directly prior to injection (Erban et 

al., 2007) using a Gerstel MPS2-XL autosampler (Gerstel, Mühlheim/Ruhr, Germany) and 

analysed in split mode (1:3) using a LECO Pegasus HT time-of-flight mass spectrometer 

(LECO, St. Joseph, MI, USA) connected with an Agilent 7890 gas chromatograph (Agilent, 

Santa Clara, CA, USA).  

Sample identification of known and unknown features was performed by the LECO 

ChromaTOF software package in conjunction with the Golm Metabolome Database. Peak 

intensities were determined using the R package TargetSearch (Cuadros-Inostroza et al., 

2009) within the R software version 4.1.1 (R Core Team, 2021) and normalized regarding 

sample weight, internal standards and measuring day/detector response. Metabolites 

showing >5% missing values among the samples were excluded from the analysis. 

2.4. Experiment in controlled conditions 

Seeds of each winter wheat genotype were first sown in seedlings’ trays and placed at 

room temperature to germinate. Trays with five-day-old winter wheat seedlings were 

moved in a plant growth chamber for six weeks to undergo a period of vernalization 

(12/12 h light/dark photoperiod, 4/3 °C day/night temperature, with light intensity 

reduced by 60%, and 60% relative humidity). Plants were then transferred in 2.5 L pots 

filled with soil (pH: 5.5–7.0, organic matter: 70.0–85.0%, N (1/2 vol.): 100–200 mg L-1, P2O5 

(1/2 vol.): 100–150 mg L-1, K2O (1/2 vol.): 200–400 mg L-1) and placed in a greenhouse (Gis 

Impro d.o.o., Vrbovec, Croatia). During the tillering stage (Zadoks scale 21) (Zadoks et 
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al., 1974), the conditions maintained in the greenhouse were 10/14 h light/dark 

photoperiod, 10–14/8–12 °C day/night temperature, with the maximum light intensity of 

250 μmol m-2 s-1. With the start of the stem elongation stage (Zadoks scale 31) (Zadoks et 

al., 1974), conditions were set up to be 12/12 h light/dark photoperiod and 15–18/11–14 

°C day/night temperature, while before flowering stage (Zadoks scale 51) (Zadoks et al., 

1974) and until the end of experiment conditions were set up to 14/10 h light/dark 

photoperiod, 21–24/17–20 °C day/night temperature with the maximum light intensity of 

750 μmol m-2 s-1 (Figure 6). During the experiment, plants were irrigated with water as 

necessary, usually twice weekly. Nitrogen fertilization was carried out at the two-leaf 

development stage (Zadoks scale 12) (Zadoks et al., 1974) using calcium ammonium 

nitrate (27% nitrogen) and one protection against pests with the insecticide Vantex 

(gamma-cyhalothrin 60 g L-1) (Zadoks scale 31) (Zadoks et al., 1974).  

When the anthers started to extrude and the flowering stage appeared (Zadoks scale 61) 

(Zadoks et al., 1974), plants were inoculated with a mixture of F. graminearum and F. 

culmorum inoculum. The 20 μL of prepared inoculum mixture was injected with an 

automatic pipette (Eppendorf, Wien, Austria) in the middle of two spikelets of the spike 

of each plant. Plants were subjected to two inoculation events, two days apart. To 

provoke infection, misting treatment started one hour after each inoculation and lasted 

for the next 36 h, where foggers sprayed the water every hour for a period of 2 min. Each 

treatment consisted of six replicates set up in a randomized complete block design, where 

each replicate contained four plants/pot. Untreated plants were used as controls. Ten 

days after inoculation, spike tissue for determination of photosynthetic pigments, lipid 

peroxidation level, the content of H2O2, GSH and GSSG, activities of the enzymes CAT, 

GST, GPOD, activities of the enzymes of the AsA-GSH cycle (APX, MDHAR, DHAR and 

GR) and molecular analysis was sampled, frozen in liquid nitrogen, and stored at -80 °C 

prior to further analysis. For the analysis of stress hormones, ABA and SA, sampled 

wheat spikes were frozen in liquid nitrogen and lyophilized. 

2.4.1. Determination of type II resistance to Fusarium head blight 

Type II resistance to FHB (resistance to disease spread within the spike) was evaluated 

by counting the number of infected spikelets in the inoculated spike of one plant per pot 

on the 10th dpi. 
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Figure 6. Experiment in controlled conditions – (a) vernalisation in the plant growth chamber for six weeks, 

(b) plants in the tillering stage, (c) appearance of the first node and beginning of the stem elongation stage, 

(d) emergence of the spike, and (e) plants in the flowering stage (author: Katarina Šunić Budimir). 
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2.4.2. Photosynthetic activity  

2.4.2.1. Measurement and analysis of fast chlorophyll a fluorescence 

Chl a fluorescence measurements on spikes of inoculated and control plants were 

performed at four measurement points: 24 h after inoculations, 72 h after inoculations, 

168 h after inoculations, and 240 h after inoculations. The OJIP fluorescence transients 

were measured with a Handy-PEA fluorimeter (Plant Efficiency Analyzer, Hansatech 

Instruments Ltd., King’s Lynn, Norfolk, UK). For each of the six genotypes, six plants 

from the controlled treatment and six plants from the FHB inoculated treatment were 

analysed by performing measurements on spikes. Before measurement, wheat spikes 

were fully dark-adapted for 30 min using a lightweight leaf clips shutter plate. The Chl a 

fluorescence was induced with a saturated red-light pulse (3,200 μmol m-2 s-1, peak at 650 

nm). Fluorescence intensity at 20 μs (F0), fluorescence intensity at 300 μs (F300), 

fluorescence intensity at 2 ms (FI), fluorescence intensity at 30 ms (FJ), maximal 

fluorescence intensity (Fm) and time needed to reach Fm (tmax) were used by OJIP test to 

calculate biophysical parameters that quantify the stepwise energy flow through 

photosystem II. Parameters calculated and included in this study were: the maximum 

quantum yield of primary photochemistry (TR0/ABS) and performance index on an 

absorption basis (PIabs) (Strasser et al., 2004; Yusuf et al., 2010).  

2.4.2.2. Determination of photosynthetic pigments 

For spectrophotometric determination of the photosynthetic pigments, previously frozen 

wheat spike tissue was ground in 10 mL stainless steel jars containing a grinding ball for 

1 min at 30 Hz using a TissueLyser (Qiagen Retsch GmbH, Hannover, Germany). Fresh 

wheat spike tissue powder was homogenized in absolute acetone, followed by extraction 

for 15 min at 4 °C and centrifugation for 15 min at 16,000 × g and 4 °C. The supernatant 

was decanted into plastic tubes, and the extraction procedure with cold acetone was 

repeated three more times until the precipitate became colourless. The re-extracted 

supernatants were collected in the same test tube, and their volume was measured with 

a beaker. The extracts were then diluted to a final volume of 10 mL, and then transferred 

to a glass cuvette, in which the absorbances of the extracts were measured 

spectrophotometrically at 470 nm, 645 nm, and 662 nm (Lichtenthaler, 1987). The 

concentration of pigments was expressed in mg of Chl, i.e. Car per g of fresh weight (mg 

× g-1 FW). 
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2.4.3. Oxidative stress biomarkers 

2.4.3.1. Determination of the lipid peroxidation level 

The level of lipid peroxidation in the wheat spikes was determined by a 

spectrophotometric method that measures thiobarbituric acid reactive substances 

(TBARS), mainly malondialdehyde (MDA) (Verma & Dubey, 2003). About 0.2 g of tissue, 

previously grounded in 10 mL stainless steel jars containing a grinding ball for 1 min at 

30 Hz using a TissueLyser (Qiagen Retsch GmbH, Hannover, Germany), was 

homogenized with 1 mL of 0.1% (w/v) trichloroacetic acid (TCA), and the extraction was 

carried out for 15 min on ice. After extraction, the homogenates were centrifuged for 15 

min at 16,000 × g and 4 °C. The resulting supernatant (0.5 mL) was mixed with 1 mL of 

0.5% thiobarbituric acid (TBA) in 20% TCA. A blank sample was prepared in the same 

way, where 0.5 mL of 0.1% TCA was added instead of the sample. The reaction mixture 

was then incubated for 30 min in a water bath at 95 °C, during which the reaction of MDA 

with TBA was accompanied by a change in colour to red. The reaction was stopped by 

cooling the reaction mixture on ice, after which the mixture was centrifuged for 15 min 

at 16,000 × g and 4 °C. The amount of TBARS was determined spectrophotometrically by 

measuring absorbance at 532 nm and 600 nm. Absorbance at 600 nm was subtracted from 

absorbance at 532 nm to correct for non-specific reaction. The amount of TBARS, as a 

product of lipid peroxidation, was calculated based on the molar extinction coefficient 

(ε=155 mM-1 × cm-1) and expressed in nmol per g of fresh weight (nmol × g-1 FW). 

2.4.3.2. Determination of hydrogen peroxide content 

H2O2 content was estimated according to the method described by (Junglee et al., 2014). 

For determination of the amount of H2O2 in wheat spikes, 0.2 g of wheat tissue was 

crushed in 10 mL stainless steel jars containing a grinding ball for 1 min at 30 Hz using a 

TissueLyser (Qiagen Retsch GmbH, Hannover, Germany). The tissue was homogenised 

by adding 1 mL of 0.1% (w/v) TCA, and the extraction was carried out for 15 min on ice. 

After extraction, the homogenates were centrifuged for 15 min at 16,000 × g and 4 °C, and 

the resulting supernatant was decanted and protected from the light. The method is 

modified for the microplate assay, and the measurements were performed using Greiner 

UV Star 96-well plates on a Spark multimode microplate reader with SparkControl 

software (Tecan, Männedorf, Switzerland). The reaction mixture consisted of 0.1 mL of 

extract, 2 mM potassium phosphate buffer (pH 7.0), and 0.4 M potassium iodide in a final 
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volume of 0.25 mL. After incubation for 30 min at 25 °C, the absorbance was recorded at 

390 nm at 25 °C. The content of H2O2 was determined using a standard curve obtained 

with known amounts of H2O2, and the results were expressed in nmol per g of fresh 

weight (nmol × g-1 FW).  

2.4.4. Antioxidative plant system 

2.4.4.1. Extraction and determination of the total soluble proteins 

The wheat spike tissue powder obtained by grounding was homogenized with a cold 100 

mM phosphate buffer (pH 7.0) containing 1 mM ethylenediaminetetraacetic acid (EDTA). 

Homogenized samples were then incubated for 15 min on ice and centrifuged for 15 min 

at 19,000 × g, and 4 °C. Aliquots of obtained protein extracts were stored at −80 °C until 

further analysis. Protein concentration in the enzyme extracts was determined using 

bovine serum albumin as a protein standard (Bradford, 1976), adapted for measurement 

in microtiter plates. The method is based on the shift of the absorption maximum from 

465 nm to 595 nm, which occurs when the dye Coomassie brilliant blue from the Bradford 

reagent binds to proteins. The reaction mixture, which consisted of 5 μL of 3 × diluted 

protein extract and 0.25 mL of commercial Bradford reagent (Sigma-Aldrich, Steinheim, 

Germany), was incubated for 5 min at room temperature. The intensity of the resulting 

blue coloration was measured at a wavelength of 595 nm on a Spark multimode 

microtiter plate reader with SparkControl software (Tecan, Männedorf, Switzerland).  

Bovine serum albumin was used as a standard, in the concentration range of 0.125 - 1.4 

mg mL-1, and the protein concentration was calculated from the standard curve and 

expressed in mg per g of fresh weight (mg × g-1 FW). The enzymes’ activities were 

measured using Spark multimode microplate reader with SparkControl software (Tecan, 

Männedorf, Switzerland). 

2.4.4.2. Determination of the ascorbate peroxidase activity 

APX (EC 1.11.1.11) activity was determined according to the method described by 

Nakano and Asada (Nakano & Asada, 1981) and adjusted for a microplate assay. The 

reaction mixture (0.205 mL) consisted of 0.6 mM AsA, 5 mM H2O2, and 10 × diluted 

protein extract in 50 mM potassium phosphate buffer (pH 7.0). After 3 min of incubation 

at room temperature, the decrease in absorbance was measured at 290 nm for 5 min every 
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15 s. The APX activity was calculated using a molar extinction coefficient (ε=2.8 mM cm-

1) and expressed in units of APX activity per g of protein (U g−1 protein). 

2.4.4.3. Determination of the monodehydroascorbate reductase activity 

MDHAR (EC 1.6.5.4) activity was determined according to a method described by 

Hossain et al. (Hossain et al., 1984) and adjusted for a microplate assay. The reaction 

mixture consisted of 50 mM Tris-HCl buffer (pH 7.8), 0.45 mM NADH, 2.25 mM AsA, 

and diluted protein extract in a final volume of 0.2 mL. After equilibration at room 

temperature, the reaction was started by adding ascorbate oxidase in a final concentration 

of 0.14 U mL−1. The decrease in absorbance was monitored at 340 nm for 3 min. MDHAR 

activity was calculated using the molar extinction coefficient (ε=3.7 mM cm−1) and 

expressed in units of MDHAR activity per g of protein (U g−1 protein). 

2.4.4.4. Determination of the dehydroascorbate reductase activity 

DHAR (EC 1.8.5.1) activity was determined by a method based on monitoring the GSH-

dependent reduction of DHA described by Ma and Cheng (Wang Ma & Cheng, 2004) and 

adjusted for a microplate assay according to Murshed et al. (Murshed et al., 2008). The 

reaction mixture consisted of 50 mM HEPES buffer (pH 7.0), 0.09 mM EDTA, 2.25 mM 

GSH and 0.2 mM DHA (0.2 mL). The increase in absorbance was recorded at 265 nm for 

3 min. DHAR activity was calculated using the molar extinction coefficient (ε=8.33 mM 

cm−1) and expressed in units of DHAR activity per g of protein (U g−1 protein). 

2.4.4.5. Determination of the glutathione reductase activity 

GR (EC 1.6.4.2) activity was measured according to a method by Racker et al. (Racker, 

1955) and adjusted for microplate assay by Murshed et al. (Murshed et al., 2008). The 

reaction mixture consisted of 50 mM HEPES buffer (pH 8.0), 0.45 mM EDTA, 0.23 mM 

NADPH, and protein extract in a final volume of 0.2 mL. After 10 min of equilibration at 

room temperature, the reaction was started by adding GSSG in a final concentration of 

0.5 mM. The decrease in absorbance was monitored at 340 nm for 5 min every 15 s. GR 

activity was calculated using the molar extinction coefficient for NADPH (ε=3.7 mM cm−1) 

and expressed in units of GR activity per g of protein (U g−1 protein). 
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2.4.4.6. Determination of the catalase activity 

CAT (EC 1.11.1.6) activity was estimated according to the method described by Aebi 

(Aebi, 1984) using H2O2 as a substrate, and adjusted for a microplate assay. The reaction 

mixture consisted of 0.036% H2O2 in 50 mM potassium phosphate buffer (pH 7.0), and 

the reaction started with the addition of 50 μL of diluted protein extract. For measurement 

purposes, the wheat spike protein extract was diluted 4 ×. The decrease in absorbance 

due to the oxidation of H2O2 was measured at 240 nm for 3 min every 10 s. CAT activity 

was calculated using the molar extinction coefficient (ε=0.04 mM cm-1) and expressed in 

units of CAT activity per g of protein (U g-1 protein). 

2.4.4.7. Determination of the glutathione S-transferase activity 

GST (EC 2.5.1.13) activity was determined by the method of Habig et al. (Habig et al., 

1974), which is based on the formation of glutathione-2,4-dinitrobenzene due to the 

conjugation of 1-chloro-2,4-dinitrobenzene (CDNB) with GSH. The method is adjusted 

for a microplate assay. The reaction mixture consisted of 1mM GSH, 2 mM CDNB, 1 mM 

EDTA, and 5 μL of undiluted protein extract in 100 mM phosphate buffer (pH 6.5) in a 

final volume of 0.2 mL. After incubation for 2 min at room temperature, the increase in 

absorbance was recorded at 340 nm for 3 min every 15 s. GST activity was calculated 

using a molar extinction coefficient of glutathione-1-chloro-2,4-dinitrobenzene conjugate 

(ε=5.7 mM cm-1) and expressed in units of GST activity per g of protein (U g-1 protein). 

2.4.4.8. Determination of the guaiacol peroxidase activity 

GPOD (EC 1.11.1.7) activity was determined by the method described by Siegel and 

Galston (Siegel & Galston, 1967), adjusted for microplate assay. The method is based on 

the oxidation of guaiacol to tetraguaiacol due to the presence of H2O2. The reaction 

mixture consisted of 18 mM guaiacol and 5 mM H2O2 in 50 mM phosphate buffer (pH 

7.0) in the final volume of 0.2 mL. The reaction was started by adding the 20 × diluted 

sample, and the increase in absorbance was monitored at 470 nm for 3 min every 15 s. 

GPOD activity was calculated using the molar extinction coefficient (ε=15.83 mM cm-1) 

and expressed in units of GPOD activity per g of protein (U g-1 protein). 
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2.4.4.9. Determination of the reduced and oxidized glutathione content 

GSH and GSSG contents were determined using a kinetic method based on a continuous 

reduction of 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) to 5-thio-2-nitrobenzoic acid 

(TNB) by GSH, where GR and NADPH reduce the GSSG (Griffith, 1980), modified for the 

microplate assay. For total GSH (tGSH) and GSSG content determination, the frozen 

wheat spike tissue powder was homogenized with 5% 5-sulfosalicylic acid solution (1:10 

w/v) and centrifuged for 15 min at 16,000 × g and 4 °C. The reaction mixture for tGSH 

measurement consisted of 10 μL of resulting supernatant, 0.03 mg mL−1 DTNB, 0.11 U 

mL−1 GR, 1 mM EDTA, and 100 mM phosphate buffer (pH 7.0) in a final volume of 0.21 

mL. Following a 5-min equilibration period, NADPH in a final concentration of 0.04 mg 

mL−1 was added to initiate a reaction. The formation of TNB was continuously recorded 

at 412 nm for 5 min at 25 °C. The amount of tGSH was determined by a standard curve 

of GSH. For GSSG determination, 2% of vinylpyridine and 5% of triethanolamine were 

added to an aliquot of deproteinized supernatant, and the reaction mixture was 

incubated for 1 h at room temperature. The measurements were performed the same way 

as for the tGSH. The content of GSSG was determined using a standard curve for GSSG, 

and the results were expressed as nmol per g of fresh weight (nmol g−1 FW). From the 

difference between tGSH and GSSG, the GSH content was obtained and expressed as 

nmol per g of fresh weight (nmol g−1 FW). 

2.4.6. Abscisic acid and salicylic acid analysis 

Determination of stress hormones ABA and SA was performed by LC-MS/MS. After 

plant tissue sampling, the samples were frozen in liquid nitrogen and lyophilized. 

Lyophilized wheat spike tissue was grounded using a TissueLyser (Qiagen Retsch 

GmbH, Hannover, Germany) for 1 min and a frequency of 30 Hz. An aliquot of the 

powdered sample (30 mg) was extracted in 1 mL of extraction solution (10% methanol 

and 1% acetic acid) containing a mixture of internal isotope labelled standards SA-d6 

(Sigma-Aldrich) and (+)-cis, trans ABA-d6 (Trc) (final concentration 38.5 ng mL-1). After 

vortexing, the samples were placed in a Mixer Mill (Roche) for 2 min at a 30 Hz frequency, 

after which they were homogenized for 1 h at 4 °C. The samples were then centrifuged 

for 10 min and 13,000 rpm, and 100 µL of the resulting supernatant was used for analysis. 

LC-MS/MS screening of target stress hormones was carried out using an Agilent 

Technologies 1200 series HPLC system equipped with a 6420 triple quadrupole mass 

spectrometer with electrospray ionization (Agilent Technologies Inc., Palo Alto, CA, 
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USA). Chromatographic separation was performed on the Zorbax XDP C18 column (75 

× 4.6 mm, 3.5 μm particle size) (Agilent Technologies Inc., Palo Alto, CA, USA). Solvents 

for the analysis were 0.1% formic acid in water (solvent A) and methanol (solvent B). The 

electrospray ionization source was operated in negative mode, and samples were 

detected in the multiple reaction monitorings modes. All data acquisition and processing 

was performed using Agilent MassHunter software (Agilent Technologies, Santa Clara, 

CA, USA). ABA and SA concentrations were calculated and expressed as ng per mg of 

dry weight (ng mg-1 DW) (Duvnjak et al., 2023). 

2.4.5. Molecular analysis 

2.4.5.1. Total RNA isolation from wheat spikes 

Total RNA was isolated using the NucleoZOL reagent (Macherey-Nagel), following the 

manufacturer’s instructions. For RNA isolation, frozen wheat spike tissue was crushed 

in 10 mL stainless steel jars containing a grinding ball for 1 min at 30 Hz using a 

TissueLyser (Qiagen Retsch GmbH, Hannover, Germany), and about 50 mg of tissue 

powder was homogenised with 0.5 mL of NucleoZOL reagent. For the purpose of 

deposition of cell debris, 0.2 mL of Milli-Q water was added to a homogenised mixture 

and vortexed. After 15 min incubation at room temperature, the homogenate was 

centrifuged for 15 min at 12,000 × g and 4 °C, and 0.5 mL of the resulting supernatant was 

separated into a new microtube. For the RNA precipitation, 0.5 mL of isopropanol was 

added to the supernatant. The contents of the microtube were mixed several times by 

inversion, incubated for 10 min at room temperature and centrifuged for 10 min at 12,000 

× g and 4 °C. The supernatant was decanted, and the white RNA precipitate was washed 

with 0.5 mL of 75% ethanol. The contents were centrifuged again for 3 min at 8,000 × g, 

the ethanol was decanted, and the same procedure was repeated one more time. The 

wheat spike RNA precipitate was resuspended in 50 µL of RNase-free water and stored 

at -20 °C until further analyses.  

RNA concentration was measured at a wavelength of 260 nm using a NanoPhotometer 

N80-Touch instrument (Implen, Munich, Germany). The ratios A260/A280 and 

A260/A230, indicators of the purity of the obtained RNA, were also measured. The ratio 

A260/A280 is an indicator of contamination with proteins, and A260/A230 of 

contamination with phenols and other compounds. 
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2.4.5.2. DNase treatment and cDNA synthesis 

Before the reverse transcription (RT) of RNA into complementary DNA (cDNA), the 

RNA was treated with rDNase (Macherey-Nagel) to remove possible genomic DNA 

contamination. For DNA digestion, 5.5 µL of rDNase-buffer premix (1/10, v/v) was added 

to the 50 µL of RNA solution and incubated for 10 min at 37 °C. RNA was subsequently 

repurified by ethanol precipitation: 5.5 µL of 3 M sodium acetate (pH 5.2) and 138 µL of 

100% ethanol were added to the RNA solution. After 2 h of incubation at −20 °C, samples 

were centrifuged for 10 min at maximum speed. The RNA pellet was washed with 70% 

ethanol and centrifuged for 3 min at 8,000 × g. The supernatant was decanted, and the 

procedure was repeated one more time. The RNA pellet was then dried and resuspended 

in 40 µL of RNase-free water. 

The cDNA was synthesised using commercial reagents for RT and quantitative 

polymerase chain reaction (qPCR) GoTaq 2-Step RT-qPCR (Promega) according to the 

manufacturer's instructions. RNA obtained after DNA digestion was denatured together 

with 1 µL oligo d(T) primers for 5 min at 70 °C. The mixture was then cooled for 5 minutes 

at 4 °C and cDNA was synthesized in a final volume of 20 μL by combining the denatured 

premix with the reaction mixture consisting of 1× GoScript buffer, 2.5 mM MgCl2, 0.5 mM 

nucleotide mix, 20 U of ribonuclease inhibitor (Recombinant Rnasin), and 1U of reverse 

transcriptase. The cDNA synthesis was performed under the following conditions: 

primer annealing at 25 °C for 5 min, extension at 42 °C for 1 h, and enzyme inactivation 

at 70 °C for 5 min. All incubation steps were performed on the MiniAmp Plus Thermal 

PCR Cycler (Applied Biosystems, Waltham, MA, USA). 

2.4.5.3. Quantitative PCR 

Following cDNA synthesis, qPCR using dye-based detection was performed to analyse 

transcript levels of five genes (NPR1, TGA2, PR1, PR3, PR5) with actin as a reference gene. 

The specific oligonucleotide primers were designed based on sequences in the GeneBank 

database using Primer3 software. Some primers were designed to span the exon–exon 

junction containing an intron to differentiate between RNA versus genomic DNA 

amplification, thus confirming the absence of DNA contamination. A qPCR reaction was 

performed using the GoTaq® 2-Step RT-qPCR System (Promega), according to the 

manufacturer’s recommendation. The obtained cDNA was diluted 5× for quantification 

purposes. The qPCR reaction mixture consisted of 5 μL diluted cDNA, 1× commercial 
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QPCR mix (GoTaq qPCR Master Mix), 200 nM of each specific primer, 0.25 μL CXR 

reference dye, and water to a final volume of 25 μL. The commercial mixture for qPCR 

(GoTaq qPCR Master Mix) contains hot-start DNA polymerase, a mixture of dNTPs, Mg2+ 

ions, and fluorescent dye SYBR Green I, which binds to double-stranded DNA and 

fluoresces. qPCR analysis was performed on StepOnePlus™ Real-Time PCR System with 

StepOnePlus™ Software v2.3 (Applied Biosystems, Waltham, MA, USA). The qPCR 

amplification was performed under the following conditions: GoTaq Hot Start 

Polymerase activation at 95 °C for 2 min, followed by 40 cycles consisting of denaturation 

at 95 °C for 15 s, primer annealing, and extension at 60 °C for 1 min. The specificity of the 

qPCR reaction was confirmed by melting curve analysis. Relative gene expression was 

quantified using a relative standard curve based on five points, corresponding to a three-

fold dilution series from pooled cDNA, and normalized to a reference gene actin.  

2.5. Statistical analysis 

To estimate disease progress, the AUDPC was used to combine multiple observations 

from five data points (different dates) into a single value. Statistical analysis of the 

normalized, outlier-corrected polar metabolites data was performed using the Statistica 

software version 12.0 (StatSoft Inc., Tulsa, OK, USA). Metabolomics data were analysed 

using univariate (Mann–Whitney U test) analysis to prove if there were any significant 

differences between the two treatments (control, i.e., naturally infected, and artificially 

infected, i.e., inoculated). Further data processing and multivariate analysis, including 

Spearman correlation r values were determined using MetaboAnalyst version 6.0. 

Principal component analysis (PCA), was performed using ggplot2 (Wickham & Sievert, 

2009), ggpubr (Kassambara, 2020), ggrepel (Slowikowski, 2021), FactoMineR (Lê et al., 

2008), and factoextra (Kassambara & Mundt, 2020) packages within R software version 

4.1.1 (R Core Team, 2021). The data for determination of lipid peroxidation level, content 

of H2O2, GSH and GSSG, activities of the antioxidant enzymes, photosynthetic pigments, 

and parameters of photosynthetic efficiency were presented as mean of six (or three for 

relative gene expression and four for ABA and SA content analysis) independent 

biological replicates ± standard deviations. Determination of differences among 

treatments within each variety separately or among treatments of the same measurement 

point within each variety separately (for TR0/ABS and PIabs) was performed using two 

sample t-test (p < 0.05). Determination of differences among measurement points for 

TR0/ABS and PIabs within each treatment separately was done using one-way analysis of 
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variance (ANOVA), followed by Fisher LSD post hoc test (p < 0.05). Data analysis was 

performed within the R software version 4.1.1 (R Core Team, 2021) and Statistica software 

version 12.0 (Statsoft Inc., Tulsa, OK, USA). 
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3.1. Field conditions 

3.1.1. General and type I resistance to Fusarium head blight 

Symptoms of FHB exhibited variability across locations. At both experimental locations, 

the highest AUDPC was recorded in the El Nino, Golubica, and Tika Taka genotypes. 

The highest general and type I resistance was observed at genotype Galloper at both 

locations, Osijek and Tovarnik. The lower AUDPC for initial infection, indicating higher 

type I resistance, was observed in genotypes Vulkan and Kraljica at Tovarnik. The highest 

AUDPC for Type I resistance was observed for genotype El Nino (AUDPC 421) at 

Tovarnik, followed by genotype Golubica at Osijek (AUDPC 222) (Table 1). 

 

Table 1. Area under the disease progress curve (AUDPC) for general resistance and type I resistance 

(resistance to initial infection) to Fusarium head blight (FHB) at locations Osijek and Tovarnik and their 

standard deviations (SD). A higher AUDPC value means lower FHB resistance. 

Genotype 

AUDPC general 

resistance 

Osijek ±SD 

AUDPC general 

resistance 

Tovarnik ±SD 

AUDPC type I 

resistance 

Osijek  ±SD 

AUDPC type I 

resistance 

Tovarnik ±SD 

El Nino 137.3 ± 10.75 212.5 ± 142.5 244 ± 40 421 ± 212.5 

Galloper 1.3 ± 0 17.5 ± 9.5 33.1 ± 16.63 87.4 ± 25.85 

Tika Taka 42.7 ± 11.35 69.8 ± 7.25 215.3 ± 74.7 137.6 ± 41.95 

Vulkan 35.8 ± 6.25 33.8 ± 5.25 119.9 ± 11.35 50.6 ± 4.1 

Kraljica 71.5 ± 23.5 18.3 ± 1.75 216.5 ± 80.5 80.1 ± 10.4 

Golubica 103.8 ± 22.75 93 ± 7 222.3 ± 29.2 111.3 ± 8.3 
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3.1.2. Mycotoxins 

3.1.2.1. Deoxynivalenol, deoxynivalenol-3-glucoside, 3-acetyldeoxynivalenol, and 

nivalenol content 

The concentrations of DON, D3G, and 3ADON were higher in Fusarium infected grains 

compared to corresponding naturally infected (control) grains across all tested winter 

wheat genotypes. At both experimental locations, Osijek and Tovarnik, DON was one of 

the most prevalent mycotoxins produced in artificially inoculated treatments. In 

addition, D3G and 3ADON were also detected in the grains of all winter wheat genotypes 

infected with FHB at both locations. The highest DON concentration at experimental 

location Osijek was recorded in the genotype Golubica (22,800 μg kg⁻¹), followed by 

18,300 μg kg⁻¹ in the genotype El Nino, 17,700 μg kg⁻¹ in Tika Taka, 6,740 μg kg⁻¹ in 

Vulkan, and 6,370 μg kg⁻¹ in Kraljica. The lowest DON concentration of 5,410 μg kg⁻¹ was 

recorded in the genotype Galloper (Figure 7a). At the experimental location Tovarnik, the 

highest concentration was also recorded in the infected grains of the genotype Golubica 

(25,500 μg kg⁻¹). The second highest concentration was recorded in the genotype El Nino 

(21,100 μg kg⁻¹), followed by genotypes Tika Taka (21,000 μg kg⁻¹), Kraljica (19,800 μg 

kg⁻¹), and Galloper (13,400 μg kg⁻¹), while the lowest recorded concentration of DON was 

13,200 μg kg⁻¹ in the infected grains of the genotype Vulkan (Figure 7b). In the naturally 

infected samples at the experimental location Osijek, DON was found only in the grains 

of the genotype Tika Taka at the concentration of 129 μg kg⁻¹. At the experimental 

location Tovarnik, DON was found in the naturally infected grains of all genotypes 

tested. The highest concentration was 620 μg kg⁻¹ in the genotype El Nino, followed by 

141 μg kg⁻¹ (Golubica), 129 μg kg⁻¹ (Vulkan), 104 μg kg⁻¹ (Tika Taka), 44 μg kg⁻¹ 

(Galloper), while the lowest concentration was 19 μg kg⁻¹ in the genotype Kraljica.  

D3G and 3ADON concentrations were lower than those of DON at both experimental 

locations. The highest concentration recorded of D3G at the experimental location Osijek 

was in the genotype Golubica (770 μg kg⁻¹), followed by genotypes El Nino (445 μg kg⁻¹), 

Tika Taka (410 μg kg⁻¹), Vulkan (339 μg kg⁻¹), Kraljica (286 μg kg⁻¹), while the lowest D3G 

concentration recorded was in the genotype Galloper (219 μg kg⁻¹) (Figure 7c).  At the 

experimental location Tovarnik, the genotype with the highest concentration of D3G in 

infected grains was Tika Taka (731 μg kg⁻¹). Other concentrations found were 729 μg kg⁻¹ 

in the genotype El Nino, 663 μg kg⁻¹ in Golubica, 541 μg kg⁻¹ in Kraljica, 476 μg kg⁻¹ in 

Vulkan, while the lowest concentration was 326 μg kg⁻¹ in the genotype Galloper. At 

Ocje
na

 ra
da

 

u t
ije

ku



Results 

43 
 

experimental location Osijek, D3G was recorded only in the grains of the naturally 

infected genotype Tika Taka in the concentration of 6 μg kg⁻¹, while at the experimental 

location Tovarnik D3G was found in the genotypes El Nino (61 μg kg⁻¹), Golubica (15 μg 

kg⁻¹), and Tika Taka (6 μg kg⁻¹) (Figure 7d). 

At the experimental location Osijek 3ADON was recorded in the concentrations of 1,154 

μg kg⁻¹ (Tika Taka), 957 μg kg⁻¹ (El Nino), 877 μg kg⁻¹ (Golubica), 283 μg kg⁻¹ (Vulkan), 

267 μg kg⁻¹ (Kraljica), and 212 μg kg⁻¹ (Galloper) (Figure 7e). At the experimental location 

Tovarnik the highest concentration of 3ADON was recorded in the genotype El Nino 

(1,716 μg kg⁻¹), followed by genotypes Golubica (1,447 μg kg⁻¹), Tika Taka (1,254 μg kg⁻¹), 

Kraljica (1,122 μg kg⁻¹), Galloper (769 μg kg⁻¹), and Vulkan (572 μg kg⁻¹) (Figure 7f). In 

the naturally infected grains of the studied genotypes at the experimental location Osijek 

3ADON was not found, while at the experimental location Tovarnik 3ADON was found 

only in the genotype El Nino at the concentration of 44 μg kg⁻¹. 

At experimental location Osijek, NIV was only detected in artificially inoculated grains 

of the genotypes El Nino, Tika Taka, and Golubica, with concentrations of 29 μg kg-1, 31 

μg kg-1, and 37 μg kg-1, respectively (Figure 7g). At experimental location Tovarnik, NIV 

was detected in artificially infected grains of all studied genotypes, with the highest 

concentration recorded in the genotype Golubica (105 μg kg-1), followed by genotypes El 

Nino (38 μg kg-1), Tika Taka (35 μg kg-1), Kraljica (34 μg kg-1), Vulkan (μg kg-1), and 

Galloper (24 μg kg-1) (Figure 7h). In the naturally infected grains of the studied genotypes 

at the experimental location Osijek NIV was not found, while at the experimental location 

Tovarnik it was found only in Golubica at the concentration of 70 (μg kg-1). 
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Figure 7. Concentrations of deoxynivalenol (DON) (a,b), deoxynivalenol-3-glucoside (D3G) (c,d), 3-

acetyldeoxynivalenol (3ADON) (e,f), and nivalenol (NIV) (g,h) in artificially inoculated and naturally 

infected samples at Osijek (a,c,e,g) and Tovarnik (b,d,f,h). The asterisk (*) indicates that measured values 

are below LOD (limit of detection) values. 
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3.1.2.2. Zearalenone content  

All artificially inoculated grains of six studied genotypes from both experimental 

locations were contaminated with ZEN. At Osijek, ZEN levels in artificially infected 

samples were 45 μg kg-1 in Kraljica, 16 μg kg-1 in Tika Taka, 12 μg kg-1 in Vulkan, 9 μg kg-

1 in El Nino, 9 μg kg-1 in Golubica, and 1 μg kg-1 in Galloper (Figure 8c). At Tovarnik, 

recorded ZEN concentrations were 51 μg kg-1 in El Nino, 51 μg kg-1 in Tika Taka, 27 μg 

kg-1 in Kraljica, 18 μg kg-1 in Golubica, 11 μg kg-1 in Vulkan, and 5 μg kg-1 in Galloper 

(Figure 8d). In naturally infected grains, ZEN was not found at the experimental location 

Osijek. However, it was recorded at Tovarnik at a concentration of 1 μg kg-1 in the 

genotype El Nino. 

Figure 8. Concentrations of zearalenone (ZEN) (a,b) in artificially inoculated and naturally infected samples 

at Osijek (a) and Tovarnik (b). The asterisk (*) indicates that measured values are below LOD (limit of 

detection) values. 

3.1.2.3. Culmorin, 15-hydroxyculmorin, 15-hydroxyculmoron and 5-hydroxyculmorin 

content 

El Nino, Tika Taka, and Golubica accumulated CUL and its derivatives at higher levels 

than other genotypes. The highest amount of CUL at the experimental location Osijek 

was recorded in artificially inoculated grains of the genotype Golubica (29,100 µg kg−1). 

The concentrations in other genotypes were 13,100 µg kg−1 in Vulkan, 12,971 µg kg−1 in 

Tika Taka, 11,417 µg kg−1 in El Nino, 8,482 µg kg−1 in Galloper, and 7,814 µg kg−1 in 

Kraljica. In naturally infected samples at Osijek, CUL was only recorded in the grains of 

the genotype Tika Taka at a concentration of 220 µg kg-1 (Figure 9a). At Tovarnik, CUL 
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contents in both naturally and artificially infected samples were recorded. In naturally 

infected grains of the genotype El Nino was recorded the highest concentration of CUL 

(1,047 µg kg−1), followed by genotypes Vulkan (115 µg kg−1), Golubica (105 µg kg−1), and 

Galloper (100 µg kg−1). The lowest concentration had genotype Tika Taka (62 µg kg−1), 

while in genotype Kraljica it was not recorded. Concentrations in artificially infected 

grains were 14,260 µg kg−1 in Golubica, 13,483 µg kg−1 in Tika Taka, 11,868 µg kg−1 in El 

Nino, 11,425 µg kg−1 in Vulkan, 11,169 µg kg−1 in Kraljica, and 6,101 µg kg−1 in Galloper 

(Figure 9b).  

The concentrations of CUL derivatives were also higher in artificially infected than in 

naturally infected samples at both locations. In artificially inoculated samples at Osijek, 

the highest concentration of 15-hydroxyculmorin was recorded in the genotype Golubica 

(28,761 µg kg−1), followed by genotypes El Nino (25,333 µg kg−1), Tika Taka (24,808 µg 

kg−1), Kraljica (11,843 µg kg−1), Vulkan (10,463 µg kg−1), while the lowest concentration 

was recorded in the genotype Galloper (8,125 µg kg−1) (Figure 9c). In naturally infected 

grains, it was found only in the grains of the genotype Tika Taka (89 µg kg−1). At Tovarnik, 

recorded concentrations of 15-hydroxyculmorin were as follows: 29,965 µg kg−1 

(Golubica), 24,094 µg kg−1 (El Nino), 22,878 µg kg−1 (Kraljica), 22,180 µg kg−1 (Tika Taka), 

18,541 µg kg−1 (Galloper), and 15,647 µg kg−1 (Vulkan). It was also found in naturally 

infected grains of all studied genotypes. The highest concentration had genotype El Nino 

(1,227 µg kg−1), followed by genotypes Golubica (105 µg kg−1), Tika Taka (73 µg kg−1), 

Galloper (63 µg kg−1), Vulkan (µg kg−1), and Kraljica (µg kg−1) (Figure 9d).  

The highest concentration of 15-hydroxyculmoron at the experimental location Osijek 

was recorded in the genotype Golubica (4,611 µg kg−1), followed by genotypes Tika Taka 

(4,099 µg kg−1), El Nino (4,035 µg kg−1), Kraljica (1,306 µg kg−1), Vulkan (1,034 µg kg−1). 

The lowest concentration had genotype Galloper (570 µg kg−1). In naturally infected 

grains of tested genotypes this metabolite was not recorded (Figure 9e). At the 

experimental location Tovarnik, same as at the experimental location Osijek, the highest 

concentration was also recorded in the genotype Golubica (2,990 µg kg−1). The rest of the 

genotypes had the concentrations as follows: El Nino (2,652 µg kg−1), Kraljica (2,423 µg 

kg−1), Tika Taka (1,983 µg kg−1), Galloper (1,555 µg kg−1), and Vulkan (1,198 µg kg−1). In 

naturally infected samples, it was recorded only in the genotype El Nino (81 µg kg−1) 

(Figure 9f).  
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At the experimental location Osijek, the highest 5-hydroxyculmorin levels recorded were 

found in the genotypes Golubica (24,352 µg kg−1), El Nino (21,840 µg kg−1), and Tika Taka 

(21,792 µg kg−1). Genotypes Kraljica, Vulkan, and Galloper had concentrations of 8,352 µg 

kg−1, 7,715 µg kg−1, and 5,074 µg kg−1, respectively. In naturally infected grains, it was not 

found (Figure 9g). Concentrations of 5-hydroxyculmorin at the experimental location 

Tovarnik were elevated in all artificially infected samples. The concentrations recorded 

were 30,008 µg kg−1 (El Nino), 28,792 µg kg−1 (Golubica), 22,048 µg kg−1 (Tika Taka), 21,520 

µg kg−1 (Kraljica), 18,280 µg kg−1 (Galloper), and 14,016 µg kg−1 (Vulkan). In naturally 

infected samples, it was found only in genotypes El Nino (637 µg kg−1), Vulkan (226 µg 

kg−1), and Golubica (138 µg kg−1) (Figure 9h).  
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Figure 9. Concentrations of culmorin (CUL) (a,b), 15-hydroxyculmorin (c,d), 15-hydroxyculmoron (e,f), and 

5-hydroxyculmorin (g,h) in artificially inoculated and naturally infected samples at Osijek (a,c,e,g) and 

Tovarnik (b,d,f,h). The asterisk (*) indicates that measured values are below LOD (limit of detection) values. 

 

Ocje
na

 ra
da

 

u t
ije

ku



Results 

49 
 

3.1.2.4. Aurofusarin, butenolide, chrysogin, and fusarin C content 

At Osijek, aurofusarin levels were 12,511 µg kg−1 (Tika Taka), 9,744 µg kg−1 (El Nino), 

5,610 µg kg−1 (Golubica), 3,547 µg kg−1 (Kraljica), 1,980 µg kg−1 (Vulkan), and 1,866 µg kg−1 

(Galloper). In naturally infected samples, it was not found (Figure 10a). Tovarnik had 

higher levels of aurofusarin in artificially infected samples compared to Osijek, with the 

highest concentration being 67,600 µg kg−1 in the genotype El Nino, followed by 

genotypes Tika Taka (32,978 µg kg−1), Golubica (21,233 µg kg−1), Kraljica (14,922 µg kg−1), 

Vulkan (12,867 µg kg−1), and Galloper (11,356 µg kg−1). In naturally infected samples, it 

was recorded only in genotype El Nino (739 µg kg−1) (Figure 10b).  

The highest concentration of butenolide was recorded in genotype Golubica (1,120 µg 

kg−1), followed by Vulkan (723 µg kg−1), El Nino (399 µg kg−1), Kraljica (218 µg kg−1), 

Galloper (183 µg kg−1), and Tika Taka (167 µg kg−1). It was not recorded in naturally 

infected grains of the tested genotypes (Figure 10c). At Tovarnik, the highest 

concentration of butenolide had genotype Vulkan (654 µg kg−1). The rest of the genotypes 

had concentrations of 500 µg kg−1 (Golubica), 472 µg kg−1 (El Nino), 334 µg kg−1 (Tika 

Taka), 294 µg kg−1 (Kraljica), and 188 µg kg−1 (Galloper). Like the naturally infected 

samples at Osijek, it was also not recorded at Tovarnik (Figure 10d).  

Chrysogin levels at Osijek were 1,323 µg kg−1 (El Nino), 1,101 µg kg−1 (Tika Taka), 891 µg 

kg−1 (Golubica), 568 µg kg−1 (Kraljica), 386 µg kg−1 (Vulkan), and 346 µg kg−1 (Galloper). It 

was not found in the naturally infected samples (Figure 10e). At Tovarnik, the highest 

concentration had genotype El Nino (1,174 µg kg−1), followed by Kraljica (822 µg kg−1), 

Tika Taka (821 µg kg−1), Golubica (725 µg kg−1), Vulkan (603 µg kg−1), and Galloper (528 

µg kg−1). In naturally infected samples, the highest concentration was recorded in the 

genotype El Nino (40 µg kg−1), while the rest of the genotypes had negligible 

concentrations (Figure 10f).  

Fusarin C levels at Osijek were 2,656 µg kg−1 (El Nino), 2,390 µg kg−1 (Tika Taka), 2,051 µg 

kg−1 (Golubica), 997 µg kg−1 (Galloper), 744 µg kg−1 (Kraljica), and 665 µg kg−1 (Vulkan) 

(Figure 10g). At Tovarnik, the highest concentration had genotype El Nino (6,715 µg kg−1), 

followed by genotypes Golubica (4,582 µg kg−1), Tika Taka (4,029 µg kg−1), Kraljica (3,878 

µg kg−1), Galloper (3,461 µg kg−1), and Vulkan (2,611 µg kg−1) (Figure 10h). It was not 

found in naturally infected samples at both experimental locations. 
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Figure 10. Concentrations of aurofusarin (a,b), butenolide (c,d), chrysogin (e,f), and fusarin C (g,h) in 

artificially inoculated and naturally infected samples at Osijek (a,c,e,g) and Tovarnik (b,d,f,h). The asterisk 

(*) indicates that measured values are below LOD (limit of detection) values. 
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3.1.3. Polar metabolites content in naturally infected and inoculated wheat grains 

This study identified 275 polar metabolites in the naturally infected (control) and 

artificially inoculated grains of six winter wheat genotypes at two experimental locations 

(Osijek and Tovarnik). Results of the Mann-Whitney U test (p value < 0.05; N = 48) 

revealed polar metabolites whose concentrations in grains were substantially altered by 

Fusarium treatment relative to controls. The univariate analysis showed that out of the 

275 polar metabolites identified in the winter wheat grains, concentrations of 18 

metabolites (6.55%) were significantly changed under Fusarium artificial inoculation 

compared to the corresponding controls at both experimental locations (Table 2). These 

polar metabolites were selected for further analyses. 

The metabolites detected to vary between treatments significantly, belonged to diverse 

functional groups including amino acids and derivatives (2-piperidinecarboxylic acid or 

pipecolic acid, histidine, 5-hydroxytryptophan), small organic (carboxylic) acids 

(pyrrole-2-carboxylic acid, lactic acid dimer), polyphenols and their derivatives (4-

hydroxybenzoic acid, 3-hydroxyflavone, 5,7-dihydroxyflavone, 3-(2,4-dihydroxyphenyl) 

propanoic acid, 2-hydroxyhippuric acid), saturated fatty acids (3-hydroxydodecanoic 

acid), carbohydrates and derivatives (turanose, sophorose, cellobiitol), nucleotides 

(guanosine, 2-deoxyguanosine), terpenoids (secologanin), and tocols (α-tocopherol 

acetate). 

PCA showed that principal component (PC) 1 accounted for 34.3%, and PC2 for 17.6% of 

the total variation (Figure 12). Metabolites 3-(2,4-dihydroxyphenyl)-propanoic acid, 

histidine, 3-hydroxyflavone, sophorose, guanosine, and α-tocopherol acetate were the 

major contributors to PC1, while the main contributors for PC2 were piperidine-2-

carboxylic acid, pyrrole-2-carboxylic acid, 4-hydroxybenzoic acid, histidine, cellobiitol, 

and 3-hydroxyflavone. Metabolites clustered together in the groups indicate a positive 

correlation between them. Furthermore, metabolites guanosine, 2-deoxyguanosine, 

secologanin, 5,7-dihydroxyflavone, and 3-hydroxydodecanoic acid were on the opposite 

side of the type II resistance/susceptibility on the PCA biplot, which indicates a negative 

correlation between these variables. The closest metabolites to the FHB 

resistance/susceptibility on the PCA biplot were sophorose, turanose, cellobiitol, 5-

hydroxytriptophan, and lactic acid dimer, also showing the same direction as FHB 

resistance/susceptibility (Figure 11). Furthermore, the PCA biplot showed a clear 

separation of genotypes from the control group (natural infection) and artificially infected 
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genotypes from both locations, with control genotypes clustered together mainly on the 

left side of the PCA biplot and inoculated genotypes grouped mostly on the right side of 

the biplot. 

 

Table 2. Significant metabolites in the grains of six winter wheat genotypes across different treatments at 

two locations together obtained by Mann-Whitney U test. 

  

Rank Sum 

Group 1 

Rank Sum 

Group 2 
U Z 

p 

value 

Z - 

adjusted 

p 

value 

Valid N 

Group 1 

Valid N 

Group 2 

Exact p 

value 

2-piperidinecarboxylic 

acid 
703 473 173 2.371 0.018 2.372 0.018 24 24 0.01724 * 

Pyrrole-2-carboxylic 

acid 
468 708 168 -2.474 0.013 -2.475 0.013 24 24 0.01278 * 

Lactic acid dimer 489 687 189 -2.041 0.041 -2.042 0.041 24 24 0.04149 * 

4-hydroxybenzoic acid 492 684 192 -1.979 0.048 -1.980 0.048 24 24 0.04828 * 

3-hydroxydodecanoic 

acid 
684 492 192 1.979 0.048 1.980 0.048 24 24 0.04828 * 

3-(2,4-

dihydroxyphenyl) 

propanoic acid 

485.5 690.5 185.5 -2.114 0.035 -2.114 0.035 24 24 0.03368 * 

Histidine 474.5 701.5 174.5 -2.340 0.019 -2.341 0.019 24 24 0.01828 * 

2-hydroxyhippuric 

acid 
711.5 464.5 164.5 2.547 0.011 2.548 0.011 24 24 0.00997 ** 

Cellobiitol 476 700 176 -2.309 0.021 -2.330 0.020 24 24 0.02052 * 

3-hydroxyflavone 477 699 177 -2.289 0.022 -2.289 0.022 24 24 0.02172 * 

Turanose 490.5 685.5 190.5 -2.010 0.044 -2.015 0.044 24 24 0.04365 * 

Sophorose 486 690 186 -2.103 0.035 -2.104 0.035 24 24 0.03551 * 

5-hydroxytryptophan 457.5 718.5 157.5 -2.691 0.007 -2.691 0.007 24 24 0.00633 ** 

Guanosine 696.5 479.5 179.5 2.237 0.025 2.238 0.025 24 24 0.02430 * 

2-deoxyguanosine 694.5 481.5 181.5 2.196 0.028 2.197 0.028 24 24 0.02715 * 

Secologanin 689.5 486.5 186.5 2.093 0.036 2.094 0.036 24 24 0.03551 * 

5,7-dihydroxyflavone 685.5 490.5 190.5 2.010 0.044 2.011 0.044 24 24 0.04366 * 

α-tocopherol acetate 489 687 189 -2.041 0.041 -2.042 0.041 24 24 0.04149 * 
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Figure 11.  Principal component analysis (PCA) biplot of 18 wheat metabolites in control and Fusarium 

head blight (FHB) stressed grains of six winter wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, 

Kraljica, and Golubica) and general resistance/susceptibility to FHB at two experimental locations, Osijek 

(OS) and Tovarnik (TOV). 
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Spearman correlation coefficient showed that the most prominent significant positive 

correlations were between sophorose and 5-hydroxytriptophan, sophorose and 

cellobiitol, sophorose and turanose, between 5-hydroxytriptophan and cellobiitol, 5-

hydroxytriptophan and turanose, cellobiitol and turanose, as well as between histidine 

and 3-hydroxyflavone, histidine and 3-(2,4-dihydroxyphenyl)-propanoic acid, and 

histidine and α-tocopherol acetate, between 3-hydroxyflavone and 3-(2,4-

dihydroxyphenyl)-propanoic acid, and 3-hydroxyflavone and α-tocopherol acetate, and 

between 3-(2,4-dihydroxyphenyl)-propanoic acid and α-tocopherol acetate. The most 

distinguished significant negative correlations were between guanosine and sophorose, 

guanosine and 5-hydroxytriptophan, as well as between guanosine and cellobiitol. 

However, neither of the metabolites significantly changed following inoculations showed 

a significant correlation with FHB resistance in the Spearman correlation matrix (Figure 

12) (Supplementary table 1). 
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Figure 12. Graphical Spearman correlation matrix of 18 wheat metabolites in grains and resistance 

to Fusarium. Spearman correlation r values were determined using MetaboAanalyst. Colours are added for 

better visualization. The colours span from dark purple to yellow, where dark purple denotes an r value of 

1 and yellow indicates an r value of −0.4. 
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3.2. Controlled conditions (greenhouse) 

3.2.1. Type II resistance to Fusarium head blight  

On 10th dpi, nearly all genotypes exhibited distinctly visible spike bleaching (Figure 13). 

Table 3 shows the average number of infected spikelets for each variety on 10th dpi. 

Genotype Golubica exhibited the highest disease spread within the spike, with an 

average of 3.7 infected spikelets per spike. Genotypes Tika Taka and El Nino exhibited 

reduced disease spread in comparison to Golubica, with values of 3.5 and 2.5, 

respectively. In the genotypes Kraljica and Galloper, disease spread was lower compared 

to Golubica, Tika Taka, and El Nino, with an average of 2 infected spikelets per spike for 

Kraljica and 1.8 for Galloper. Genotype Vulkan demonstrated the lowest disease spread, 

with only one spikelet showing FHB symptoms on 10th dpi. 

 

Table 3. Values for type II resistance to Fusarium head blight (resistance to disease spread within the spike) 

of six winter wheat genotypes. Data are average values of six independent biological replicates ± SD. 

Different letters indicate significant differences between varieties (p < 0.05). 

Genotype 
Number of infected spikelets on 

10th dpi ± SD 

Golubica 3.7 ± 0.47 a 

Tika Taka 3.5 ± 0.76 ab 

El Nino 2.5 ± 0.96 bc 

Galloper 1.8 ± 1.46 cd 

Kraljica 2 ± 0.58 cd 

Vulkan 1 ± 0.82 d 
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Figure 13. Fusarium head blight (FHB) symptoms of the spike bleaching in the genotype (a) Golubica, (b) Tika 

Taka, (c) El Nino, (d) Kraljica, (e) Galloper, and (f) Vulkan on 10th day post inoculation (dpi) in the greenhouse 

(author: Katarina Šunić Budimir). 
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3.2.2. Photosynthetic efficiency 

3.2.2.1. Chlorophyll a fluorescence 

Parameter TR0/ABS was not significantly affected by artificial infection on the first two 

measurement points (1 dpi and 3 dpi) compared to the corresponding controls (Figure 

14a-f). However, on 7 dpi and 10 dpi a significant decline of TR0/ABS in FHB treatment 

was recorded, and the most prominent decrease had genotypes Golubica, which 

decreased TR0/ABS by 93.4% on the 7 dpi and 96.5% on 10 dpi, compared to the 3 dpi 

(Figure 14f). The second most distinguished decrease of the TR0/ABS on 7 dpi and 10 dpi 

compared to the 3 dpi had genotype Tika Taka, which decreased it by 96.3% and 92.7%, 

respectively (Figure 14c). The rest of the genotypes responded similarly to genotypes Tika 

Taka and Golubica. A decline in FHB inoculated treatment was observed in spikes of the 

genotype El Nino with TR0/ABS significantly decreasing on 7 dpi and 10 dpi compared 

to 3 dpi (69.5% and 93.9%) (Figure 14a). Genotype Kraljica decreased TR0/ABS in the FHB-

stressed spikes on 7 dpi and 10 dpi by 61.3% and 49.3%, respectively, compared to the 3 

dpi (Figure 14e). In addition, genotype Galloper significantly decreased the same 

parameter by 38.4 and 64.2% on the same measurement points compared to the 

measurement on 3 dpi, respectively (Figure 14b). Changes in TR0/ABS in FHB-stressed 

spikes of the genotype Vulkan were much less pronounced than in the other genotypes 

investigated (Figure 14d). This parameter decreased significantly in FHB treatment by 

23.9% and 28.3% at the same measurement points compared to the second measurement 

point, respectively. 

When comparing FHB treatment and controls, TR0/ABS in FHB-stressed spikes decreased 

significantly on 7 and 10 dpi. In the genotype Golubica, the decrease in FHB treatment 

was 93.7% and 96.4% compared to the control measurements, respectively (Figure 14f). 

Similar to the genotype Golubica, genotype Tika Taka decreased TR0/ABS at stressed 

spikes on 7 dpi (96.3%) and 10 dpi (92.5%) compared to the corresponding control 

measurements (14c). Significant decrease in the FHB-stressed spikes of the genotype El 

Nino was 69.2% on 7 dpi and 93.4% on 10 dpi compared to the controls (Figure 14a). In 

the genotype Kraljica, the same parameter decreased significantly only on the third 

measurement point (7 dpi) by 63.1% (Figure 14e). Similarly was obtained for genotype 

Vulkan where a significant decrease was recorded only on 7 dpi (24.9%) in FHB treated 

spikes, compared to corresponding control measurements (Figure 14d), while in the 
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stressed spikes of the genotype Galloper a significant decrease in TR0/ABS was recorded 

on 10 dpi by 61.8%, compared to controls (Figure 14b). 

 

 

Figure 14. Maximum quantum yield of primary photochemistry (TR0/ABS) in control and FHB-stressed 

spikes of six winter wheat genotypes (a) El Nino, (b) Galloper, (c) Tika Taka, (d) Vulkan, (e) Kraljica, and 

(f) Golubica. Bars represent mean values of six independent biological replicates ± SD. Different small 

letters indicate significant differences between treatments on each measurement point separately (1 day 

post inoculation (dpi), 3 dpi 7 dpi, and 10 dpi) (p < 0.05). Different capital letters indicate differences among 

measurement points in each treatment separately (p < 0.05). 
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Similarly as TR0/ABS, in the PIabs, there were no recorded significant changes on the first 

two measurement points (1 and 3 dpi) of the FHB treatment, while on the last two 

measurement points (7 and 10 dpi), a significant decline of PIabs in almost all genotypes 

studied was observed, compared to the first two measurements (Figure 15a–f). However, 

in the genotype Galloper, a significant decrease of PIabs in the FHB treatment was 

observed on 7 dpi compared to 1 dpi (56.4%) and on 10 dpi compared to 1 dpi (78.2%) 

and 3 dpi (74.9%) (Figure 15b). Genotype Golubica decreased the measured parameter 

on 7 dpi (99.5%) and 10 dpi (100%) when compared to the same measured parameter 

measured on 3 dpi (Figure 15f). Genotype El Nino decreased PIabs on 7 dpi and 10 dpi by 

78.4% and 99.6% when compared to the 3 dpi, respectively (Figure 15a). Tika Taka had a 

significant decrease of PIabs on 7 dpi and 10 dpi of 100% and 97.2% compared to the 3 dpi, 

respectively (Figure 15c). Genotype Kraljica reduced it by 84.5% and 83.5% on the third 

and fourth measurement points compared to the second measurement point, respectively 

(Figure 15e). Genotype Vulkan had a less prominent decrease compared to the other 

genotypes and reduced PIabs by 47.1% and 42% on 7 dpi and 10 dpi compared to the 3 

dpi, respectively (Figure 15d). 

 PIabs in control and artificially inoculated spikes at each measurement point separately 

showed a similar trend when comparing PIabs between different measurement points. 

Genotype Tika Taka decreased this parameter by 100% and 97.6% on 7 and 10 dpi 

compared to the corresponding controls, respectively (Figure 15c). Genotype Golubica 

decreased PIabs in the same measurement points by 99.6% and 100% when compared to 

the controls, respectively (Figure 15f), while genotype El Nino decreased it by 80.1% and 

99.5% on 7 and 10 dpi compared to the corresponding controls on the same measurement 

points, respectively (Figure 15a). Significant decreases of the PIabs in the genotypes 

Kraljica and Vulkan were observed only on 7 dpi by 90.7% and 57.6% compared to the 

controls, respectively, while no significant changes were observed on the last 

measurement point (10 dpi) (Figure 15d-e). In the FHB-stressed spikes of the genotype 

Galloper, this parameter significantly decreased only on 10 dpi by 75.4% (Figure 15b). 
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Figure 15. Performance index on absorption basis (PIabs) in control and FHB-stressed spikes of six winter 

wheat genotypes (a) El Nino, (b) Galloper, (c) Tika Taka, (d) Vulkan, (e) Kraljica, and (f) Golubica. Bars 

represent mean values of six independent biological replicates ± SD. Different small letters indicate 

significant differences between treatments on each measurement point separately (1 day post inoculation 

(dpi), 3 dpi 7 dpi, and 10 dpi) (p < 0.05). Different capital letters indicate differences among measurement 

points in each treatment separately (p < 0.05). 
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3.2.2.2. Photosynthetic pigments content 

Chl a content did not exhibit a uniform increasing or decreasing pattern among tested 

genotypes. Genotypes Vulkan, Tika Taka, Galloper, and Kraljica reduced Chl a content 

in FHB-stressed spikes. However, the reduction was significant only in genotypes Vulkan 

and Tika Taka, which reduced it by 17.6% and 12.5% compared to the corresponding 

controls, respectively. Genotypes El Nino and Golubica increased Chl a content by 4.6 

and 14.2% compared to the corresponding control spikes, respectively (Figure 16). 

Chl b content followed the same non-uniform decrease or increase trend as Chl a. 

Genotypes Tika Taka, Galloper, and Vulkan all decreased Chl b content. However, the 

decrease was only significant in genotypes Tika Taka and Vulkan, which reduced it by 

27% and 16%, respectively. Although increased Chl b levels were recorded in genotypes 

Kraljica, Golubica, and El Nino, a significant increase was only recorded in genotype 

Golubica, which increased it by 20.9% (Figure 17). 

 

 

 

 

 

 

 

 

Figure 16. Content of chlorophyll a (Chl a) in control and FHB-stressed spikes of six winter wheat genotypes 

(El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean values of six 

independent biological replicates ± SD. Different letters indicate significant differences among treatments 

in each genotype separately (p < 0.05).  
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Figure 17. Content of chlorophyll b (Chl b) in control and FHB-stressed spikes of six winter wheat genotypes 

(El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean values of six 

independent biological replicates ± SD. Different letters indicate significant differences among treatments 

in each genotype separately (p < 0.05). 

 

Genotypes Kraljica, Vulkan, and Galloper showed a decreasing trend in Car 

concentration. However, the decrease was significant only in FHB-stressed spikes of 

genotypes Kraljica and Vulkan, which reduced it by 12.9% and 20.2% compared to 

corresponding control spikes, while the decrease in genotype Galloper was not 

significant. Genotypes El Nino, Tika Taka, and Golubica increased Car levels in 

inoculated spikes by 11.9%, 5.3%, and 19.3% respectively, although increase in genotype 

Tika Taka was not significant. (Figure 18). 

 

 

 

 

 

 

Figure 18. Content of carotenoids (Car) in control and FHB-stressed spikes of six winter wheat genotypes 

(El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean values of six 

independent biological replicates ± SD. Different letters indicate significant differences among treatments 

in each genotype separately (p < 0.05). 
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A decrease in Chl a to Chl b ratio (Chl a/Chl b) was recorded in genotypes El Nino, Vulkan, 

Kraljica, and Golubica, while genotypes Galloper and Tika Taka showed an increase in 

Chl a/Chl b. However, significant changes were recorded only in genotypes Vulkan and 

Kraljica, which decreased this ratio by 7% and 16% compared to the control spikes, 

respectively. The recorded significant increase in FHB-stressed spikes of the genotype 

Tika Taka was 22.7%, compared to the corresponding controls (Figure 19). 

 

 

 

 

 

 

 

 

Figure 19. Chlorophyll a/b ratio in control and FHB-stressed spikes of six winter wheat genotypes (El Nino, 

Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean values of six independent 

biological replicates ± SD. Different letters indicate significant differences among treatments in each 

genotype separately (p < 0.05). 

Genotypes Galloper and Kraljica significantly decreased the Car to total Chl ratio 

(Car/Chl a + Chl b) by 4.6 and 13.6%, respectively, while this ratio increased in the rest of 

the genotypes (Figure 20). The increase in Car/Chl a + Chl b, which was the highest and 

at the same time only significant, was recorded in genotype Tika Taka, which increased 

it by 40.1%. The lowest increase in Car/Chl a + Chl b ratio was recorded in genotype 

Vulkan, which increased it by 2.3%. 
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Figure 20. Carotenoids/total chlorophyll ratio (Car/Chl a + Chl b) in control and FHB-stressed spikes of six 

winter wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent 

mean values of six independent biological replicates ± SD. Different letters indicate significant differences 

among treatments in each genotype separately (p < 0.05). 

3.2.3. Oxidative status 

3.2.3.1. Lipid peroxidation level 

The oxidative status of wheat spikes was assessed by determining the level of lipid 

peroxidation by measuring the amount of TBARS. All studied winter wheat genotypes 

had increased TBARS content in FHB-stressed spikes compared to control ones. 

However, a significant increase was recorded only in genotypes El Nino, Tika Taka, and 

Golubica, which increased it by 35.6%, 54.0%, and 61.5%, respectively (Figure 21). 

 

 

 

 

 

 

 

Figure 21. Content of thiobarbituric reactive substances (TBARS) in control and FHB-stressed spikes of six 

winter wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent 

mean values of four independent biological replicates ± SD. Different letters indicate significant differences 

among treatments in each genotype separately (p < 0.05). 
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3.2.3.2. Hydrogen peroxide content 

In addition to the lipid peroxidation level, the oxidative status of winter wheat spikes 

was also monitored by measuring the amount of H2O2. The same as for TBARS content, 

the increase of H2O2 content in FHB-stressed spikes was also recorded in all studied 

genotypes. Furthermore, the increase was significant in almost all genotypes except 

genotype Vulkan, which increased H2O2 content in FHB-stressed spikes by 15.1% 

compared to control ones. Genotypes El Nino, Galloper, Tika Taka, Kraljica, and Golubica 

increased H2O2 by 53.8%, 50.0%, 89.5%, 41.2%, and 94.3% compared to control spikes, 

respectively. The most prominent increase in H2O2 had genotype Golubica (Figure 22).  

 

 

 

 

 

 

Figure 22. Content of hydrogen peroxide (H2O2) in control and FHB-stressed spikes of six winter wheat 

genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean values of 

four independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 

3.2.4. Antioxidative status 

3.2.4.1. Ascorbate-glutathione cycle 

3.2.4.1.1. Ascorbate peroxidase activity 

In the artificially inoculated spikes of the Tika Taka and Golubica genotypes, APX activity 

significantly decreased by 78.5% and 51.7% compared to the corresponding control 

spikes, respectively. Genotypes Galloper, Vulkan, and Kraljica increased APX activity. 

The highest significant increase was in genotype Kraljica, which increased APX activity 

by 92.4%, followed by genotypes Galloper (73.4%) and Vulkan (32.8%) (Figure 23). 
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Figure 23. The activity of ascorbate peroxidase (APX) in control and FHB-stressed spikes of six winter 

wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean 

values of six independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 

3.2.4.1.2. Monodehydroascorbate reductase activity 

FHB stress decreased MDHAR activity in spikes of almost all winter wheat genotypes 

tested (Figure 24). The most prominent significant decrease in MDHAR activity was 

recorded in the genotype Golubica, which was reduced by 33.5%. The rest of the 

genotypes reduced it by 29% (Galloper), 26.9% (Tika Taka), and 19.5% (El Nino). In the 

artificially inoculated spikes of the genotype Kraljica, MDHAR activity significantly 

increased by 49.6% compared to the corresponding control spikes. 

 

 

 

 

 

 

 

Figure 24. The activity of monodehydroascorbate reductase (MDHAR) in control and FHB-stressed spikes 

of six winter wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars 

represent mean values of six independent biological replicates ± SD. Different letters indicate significant 

differences among treatments in each genotype separately (p < 0.05). 
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3.2.4.1.3. Dehydroascorbate reductase activity 

DHAR activity, similar to that recorded in the MDHAR, mostly decreased due to FHB 

stress (Figure 25). Genotype El Nino significantly reduced DHAR activity in the FHB-

stressed spikes by 38.4% compared to the control ones, followed by genotypes Golubica 

(30.6%), Galloper (29.9%), and Tika Taka (21.1%). Genotypes Kraljica and Vulkan 

significantly increased DHAR activity in artificially infected spikes by 34% and 19.6%, 

respectively, compared to the corresponding control spikes. 

 

 

 

 

 

 

 

Figure 25. The activity of dehydroascorbate reductase (DHAR) in control and FHB-stressed spikes of six 

winter wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent 

mean values of six independent biological replicates ± SD. Different letters indicate significant differences 

among treatments in each genotype separately (p < 0.05). 

3.2.4.1.4. Glutathione reductase activity 

Compared to the MDHAR and DHAR activities, which were mainly decreased, FHB 

stress increased GR activity in the spikes of almost all genotypes tested (Figure 26). The 

recorded increase was significant in all genotypes, where genotype Kraljica had the most 

distinguished increase (65.2%). Genotypes El Nino, Tika Taka, Golubica, and Galloper 

increased it by 49.3%, 39.1%, 23.6%, and 20.6%, respectively.  Ocje
na
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Figure 26. The activity of glutathione reductase (GR) in control and FHB-stressed spikes of six winter wheat 

genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean values of 

six independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 

3.2.4.1.5. Reduced and oxidised glutathione content 

The content of GSH in FHB-stressed spikes was not significantly affected in most of the 

tested genotypes (Figure 27a). Significant changes were only recorded in the FHB-

stressed spikes of the Tika Taka and Golubica genotypes, which increased GSH content 

in FHB-stressed spikes compared to the corresponding controls by 29.3% and 15.8%, 

respectively.  

Compared to the GSH content, all genotypes tested showed an increasing trend of GSSG 

in FHB-stressed spikes compared to the corresponding controls (Figure 27b). The 

recorded increase was significant in all genotypes tested except for the genotype Vulkan. 

Genotype Golubica had the most prominent significant increase of the GSSG content 

compared to the corresponding control (99.9%), followed by genotypes Kraljica (63.9%), 

El Nino (40.5%), Tika Taka (33%), and Galloper (21.3%).  
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Figure 27. Content of (a) reduced glutathione (GSH) and (b) oxidised glutathione (GSSG) in control and 

FHB-stressed spikes of six winter wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and 

Golubica). Bars represent mean values of six independent biological replicates ± SD. Different letters 

indicate significant differences among treatments in each genotype separately (p < 0.05). 

3.2.4.2. Catalase activity 

Stress induced by FHB inoculations differentially affected CAT activity in the spikes of 

winter wheat genotypes studied. CAT activity increased only in FHB-stressed spikes of 

genotypes Galloper (15.7%) and Kraljica (12.5%). The rest of the genotypes decreased 

CAT activity in FHB-stressed spikes compared to the corresponding control spikes, 

where the decrease was significant in genotypes Tika Taka (16.3%), Vulkan (19.6%), and 

Golubica with the most prominent decrease (26.7%) (Figure 28). 
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Figure 28. The activity of catalase (CAT) in control and FHB-stressed spikes of six winter wheat genotypes 

(El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean values of six 

independent biological replicates ± SD. Different letters indicate significant differences among treatments 

in each genotype separately (p < 0.05). 

3.2.4.3. Glutathione S-transferase activity 

FHB stress induced GST activity in almost all studied genotypes. However, the increase 

in GST activity was significant in only three out of five genotypes. Genotype Galloper 

increased GST activity in FHB-stressed spikes by 47.7%, genotype Vulkan by 27.7%, and 

genotype Kraljica by 44.6% compared to the corresponding controls. Only genotype 

Golubica significantly decreased GST activity in FHB-stressed spikes by 16% compared 

to the control spikes (Figure 29). 

 

 

 

 

 

 

Figure 29. The activity of glutathione S-transferase (GST) in control and FHB-stressed spikes of six winter 

wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean 

values of six independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 
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3.2.4.4. Guaiacol peroxidase activity 

FHB inoculations increased GPOD activity in almost all studied genotypes. The increase 

in GPOD activity was the most prominent in genotypes Galloper, Kraljica, El Nino, and 

Tika Taka which increased by 54.1%, 53.4%, 46.4%, and 22.8% compared to the control 

spikes, respectively. FHB stress did not cause changes in GPOD activity of genotypes 

Vulkan and Golubica (Figure 30). 

 

 

 

 

 

 

Figure 30. The activity of guaiacol peroxidase (GPOD) in control and FHB-stressed spikes of six winter 

wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean 

values of six independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 

3.2.5. Abscisic acid and salicylic acid content 

Content of ABA was significantly increased in the FHB-stressed spikes of all winter wheat 

genotypes tested compared to corresponding controls. Genotype Golubica showed the 

most prominent significant ABA increase in FHB-stressed spikes by 485.3%, followed by 

genotype Tika Taka with a 453.9% increase compared to the controls. Genotypes Galloper 

increased it by 218%, El Nino by 139%, and Vulkan by 126.9%, while the lowest increase 

was recorded for the genotype Kraljica (48.4%) (Figure 31). 
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Figure 31. Content of abscisic acid (ABA) in control and FHB-stressed spikes of six winter wheat genotypes 

(El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean values of six 

independent biological replicates ± SD. Different letters indicate significant differences among treatments 

in each genotype separately (p < 0.05). 

The content of SA in spikes of tested genotypes showed a non-uniform trend of decrease 

or increase. In most of the genotypes, observed SA content changes were insignificant. A 

significant increase in SA content in FHB-stressed spikes was recorded only in the 

genotype El Nino, which increased it by 54.6% compared to control spikes. On the 

contrary, genotype Vulkan showed a significant decrease in SA content in FHB-stressed 

spikes by 34.2%, compared to the corresponding control spikes (Figure 32). 

 

 

 

 

 

 

 

Figure 32. Content of salicylic acid (SA) in control and FHB-stressed spikes of six winter wheat genotypes 

(El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean values of six 

independent biological replicates ± SD. Different letters indicate significant differences among treatments 

in each genotype separately (p < 0.05).  
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3.2.5. Genes relative expression levels  

3.2.5.1. NPR1 relative expression 

Relative expression of NPR1 was differentially affected by FHB inoculations of the winter 

wheat spikes (Figure 33). The highest significant induction of the NPR1 expression was 

recorded in the genotypes Vulkan and Tika Taka, both of which increased it by 86.9% 

compared to the corresponding control. The significant induction of the NPR1 expression 

was also recorded in the genotype Kraljica, which increased it by 77% compared to the 

controls. The rest of the genotypes non-significantly increased the expression of NPR1. 

 

 

 

 

 

 

 

Figure 33. The relative expression level of the NPR1 gene in control and FHB-stressed spikes of six winter 

wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean 

values of six independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 

3.2.5.2. TGA2 relative expression 

Stress induced by FHB inoculations differentially affected TGA2 expression (Figure 34). 

TGA2 expression was significantly induced in genotypes El Nino, Golubica, and 

Galloper, which increased it by 74.3%, 66.8%, and 39.2% compared to the corresponding 

controls, respectively. FHB stress in the spikes of the genotype Tika Taka also induced 

TGA2 expression, but non-significantly. In the FHB-stressed spikes of the genotypes 

Vulkan and Kraljica, TGA2 expression was not influenced by the treatment. 
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Figure 34. The relative expression level of the TGA2 gene in control and FHB-stressed spikes of six winter 

wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean 

values of six independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 

 

3.2.5.3. PR1 relative expression 

FHB stress significantly upregulated expression of the gene encoding pathogenesis-

related 1 (PR1) protein in the spikes of all studied winter wheat genotypes (Figure 35). 

The most prominent increase was recorded in the genotype Galloper, which induced the 

expression of PR1 gene by 98.6% compared to the corresponding control. Genotypes Tika 

Taka, El Nino, Golubica, Kraljica, and Vulkan increased relative expression levels of PR1 

gene by 94.8%, 94.7%, 94.4%, 91.2%, and 78.6%, respectively. 

 

 

 

 

 

 

 

Figure 35. The relative expression level of the PR1 gene in control and FHB-stressed spikes of six winter 

wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean 

values of six independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 
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3.2.5.4. PR3 relative expression 

The expression of the gene encoding pathogenesis-related 3 (PR3) protein showed the 

same trend of increase as the expression of the PR1 gene (Figure 36). All studied winter 

wheat genotypes had a significant induction of the PR3 expression in the spikes of FHB-

inoculated plants compared to the control ones. The highest expression, as for the PR1, 

was recorded in the genotype Galloper (91.3%), followed by genotype El Nino (91.1%), 

Tika Taka (85.8%), Golubica (85.3%), and Kraljica (77.2%), and Vulkan (66.2%). 

 

 

 

 

 

 

Figure 36. The relative expression level of the PR3 gene in control and FHB-stressed spikes of six winter 

wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean 

values of six independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 

3.2.5.5. PR5 relative expression 

FHB stress significantly induced the expression of pathogenesis related 5 (PR5) protein 

(Figure 37). The expression of the PR5 gene was again the highest in the inoculated spikes 

of the genotype Galloper, which increased it by 99.3% compared to the corresponding 

control. The second highest expression was recorded in the genotype Golubica (99.2%), 

followed by genotypes Tika Taka (98%), Vulkan (98%), Kraljica (97.4%), and El Nino 

(96.6%). Ocje
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Figure 37. The relative expression level of the PR5 gene in control and FHB-stressed spikes of six winter 

wheat genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kraljica, and Golubica). Bars represent mean 

values of six independent biological replicates ± SD. Different letters indicate significant differences among 

treatments in each genotype separately (p < 0.05). 
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4. DISCUSSION 
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Developing wheat genotypes with a high degree of resistance to FHB is considered to be 

one of the most efficient methods of disease management. However, breeding FHB-

resistant wheat genotypes is challenging due to the intricate wheat genome, quantitative 

inheritance, phenotypic variability, and ambiguous resistance mechanisms in host-

pathogen interactions (Wu et al., 2022). Moreover, developing FHB-resistant genotypes 

with favourable agronomic traits is difficult due to the negative correlation between FHB 

resistance and agronomic traits. Several previous studies have focused on the different 

responses of winter wheat to FHB stress, either exclusively under field or controlled 

conditions, but rarely under both. Despite considerable efforts to identify the processes 

involved in the wheat defence response to FHB, much remains to be clarified. Therefore, 

this study aimed to extend the existing knowledge on the metabolic, physiological, 

biochemical and molecular responses of winter wheat to FHB by investigating its 

response under both field and controlled conditions. Mycotoxin and polar metabolite 

content, general and type I resistance were determined on the genotypes grown in the 

field experiment, while type II resistance to FHB, photosynthetic efficiency, 

photosynthetic pigments, oxidative stress biomarkers, enzyme activities, GSH and GSSG 

content, stress-responsive genes expression, and plant hormones content were 

determined on the genotypes grown in the greenhouse.  

The assessment of the general (disease severity) and type I (disease incidence) resistance 

was conducted using spray inoculation with Fusarium species. Disease severity indicates 

the proportion of infected spikelets either in a smaller or larger spike population, while 

disease incidence refers to the number of spikes having one or more infected spikelets. 

Both disease severity and incidence, which describe the plant’s reaction to spray 

inoculation, are estimated as a percentage, and this method has become the standard 

approach for evaluating FHB. According to AUDPC values for general resistance at both 

experimental locations, genotypes El Nino and Golubica could be characterised as highly 

susceptible, while AUDPC values for general resistance indicate genotypes Galloper and 

Vulkan at experimental location Osijek, and genotypes Galloper and Kraljica as FHB-

resistant. Since genotypes El Nino and Golubica at experimental location Osijek and 

genotypes El Nino and Tika Taka at experimental location Tovarnik had the highest 

AUDPC values for type I resistance, they could be characterised as FHB-susceptible. On 

the other hand, genotypes Galloper and Vulkan at the experimental location Osijek and 

genotypes Vulkan and Kraljica had the lowest AUDPC values for type I resistance, 

indicating high type I resistance. 
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The extent of FHB spread inside an infected spike fluctuates according to the degree of 

host resistance. The pathogen may effectively initiate infection in any wheat genotype 

when spores are point-inoculated into a single floret of a spike. In a highly resistant 

genotype, FHB infection is often restricted to the inoculated spikelet or floret and does 

not spread to adjacent spikelets, while in a highly susceptible genotypes, symptoms 

progress to uninoculated neighbouring spikelets until the whole spike is bleached. The 

proliferation of FHB is contingent upon different factors, such as host genotypes and the 

environmental conditions under which the plants are cultivated (Ribichich et al., 2000; 

Bai et al., 2018). To evaluate FHB spread within the spike, the number of infected spikelets 

per spike was quantified at 10 dpi prior to tissue sampling. Symptoms of the infection 

became apparent at the 7th dpi, at which point the majority of spikes displayed FHB 

symptoms. Results of evaluating type II resistance in the current study indicate that 

genotypes Golubica and Tika Taka could be characterized as FHB-susceptible. Genotype 

El Nino possessed low type II resistance and could be characterized as FHB moderately 

susceptible. On the other hand, genotypes Kraljica and Galloper, according to the number 

of infected spikelets at 10 dpi, could be characterized as FHB moderately resistant, while 

genotype Vulkan possessed high type II resistance and could be identified as FHB-

resistant. 

4.1. Influence of Fusarium head blight on the winter wheat mycotoxin content 

Fungi of the genus Fusarium are considered to be one of the world’s most harmful 

pathogens, possessing high toxicity potential, and the mycotoxins synthesised by these 

pathogens rank among the five most significant mycotoxins in Europe and globally 

(Mielniczuk & Skwaryło-Bednarz, 2020). Mycotoxin contamination relies on several 

factors, such as climatic conditions, cultivation practices, harvesting techniques and 

timing, as well as the resistance of genotypes to FHB (Nganje et al., 2004; Golinski et al., 

2010; Salgado et al., 2011, 2014; Bernhoft et al., 2012; Mielniczuk & Skwaryło-Bednarz, 

2020). Previous studies demonstrated that mycotoxins DON and ZEN are the most 

frequently encountered mycotoxins in wheat, produced mainly by the species F. 

graminearum, F. culmorum, and F. avenaceum (Bottalico & Perrone, 2002). Nevertheless, 

numerous secondary metabolites produced by Fusarium species are insufficiently 

investigated, and as such, they are still not subject to legislation or monitoring (Stanciu et 

al., 2015).  
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Since mycotoxigenic fungi simultaneously synthesise numerous secondary metabolites 

(Streit et al., 2012), this study demonstrated the impact of epidemic FHB conditions on 

the levels of well-known mycotoxins and a range of fungal secondary metabolites 

synthesised by Fusarium species isolates. The total of 13 Fusarium metabolites and their 

concentrations were determined in the grains of six naturally infected and artificially 

inoculated genotypes (Vulkan, Kraljica, Galloper, Tika Taka, El Nino, and Golubica) in 

this study. Since the use of fungicides and specific management practices can partly 

reduce losses caused by FHB, fungicides were excluded in this study, and field 

experiments were done according to the standard agronomical procedures.  

In addition, growth of fungi and their capacity to produce mycotoxins are significantly 

affected by the intricate interplay of various environmental factors, primarily 

temperature and humidity (Llorens et al., 2004). The precipitation levels at the two 

experimental locations varied, with experimental location Tovarnik exhibiting higher 

precipitation rates and temperatures compared to experimental location Osijek. 

Consequently, the levels of Fusarium metabolites analysed were greater at Tovarnik than 

at Osijek. It is already previously reported that certain environmental factors such as 

temperature, water activity, and growth time directly impact DON production in F. 

culmorum, F. graminearum, and F. meridionale (Llorens et al., 2004; Hope et al., 2005; 

Rybecky et al., 2018). Llorens et al. (Llorens et al., 2004) reported optimal temperature for 

F. graminearum and F. culmorum growth to be in the range between 20 °C and 32 °C, while 

reduction in the fungal growth was observed at the temperature of 15 °C and lower. 

Consequently, the most favourable temperature for DON production was observed to be 

around 28 °C, while NIV synthesis was suggested to depend on the species, strain, and 

temperature (Llorens et al., 2004). Although toxin levels are found to be significantly 

elevated in the regions where pathogens are subjected to elevated temperatures and 

increased rainfall, mycotoxin synthesis can be increased even during a period of 

prolonged drought (Perincherry et al., 2019). For instance, the infection caused by F. 

verticillioides exacerbates throughout the flowering stage, and increased toxin 

accumulation is more likely to occur during warm conditions of approximately 30–35 °C 

with less rainfall (Perincherry et al., 2019). However, certain studies indicate that the 

impact of temperature and water availability on mycotoxin synthesis by Fusarium fungi 

is likely not direct but rather contingent upon the effects of these parameters on fungal 

growth (Popovski & Celar, 2013). 
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F. graminearum is globally distributed, including in Croatia, and is the primary DON 

producer (Spanic et al., 2010). The current results are in accordance with previous studies 

indicating that DON is the predominant mycotoxin in wheat grains (Van der Fels-Klerx 

et al., 2012; Stanciu et al., 2017). Accumulation of DON in this study was recorded even 

in naturally infected grains of FHB-susceptible genotypes (Golubica, Tika Taka, and El 

Nino) at experimental location Tovarnik where it did not exceed the EU legal limit of 

1,250 µg kg-1 for unprocessed cereals (European Commission, 2006b). Similar results were 

obtained in a previous research where concentrations of DON in randomly selected cereal 

samples under natural infection from six Croatian regions (including Osjecko-baranjska 

County) were below the maximum allowed concentration for human consumption 

(Pleadin et al., 2013). Nevertheless, artificially infected samples were far more 

contaminated with DON and exceeded maximum levels for DON contamination 10-fold 

at experimental location Osijek and 15-fold at experimental location Tovarnik. Such 

results are in accordance with similar previous studies showing the wide variety of 

fungal mycotoxins present in the field conditions in Croatia under Fusarium inoculation 

and under natural infection, where all Fusarium inoculated samples exceeded the 

maximum allowed levels for DON contamination (Spanic et al., 2020). Numerous studies 

have indicated a positive correlation between FHB incidence and DON levels (Snijders & 

Perkowski, 1990; Bai et al., 2001). However, there are also studies indicating that there 

was no significant correlation between DON concentration and FHB severity (Champeil 

et al., 2004). Nevertheless, the accumulation of DON is a significant element in the overall 

FHB pathogenesis and such opposite findings in previous investigations may be due to 

the differences in the genotypes, pathogen populations, weather conditions, or 

management practices (Ji et al., 2015). 

D3G is one of the main DON metabolites known as “masked” mycotoxin (Kovač et al., 

2018). Since these mycotoxin forms may be reactivated under specific conditions, such as 

within the gastrointestinal tract, the consumption of foods containing D3G raises 

concerns (Berthiller et al., 2011, 2013). D3G was present in artificially infected samples at 

both experimental locations, while in naturally infected samples, it was observed in 

susceptible genotypes only at the experimental location Tovarnik. Similar results were 

obtained in the previous study reporting the occurrence of DON and D3G in durum 

wheat in Italy (Dall’Asta et al., 2013). Similarly, as in the current study, Spanic et al. 

(Spanic et al., 2019) also reported that D3G in naturally infected (control) samples was 

below the detection limit in wheat samples before and after malting. However, in this 
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study, D3G concentrations in artificially infected grains were much lower than DON 

concentrations. Such findings are in accordance with previous reports, which indicated 

that D3G usually comes in lower concentrations compared to concentrations of DON 

(Lemmens et al., 2016; Bryła et al., 2018). While evidence regarding the prevalence of 

modified mycotoxins is emerging globally, for Croatia, there are limited findings 

regarding “masked” mycotoxin concentrations in cereal grains (Šarkanj et al., 2013; Kovač 

et al., 2018).  

Mycotoxin 3ADON has generally been reported to occur together with DON (European 

Food Safety Authority (EFSA), 2013). The current study detected 3ADON in artificially 

infected samples at both experimental locations. Previous studies reported that 3ADON 

was one of the most abundant naturally occurring mycotoxins (Miedaner et al., 2001; 

Zhao et al., 2021). In the study by Spanic et al. (Spanic et al., 2019), 3ADON was also 

found in 19 out of 25 naturally infected samples. However, such results were not the case 

in the current study, where 3ADON was observed in only one FHB-susceptible genotype. 

Although NIV is less prevalent in food compared to DON, it exhibits higher toxicity in 

animal studies (Cheat et al., 2015; Bryła et al., 2018). In the current study, NIV at the 

experimental location Osijek was observed only in artificially infected grains of the 

susceptible genotypes, while it was not detected in the naturally infected grains. 

However, at the experimental location Tovarnik, NIV was also found in the naturally 

infected grains of the susceptible genotype Golubica. Similar results were previously 

reported in the research by Spanic et al. (Spanic et al., 2019), in which NIV was found in 

the grains of only one naturally infected genotype. Bryła et al. (Bryła et al., 2018) detected 

naturally occurring NIV in 29.5% of the samples in concentrations ranging from 5.1 to 

372.5 μg kg-1. Furthermore, previous studies indicated that NIV concentrations in the 

organic wheat samples from Italy ranged between 12 and 106 μg kg⁻¹ (Juan et al., 2013). 

This is in accordance with the current study, where NIV concentrations in artificially 

infected grains were within a similar range, while in naturally infected grains, NIV was 

present in the lower concentrations.  

In the current study, ZEN levels recorded in both artificially and naturally infected were 

within the permissible range and did not exceed applicable regulations of the maximum 

allowed levels in unprocessed cereals other than maize (wheat, oat, and barley) of 100 μg 

kg-1 (European Commission, 2006b). Among all metabolites studied, ZEN concentrations 

were the lowest at both experimental locations and both treatments.  Similar findings 
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were observed in the studies by Spanic et al. (Spanic et al., 2019; Spanic et al., 2020), where 

ZEN was observed only in artificially infected samples and usually in lower 

concentrations, although ZEN was found in the susceptible genotypes under natural 

infection. Such findings align with prior research indicating that ZEN concentrations in 

wheat rarely exceed 50 μg kg⁻¹ (Klarić et al., 2009; Stanciu et al., 2015). Such results could 

be the consequence of ZEN being predominantly found in cooler climates of northern 

Europe, so its absence is anticipated in cereals from middle and southern European 

countries (Bottalico & Perrone, 2002; Quarta et al., 2005). However, although in lower 

concentrations, ZEN is often co-produced with DON by different Fusarium species (Jestoi, 

2008).  

New evidence suggests CUL as an “emerging” mycotoxin. The function of CUL in 

Fusarium infection of plants is not fully understood. However, unlike insects and animals, 

wheat coleoptile tissues are reported to be sensitive to CUL (Wang & Miller, 1988). In the 

current study, CUL was found in artificially infected grains of all genotypes studied at 

both experimental locations. Similar results are reported in the study by Spanic et al. 

(Spanic et al., 2020).  CUL was accumulated in much higher concentrations in the 

artificially infected grains of susceptible genotypes. In addition, at the experimental 

location Tovarnik, it was found in almost all genotypes under natural infection. Previous 

studies reported high CUL levels in all naturally contaminated grain samples of three 

types of cereals (barley, wheat, and oats), which also had high DON concentrations 

(Ghebremeskel & Langseth, 2001). Such results are in accordance with the current study, 

where naturally infected genotypes at the experimental location Tovarnik contaminated 

with DON, were also contaminated with CUL. The same case was for the genotype Tika 

Taka at the experimental location Osijek, which was the only genotype studied that was 

contaminated with both DON and CUL. Wheat samples exhibiting increased DON 

concentrations exhibited higher CUL concentrations, suggesting that CUL may have a 

potential role in Fusarium virulence. Similar studies previously reported that CUL levels 

were generally positively correlated with DON levels (Uhlig et al., 2013; Mousavi 

Khaneghah et al., 2019;).  

Modified CUL metabolites such as 15-hydroxyculmorin, 15-hydroxyculmoron, and 5-

hydroxyculmorin were also detected in the grains of the genotypes studied at both 

experimental locations. Beccari et al. (Beccari et al., 2018) reported about different F. 

graminearum and F. culmorum strains producing 15-hydroxyculmorin, 15-
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hydroxyculmoron, and 5-hydroxyculmorin in durum wheat samples harvested in central 

Italy. In the previous research, 15-hydroxyculmorin was the most abundant CUL 

derivative, and 5-hydroxyculmorin was second most abundant in samples artificially 

inoculated with F. culmorum (Ghebremeskel & Langseth, 2001). The same case in the 

current research was observed at the experimental location Osijek, while at the 

experimental location Tovarnik, it was the opposite, with 5-hydroxyculmorin being the 

most abundant CUL derivative and second most abundant being 15-hydroxyculmorin. 

The results from the current study are in accordance with a previous study indicating 

that in naturally infected wheat samples from Croatia, the concentrations of CUL and 15-

hydroxyculmorin are comparable to those of DON, suggesting a correlation between 

DON and CUL as well as CUL derivatives (Kifer et al., 2021). Similar results were 

observed in the study by Spanic et al. (Spanic et al., 2020), where, except CUL, its 

derivatives also had elevated levels in the grains of artificially infected genotypes 

compared to the naturally infected samples.  

In addition, newly discovered metabolites such as aurofusarin, butenolide, chrysogin, 

and fusarin C were detected in the current study. However, considering the fact that these 

metabolites have only been recently discovered, they are far less investigated compared 

to the other Fusarium metabolites (Stanciu et al., 2015). The red pigment aurofusarin, 

synthesised by F. graminearum, F. culmorum, and F. pseudograminearum, is a dimeric 

polyketide classified within the aromatic polyketide group of naphthoquinones (Malz et 

al., 2005). Under increased FHB pressure, aurofusarin was detected in the grains of all 

artificially infected genotypes at both experimental locations, but it was mostly not 

observed in naturally infected samples. At the experimental location Osijek, the average 

level of aurofusarin was in accordance with the previous study by Spanic et al. (Spanic et 

al., 2020). There was an even higher concentration of aurofusarin detected, up to 140,000 

µg kg-1 in Italian samples of durum wheat (Beccari et al., 2018). While other studies 

indicate the co-occurrence of aurofusarin and rubrofusarin (Frandsen et al., 2011), 

rubrofusarin in the present study was not detected.  

Butenolide (4-acetamido-4-hydroxy-2-butenoic acid gamma-lactone) is a secondary 

metabolite synthesised by various Fusarium species and is synthesised concurrently with 

DON in cereal grains worldwide. Butenolide exhibits low toxicity. However, only a small 

amount of occurrence and exposure data are available (Woelflingseder et al., 2020). There 

are no reports about chrysogin activity in the scientific literature, and similarly, the 
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toxicity of fusarin C has not been extensively studied either. Nonetheless, the 

International Agency for Research on Cancer has identified it as a potential human 

carcinogen, and the mutagenic impact is likely associated with the interaction of the 

epoxide group with DNA (Stępień et al., 2020). Since both F. graminearum and F. culmorum 

produce butenolide and fusarin C, these metabolites were expected in the current study. 

Butenolide and chrysogin levels in the current study were lower than previously reported 

by Spanic et al (Spanic et al., 2020). Similar results as in the study by Spanic et al. (Spanic 

et al., 2020) were also observed in the study by Beccari et al. (Beccari et al., 2018), where 

higher concentrations of fusarin C, chrysogin, and butenolide were detected in naturally 

infected durum wheat samples. When considering only fusarin C and chrysogin, results 

from the current study are in accordance with results obtained by Garcia-Cela et al. 

(Garcia-Cela et al., 2018), where levels of fusarin C and chrysogin were increased in 

Fusarium inoculated wheat samples compared to the naturally stored wheat. In addition, 

Spanic et al. (Spanic et al., 2023), in their study during three consecutive years also 

observed chrysogin in all wheat samples but in concentrations lower than in the current 

study. 

4.2. Influence of Fusarium head blight on the winter wheat polar metabolite content 

Metabolomics is a powerful bioanalytical tool for the thorough analysis and monitoring 

of the plant metabolome. Nevertheless, its utilisation for monitoring plant metabolism 

regulation in reaction to biotic stress is still emerging. However, its utilization could yield 

significant insights for applications in plant biotechnology, biomarker-assisted selection, 

and the agrochemical, food, and pharmaceutical sectors, hence enhancing agricultural 

production (Aliferis et al., 2014). In plant-pathogen interactions, a series of chemical, 

molecular, and mechanical events occur, resulting in disease development (Dodds & 

Rathjen, 2010). Previous research has identified a substantial array of metabolites that 

may function in cereals to mitigate Fusarium infection and minimise mycotoxin 

accumulation (Siranidou et al., 2002; Bollina et al., 2011; Gunnaiah & Kushalappa, 2014). 

These metabolites originate from primary and secondary plant metabolism and can be 

broadly categorised into six principal groups: fatty acids, amino acids and their 

derivatives, carbohydrates, amines and polyamines, terpenoids, and phenylpropanoids 

(Atanasova-Penichon et al., 2016).  

The Mann–Whitney U test results in this study indicated that exposure to FHB 

substantially influenced 18 wheat grain metabolites across two locations among 275 polar 
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metabolites identified. The current research aimed to obtain metabolite profiles of wheat 

grains as the final products of plant development while also determining the potential 

association of resistance-related metabolites in wheat grains with FHB resistance or 

susceptibility. Metabolites that were found to be significantly changed between 

treatments belonged to the groups such as amino acids and derivatives (2-

piperidinecarboxylic acid or pipecolic acid, histidine, 5-hydroxytryptophan), small 

organic (carboxylic) acids (pyrrole-2-carboxylic acid, lactic acid dimer), polyphenols and 

their derivatives (4-hydroxybenzoic acid, 3-hydroxyflavone, 5,7-dihydroxyflavone, 3-

(2,4-dihydroxyphenyl)propanoic acid, 2-hydroxyhippuric acid), saturated fatty acids (3-

hydroxydodecanoic acid), carbohydrates (turanose, sophorose,  cellobiitol), nucleotides 

(guanosine, 2-deoxyguanosine), terpenoids (secologanin), and tocols (α-tocopherol 

acetate). 

FHB-resistant and moderately resistant genotypes Vulkan, Kraljica, and Galloper from 

the experimental location Tovarnik, as well as moderately resistant genotypes Kraljica 

and Galloper from the experimental location Osijek, were mostly grouped on the upper 

right quadrant of the PCA biplot, while resistant genotype Vulkan from experimental 

location Osijek was placed further from the rest of the moderately resistant and resistant 

genotypes from both experimental locations, in the lower right quadrant of the PCA 

biplot and near metabolites α-tocopherol acetate, histidine, 3-hydroxyflavone, and 3-(2,4-

dihydroxyphenyl)-propanoic acid. Genotypes Vulkan and Kraljica from the experimental 

location Tovarnik were placed close to carbohydrates and derivatives (sophorose, 

turanose, and cellobiitol) on the PCA biplot. This could indicate that these metabolites 

could have a potential role in their resistance to FHB. These metabolites also increased 

their peak intensities as a response to artificial inoculation, compared to the 

corresponding controls. A similar case was observed at the experimental location Osijek, 

where the same genotypes increased peak intensities of the abovementioned metabolites 

as a response to FHB inoculations. Increased carbohydrates following FHB inoculations 

may be the consequence of the cell wall structure alterations in response to pathogen 

invasion. Similar results were reported earlier in the study by (Cuperlovic-Culf et al., 

2016), where authors concluded that an increase in carbohydrate concentrations may 

serve as a reinforcement of the cell wall barrier to inhibit F. graminearum penetration. 

Furthermore, carbohydrates and their derivatives are recognised for their involvement in 

cell signalling, particularly in the upregulation of various defence-related genes as well 

as in membrane biogenesis (Paranidharan et al., 2008). According to Morkunas and 
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Ratajczak (Morkunas & Ratajczak, 2014), the induction of carbohydrates in response to 

biotic stresses, referred to as “high sugar plant resistance,” may enhance glycolysis and 

the tricarboxylic acid cycle, facilitating the production of energy and secondary 

metabolites essential for plant defence. In addition, the metabolic profile of wheat 

spikelets indicated that sugars may contribute to wheat's resistance against F. 

graminearum and the accumulation of DON (Gauthier et al., 2015). In addition, sophorose 

was listed as one of the main contributors to PC1, while cellobiitol was one of the main 

contributors to PC2. However, although sophorose, turanose, and cellobiitol showed a 

high positive significant Spearman correlation coefficient, these metabolites were not 

significantly correlated to FHB resistance.  

Metabolites 5-hydroxytriptophan and histidine, belonging to the group amino acids and 

amines, were placed near FHB moderately resistant and resistant genotypes.  These 

metabolites' peak intensities were mostly increased in response to FHB inoculations in 

resistant and moderately resistant genotypes compared to the corresponding controls. 

Similar results were obtained in the study by Návarová et al. (Návarová et al., 2013), who 

observed that Arabidopsis plants infected with SAR-inducing Pseudomonas syringae had 

significantly higher amounts of free amino acids, including branched-chain amino acids 

(valine, leucine, isoleucine), aromatic amino acids (phenylalanine, tyrosine, tryptophan), 

and lysine. Amino acids serve as essential building blocks for several biosynthetic 

pathways and are crucial in signalling processes and plant stress responses, in addition 

to their fundamental involvement in peptide and protein synthesis (Beyer & Aumann, 

2008; Hildebrandt et al., 2015). Previous studies indicate that the accumulation of certain 

amino acids or their metabolic by-products activates resistance responses against 

pathogens, which may occur through SA- and ROS-mediated defence pathways or 

independently of them (Kumudini et al., 2018). Although 5-hydroxytryptophan and 

histidine significantly correlated with several metabolites, there was no significant 

correlation with FHB resistance. Histidine was also one of the main contributors to the 

PC1 and PC2. Although piperidine-2-carboxylic acid (pipecolic acid), a non-protein 

amino acid that regulates SAR and mediates plant defence priming (Zeier, 2013), was also 

found to be significantly changed between treatments in the current study, it was placed 

further from the rest of the amino acids and their derivatives, on the opposite side of 

histidine at the PCA biplot.  
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Tocopherols are lipid-soluble chemicals classified as members of the vitamin E group. 

They are potent non-enzymatic antioxidants that protect lipids from oxidation by 

eliminating lipid peroxyl radicals and singlet molecular oxygen (Ma et al., 2020). 

Although their antifungal and antimycotoxin efficacy against Fusarium is not fully 

understood (Atanasova-Penichon et al., 2016), recent studies have shown that sub-lethal 

concentrations of α-tocopherol greatly influenced fumonisin production (Picot et al., 

2013). Furthermore, Cela et al. (Cela et al., 2018) observed that upon exposure to fungal 

infections, both mutant Arabidopsis plants lacking key enzymes in the tocopherol 

synthesis exhibited increased susceptibility to Botritis cinerea, characterised by a fast 

increase in MDA levels and fungal biomass relative to wild-type plants, implicating 

alterations in membrane fatty acid composition. Metabolite α-tocopherol acetate also 

showed no significant correlation with FHB resistance in the Spearman correlation 

matrix.  

Metabolite 3-hydroxyflavone and 3-(2,4-dihydroxyphenyl)-propanoic acid belonging to 

the group of polyphenols and their derivatives were also placed near the resistant 

genotype Vulkan from experimental location Osijek. Phenols originate from the 

phenylpropanoid pathway and are regarded as the primary contributors to the overall 

antioxidant capacity of cereal grains (Atanasova-Penichon et al., 2016). The 

phenylpropanoid pathway leads to the formation of many compound families, including 

phenylpropanoids, flavonoids, lignins, monolignols, phenolic acids, stilbenes, and 

coumarins. The flavonoid family comprises subfamilies of molecules categorised by their 

structural characteristics, such as flavones, isoflavones, anthocyanidins, flavonols, 

flavanols, flavanones, aurones, and chalcones (Ramaroson et al., 2022). In the research by 

Choo (Choo, 2010), elevated concentrations of flavonoids and phenylpropanoids were 

observed in barley resistant lines compared to susceptible lines after infection with 

Fusarium. Results of the previous study indicated that among other groups of metabolites, 

flavonoids exhibited significant alterations in synthesis after infection with F. 

graminearum in three Chinese wheat genotypes (Dong et al., 2023). Although 5,7-

dihydroxyflavone, 4-hydroxybenzoic acid, and 2-hydroxyhippuric acid were also in this 

group of metabolites, they were placed further away, indicating that more important role 

in FHB resistance had 3-hydroxyflavone and 3-(2,4-dihydroxyphenyl)-propanoic acid. 

Although these metabolites correlated significantly with others, there was no significant 

correlation with FHB resistance in the correlation matrix. 
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Except 5,7-dihydroxyflavone, which was placed on the opposite side of most of the 

grouped moderately resistant and resistant genotypes on the PCA biplot, near were also 

nucleotides (guanosine, 2-deoxyguanosine), terpenoids (secologanin), and saturated 

fatty acids (3-hydroxydodecanoic acid). The role of nucleotides in regulating plant 

immunity has not yet been reported (Wang et al., 2022), although some previous studies 

concluded that guanosine phosphate nucleotides have a major impact on plant-pathogen 

interactions and response to plant hormones like ABA, jasmonic acid, ethylene, and SA 

(Takahashi et al., 2004; Abdelkefi et al., 2018). Secologanin, a secoiridoid glucoside, plays 

a pivotal role as a terpenoid intermediate in the biosynthesis of monoterpenoids and 

indole alkaloids (Powell et al., 2017). A previous study investigating double haploid 

barley lines with varying sensitivity to FHB revealed that secologanin was consistently 

produced in resistant lines (Chamarthi et al., 2014). Secologanin may exhibit a direct 

antifungal effect or serve as a precursor for the synthesis of other compounds, such as 

phytoalexins, that mediate defence against fungal pathogens. Furthermore, alkaloids 

play a significant role in defence mechanisms. Nevertheless, relatively few alkaloid 

compounds have been identified in wheat. Although secologanin in the current study 

was on the opposite side of the FHB resistance, identifying the complete range of 

phytoalexins and other antifungal metabolites produced by wheat may provide a 

pathway for developing innovative disease resistance strategies (Powell et al., 2017). In 

addition to nucleotides and secologanin, previous research indicated that around 40 

identified metabolites linked to fatty acid metabolic pathways may influence cereal 

resistance to F. graminearum (Havrlentová et al., 2021). Although such metabolites may 

play a role in basal immunity and gene-mediated resistance in plants (Kachroo & 

Kachroo, 2009), 3-hydroxydodecanoic acid placed on the opposite side of the FHB-

resistant and moderately resistant genotypes on the PCA biplot indicates that results are 

contrary to these previously obtained. Even though their exact function in plant stress 

response is still insufficiently understood, some small organic (carboxylic) acids are 

recognised as crucial in plant responses to biotic stress (Panchal et al., 2021). For instance, 

lower concentrations of certain small organic acids can improve plant host innate 

immunity against fungal pathogens by altering signalling and structural protein 

expression (Ghosh et al., 2016). However, small organic acids in the current study were 

placed further from the resistant and susceptible genotypes, possibly implying their less 

relevant function in wheat response to FHB stress. 
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4.3. Biochemical, physiological, and molecular response of winter wheat to Fusarium 

head blight 

Understanding the processes and mechanisms involved in FHB defence responses is 

limited, and developing resistant genotypes is deemed the most effective strategy for 

controlling FHB (Buerstmayr et al., 2020). The first phases of Fusarium infection were 

documented as asymptomatic. After a proliferation of mycelia along the rachis and into 

the spikelets, the spike axis degrades, and symptoms manifest as bleaching (Leslie et al., 

2021). Type II resistance has been well characterised and used in breeding programs due 

to its stability and ease of assessment in wheat compared to other resistance types. Type 

II resistance is often assessed using single floret (spikelet) inoculation, which involves 

injecting inoculum into a central spikelet of a spike during greenhouse experiments or 

through grain-spawn inoculation in field conditions (Bai et al., 2018). 

The infection with fungal pathogens has a strong connection with alterations in many 

metabolic pathways, one of which is photosynthesis (Yang et al., 2016). However, a 

limited number of research has attempted to investigate the physiological response of 

wheat to Fusarium inoculation and the impact of FHB resistance on this response. Chl a 

fluorescence measurements are recognised as non-invasive, efficient, rapid, and sensitive. 

Additionally, the OJIP-test is extensively utilised to assess the effects of various stress 

types (Yusuf et al., 2010). The response of the photosynthetic apparatus to varying 

conditions is typically assessed through the analysis of several OJIP-test parameters, such 

as the TR0/ABS and the PIabs, which quantifies the overall functionality of the electron 

flow through photosystem II (Ceusters et al., 2019). In the current study, TR0/ABS and 

PIabs measurements indicated that severe FHB stress adversely impacted photosynthetic 

efficiency in wheat spikes across nearly all tested genotypes, particularly in those 

susceptible to FHB (Golubica, Tika Taka, and El Nino). These genotypes had the highest 

decrease in TR0/ABS and PIabs on 7 and 10 dpi when compared to corresponding control 

spikes. Similar results were reported in the study by Katanić et al. (Katanić et al., 2021), 

in which susceptible genotypes showed a decrease in selected OJIP-test parameters at the 

beginning of symptom development. TR0/ABS value is usually close to 0.8, and a reduced 

value signifies damage to a part of photosystem II reaction centres, a phenomenon 

referred to as photoinhibition, commonly observed in plants experiencing abiotic and 

biotic stress (Cheaib & Killiny, 2024). According to previous studies, infection by 

hemibiotrophic fungal pathogens typically leads to a decline in photosynthesis prior to 
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the manifestation of symptoms (Bilgin et al., 2010; Hu et al., 2020). The reason for this 

decline in incompatible reactions may result from the resources used for defence 

(Kangasjärvi et al., 2012). On the other hand, in compatible reactions, the decline in 

photosynthetic capacity could originate from the damage caused by pathogen infection 

on the host (Ma et al., 2015).  

The photosynthetic apparatus consists of two main pigment groups - Chl and Car. It is 

generally agreed that elevated oxidative stress decreases photosynthetic pigments 

synthesis. Chl may, however, be important in the signalling network associated with 

stress responses (Agathokleous et al., 2020). In addition to Chl, Car are also crucial in 

various plant processes and serve as antioxidants during periods of plant stress. They 

function as light harvesters, quenchers, and scavengers of triplet state Chl and singlet 

oxygen species, dissipating damaging energy during stress conditions and stabilising 

membranes (Mohapatra & Mittra, 2017; Uarrota et al., 2018). In cereals, Car are one of the 

main secondary metabolites with antioxidant activity (Boutigny et al., 2008). However, 

their antifungal and antimycotoxin activities against Fusarium spp. are not fully 

understood (Atanasova-Penichon et al., 2016). In the current study, FHB-susceptible 

genotypes Golubica and El Nino increased Chl a concentration in the artificially 

inoculated spikes, while in the rest of the genotypes studied, Chl a content was decreased 

or it was not changed. Chl b showed a similar trend as for Chl a. Except for the susceptible 

genotypes Golubica and El Nino, genotype Kraljica also increased Chl b content in the 

artificially inoculated spikes. A previous study by Agathokleous et al. (Agathokleous et 

al., 2020) suggested that this phenomenon represents a conditioned defence mechanism 

in which adaptive responses characterised by elevated Chl concentrations triggered by 

low-dose stress can prevent Chl degradation or inhibition of Chl synthesis. Car also 

showed a similar trend in the artificially inoculated spikes of FHB-susceptible and 

moderately susceptible genotypes. Genotypes Golubica, Tika Taka, and El Nino 

increased Car content in the artificially inoculated spikes when compared to the control 

spikes. Such increased Car content in FHB-susceptible genotypes may indicate the 

employment of alternative defence mechanisms against the pathogen. Targeted 

approaches designed to correlate the lipophilic antioxidant composition of grains with 

resistance to Fusarium have been performed. However, they revealed either positive or 

negative correlation based on the specific group of compounds examined, either 

carotenoids or tocopherols (Atanasova-Penichon et al., 2016). The Chl a/Chl b ratio 
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exhibited varying patterns in our study relative to the contents of Chl a and Chl b. This 

ratio was especially evident in the FHB-resistant genotype Vulkan. 

Different environmental stresses, including FHB, result in the formation of ROS in cells, 

leading to significant oxidative damage to the plants and consequently inhibiting growth 

and reducing grain yield. The balance between ROS generation and removal is known as 

redox homeostasis, but when ROS generation exceeds ROS scavenging, disrupting 

cellular redox equilibrium, it leads to a state known as oxidative stress (Caverzan et al., 

2016). Lipid peroxidation is regarded as a characteristic of oxidative stress-induced cell 

damage. It results in extensive damage to cell membranes by altering the composition, 

assembly, structure, and dynamics of lipid bilayers. Lipid-derived radicals, being highly 

reactive compounds, facilitate further ROS generation, which interact with nucleic acids 

and proteins. In lipid peroxidation, polyunsaturated fatty acids such as linoleic, linolenic, 

arachidonic, and docosahexaenoic acids found in membrane phospholipids are 

particularly prone to oxidation. Radicals like O2
•- and •OH interact with polyunsaturated 

fatty acids, forming peroxides that extend the chain reaction and yield several additional 

reactive species. Elevated lipid peroxidation results in increased membrane fluidity and 

permeability, turning membrane-localized enzymes, ion channels, and receptors non-

functional (Sahu et al., 2022). In the current study, all genotypes tested exhibited 

increased lipid peroxidation levels. However, the highest increase was recorded in the 

FHB-susceptible genotypes Golubica, Tika Taka, and El Nino. Similar results were 

obtained in the previous studies. Khaledi et al. (Khaledi et al., 2017) observed increased 

lipid peroxidation levels in inoculated spikes of wheat genotypes after infection by 

Fusarium spp. isolates until the milk stage and decreases afterwards. Furthermore, 

Sorahinobar et al. (Sorahinobar et al., 2016) also reported significantly elevated lipid 

peroxidation levels after treatment of wheat genotypes of varying levels of FHB 

resistance with F. graminearum. Chen et al. (Chen et al., 2015) also reported about 

increased lipid peroxidation in two wheat genotypes infected with stripe rust, with more 

susceptible genotype having more pronounced level of lipid peroxidation. The most 

prominent increase of the lipid peroxidation level in the genotypes Golubica, Tika Taka, 

and El Nino indicate more cellular damage than in other genotypes. On the other hand, 

lower lipid peroxidation in the rest of the genotypes studied implies a stronger 

antioxidative response in these genotypes.  
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Among the many ROS, H2O2 is one of the most prevalent and stable in aerobic biological 

systems of higher plants, exhibiting great reactivity and toxicity (Caverzan et al., 2016). 

Chloroplasts are a significant source of H2O2 production. In the absence of transition 

metal ions, H2O2 exhibits low reactivity with most organic molecules and may readily 

diffuse across the cell membrane to distant locations beyond its site of formation. An 

increasing body of research indicates that H2O2 is essential for the defence systems of 

plants under biotic stress (Yergaliyev et al., 2016). Elevated H2O2 content was observed in 

all genotypes studied. However, only the FHB-resistant genotype Vulkan showed non-

significant increase, while susceptible genotypes showed the most prominent H2O2 

increase. Increased H2O2 content in genotypes infected with Fusarium species was 

reported in the previous studies. Sorahinobar et al. (Sorahinobar et al., 2016) reported 

elevated H2O2 concentration in both, FHB-resistant and susceptible wheat genotypes 

following inoculation with F. graminearum. Furthermore, Khaledi et al. (Khaledi et al., 

2016) in their study performed histochemical analyses of the presence of H2O2 in the 

leaves of two wheat genotypes at various time points after inoculation with Fusarium 

isolates. The result indicates a connection between increased cell death and the formation 

of ROS. Previous research suggested that ROS have a dual function in interactions 

between plants and pathogens (Feng et al., 2014). However, the importance of ROS for 

plant defence mechanisms depends on their concentration (Mittler et al., 2004). A low 

concentration of ROS activates protective antioxidant systems and triggers a systemic 

response, while a moderate to high concentration of ROS can be detrimental (Chen et al., 

2015). Results in the current study indicate that a lower amount of H2O2 in FHB-resistant 

genotype Vulkan activated defence mechanisms, and there was no severe oxidative 

damage, while its high amounts in the susceptible genotypes imply high oxidative 

damage and cell death.  

Plants have developed a sophisticated antioxidant defence system to detoxify the 

accumulation of excessive ROS and mitigate their harmful effects, which includes 

enzymatic and non-enzymatic antioxidants (Chen et al., 2015; Spanic et al., 2017). The 

assessment of the antioxidative response in wheat spikes after Fusarium inoculations in 

this study involved determining the levels of GSH and GSSG and activities of the 

enzymes CAT, GST, GPOD, and enzymes of the AsA-GSH pathway - APX, MDHAR, 

DHAR, and GR. GSH, a major cellular redox buffer, is one of the most important non-

enzymatic antioxidants and one of the crucial factors in the stress tolerance of different 

plants, including wheat (Kuzniak et al., 2018). In non-stressed cells, GSH appears mostly 
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in its reduced form at around 90% and oxidised form at about 10%. Stressful conditions, 

such as plant infections by pathogens, often provoke oxidative stress, resulting in 

alterations in GSH levels and the ratio of GSH and GSSG (Zechmann, 2020). Given the 

critical importance of the reduced form of GSH in maintaining the redox potential in 

various reactions and cellular processes, it is important to maintain its level in cells by 

reducing GSSG to GSH by the enzyme GR in the presence of NADPH as a reducing agent 

(Deponte, 2013). In the current study, increased content of GSH was observed in FHB-

susceptible and moderately susceptible genotypes, while GSSG content was significantly 

higher in all genotypes except Vulkan. According to Zechman (Zechmann, 2020), 

fluctuations in GSH levels are expected to be frequently noted during the initial phases 

of fungal infections, given that GSH neutralises ROS. A significant elevation of GSH and 

AsA levels in the apoplast of oat and barley plants correlated with resistance to the 

biotrophic fungus powdery mildew (Blumeria graminis) (Vanacker et al., 2000). However, 

in the current research, elevated GSH levels in FHB-susceptible genotypes may result 

from de novo GSH synthesis, implying elevated cytosol oxidation (Foyer & Noctor, 2005). 

In addition, significantly increased GSSG concentrations in nearly all genotypes in the 

current study indicate higher GSH consumption and inadequate GSH recycling under 

FHB stress despite increased GR activity.  Such increased GSSG concentrations could be 

explained by GSH participation in direct or the indirect removal of ROS in wheat cells, as 

well as in maintaining other antioxidants, such as AsA and α-tocopherol, in a reduced 

state. Furthermore, enzymes such as glyoxalase I, glutathione peroxidases, and GST, also 

use GSH in their detoxification reactions. Almost each of these reactions, with the 

exception of reactions catalyzed by GST and glyoxalase I, results in the formation of GSSG 

(Deponte, 2013). 

The activity of the AsA-GSH cycle significantly affects the steady-state concentration of 

ROS in cells, as well as the duration, localisation, and amplitude of ROS signals, 

collectively termed the ROS signature, which dictates the specificity of ROS signalling. In 

addition to AsA and GSH, enzymes of the AsA-GSH cycle - APX, MDHAR, DHAR, and 

GR - also play crucial functions and their activities are strongly correlated with the pools 

of GSH and AsA (Kuzniak et al., 2018). FHB inoculations significantly affected the 

activities of the enzymes of the AsA-GSH cycle. The first enzyme of the AsA-GSH cycle, 

APX, catalyses the detoxication of H2O2 using AsA as an electron donor. APX possesses 

a greater affinity for H2O2 compared to CAT and is more significant in regulating ROS-

induced responses under stress. Increased APX expression in plants has been shown 

Ocje
na

 ra
da

 

u t
ije

ku



Discussion 

96 
 

under diverse stressful conditions (Syman et al., 2024). FHB-resistant and moderately 

resistant genotypes (Vulkan, Galloper, and Kraljica) in the present study increased APX 

activity in the inoculated spikes, while a significant reduction of the APX activity in the 

current study, caused by FHB inoculations-induced stress, was observed in the genotypes 

that can be characterized as FHB-susceptible (Golubica and Tika Taka). Similar results 

were obtained in the study by Spanic et al. (Spanic et al., 2017), which observed a 

nonsignificant reduction of APX activity 336 hours after FHB inoculations in the 

susceptible genotype compared to the control, while more resistant genotypes showed 

an increase of APX activity on the same measuring point. In addition, in the experiment 

under filed conditions, APX activity decreased quickly following FHB inoculations in the 

susceptible genotype (Spanic et al., 2020). The increase in the APX activity in the FHB-

resistant and moderately resistant genotypes is in accordance with the study by Khaledi 

et al. (Khaledi et al., 2016), who measured the activities of the antioxidant enzymes in 

leaves and spikes inoculated with F. graminearum and F. culmorum in two genotypes 

varying in FHB resistance levels. Loss of APX activity in the susceptible genotypes could 

be due to insufficient AsA recycling by other enzymes of the AsA-GSH cycle, 

consequently leading to high H2O2 accumulation under severe stress conditions 

(Shigeoka et al., 2002). In the process of APX-mediated detoxification of H2O2, AsA is 

oxidised to MDHA, while MDHA is either enzymatically converted back to AsA through 

the action of the enzyme MDHAR or undergoes nonenzymatic disproportionation into 

AsA and DHA. DHA is then reduced back to AsA, utilising GSH as the electron donor 

by the action of the enzyme DHAR (Gallie, 2013; Pandey et al., 2015). In the current study, 

stress induced by artificial FHB inoculations decreased MDHAR activity in all studied 

genotypes, with the exception of the genotype Kraljica. The most prominent decrease in 

MDHAR activity was observed in the FHB-susceptible genotype Golubica. Similarly, as 

MDHAR, DHAR in the current study also showed a trend of decreasing activity in 

inoculated spikes. However, genotypes Kraljica and Vulkan, which can be characterised 

as FHB moderately resistant and resistant, respectively, showed increased activity of this 

enzyme following FHB inoculations. Burhenne and Gregersen (Burhenne & Gregersen, 

2000), however, observed up-regulation of the MDHAR in barley leaves during powdery 

mildew infection in the compatible interaction when assayed 96 h after inoculation. 

However, in total leaf extracts of the barley genotype susceptible to powdery mildew 168 

h after inoculation can be observed a decline of MDHAR activity. Kużniak and 

Skłodowska (Kużniak & Skłodowska, 2005) observed a characteristic biphasic pattern of 
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activity of the enzymes responsible for AsA recycling. In their study, the activities of 

MDHAR and DHAR in tomato plants inoculated with B. cinerea were induced only early 

during the infection, whereas the appearance of disease symptoms was characterised 

with a notable suppression of these enzymes. Such decline in MDHAR and DHAR 

activities in the more susceptible genotypes suggests that MDHA is not effectively 

converted back to AsA by MDHAR and DHAR, while their increase in more resistant 

genotypes imply successful AsA recycling. In addition to AsA, GSSG produced during 

the detoxification of ROS is regenerated by the flavoprotein oxidoreductase GR, mainly 

localized in chloroplasts (Gill & Tuteja, 2010). When compared to other enzymes of the 

AsA-GSH cycle, stress induced by FHB artificial inoculations increased GR activity in all 

studied genotypes. Observed results imply greater GSH depletion and increased need for 

GSH recycling. However, such increased GR activity appeared to be insufficient to 

prevent the oxidation of the GSH pool, considering higher GSH consumption and 

consequently elevated GSSG content in inoculated spikes. Exception is genotype Vulkan 

which did not showed differences in GR activity compared to the control. Motallebi et al. 

(Motallebi et al., 2015) also showed elevated enzyme activity in the seedlings of resistant 

wheat genotypes infected with F. culmorum. Moreover, the authors observed a 

significantly earlier activation of antioxidant enzymes in FHB moderately resistant and 

resistant genotypes, following a decline in their activities 6 dpi. Such results showing 

early induction of antioxidant enzymes in plants with resistance to different pathogens 

may explain the reduction in enzyme activity in FHB inoculated spikes of moderately 

resistant and resistant genotypes on 10 dpi in the current study, aligning with the 

manifestation of disease symptoms.  

In addition to APX, CAT is also one of the crucial enzymes that have the ability to break 

down H2O2, making them essential for ROS detoxification (Syman et al., 2024). Similarly 

to the enzymes of the AsA-GSH cycle, CAT also showed decreased activity in all FHB-

susceptible genotypes, while moderately resistant genotypes increased CAT activity. A 

similar was observed in the study by Khaledi et al. (Khaledi et al., 2016), where CAT 

activity decreased in the FHB-susceptible genotype Falat 72 h post-inoculations, while 

the same enzyme activity was higher in inoculated resistant genotype Gaskozhen. The 

authors concluded that enhanced activity of the antioxidant enzymes in leaves and spikes 

of wheat in Gaskozhen was correlated with a higher level of resistance in this genotype. 

Furthermore, Spanic et al. (Spanic et al., 2017) also observed higher (non-significant) CAT 

activity in the spikes of the resistant genotype 336 h after inoculations, while in the 
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susceptible genotype, CAT activity was significantly reduced on the same measuring 

point.  

GSTs are enzymes that, except converting H2O2, also catalyse the conjugation of GSH to 

various hydrophobic, electrophilic, and typically cytotoxic substrates (Marrs, 1996). In 

addition to APX and CAT, an important role in the removal of H2O2 is also attributed to 

the enzyme GPOD, which is activated at significantly lower amounts of H2O2 compared 

to CAT and APX (Gadjev et al., 2008). Stress caused by artificial FHB inoculations induced 

activities of antioxidant enzymes GST and GPOD in almost all genotypes studied. A 

crucial element of GSH metabolism in plants affected by fungi is the detoxification of 

mycotoxins by the host plants' GSTs (Gullner et al., 2018). In the research by Gardiner et 

al. (Gardiner et al., 2010), treatment of barley spikes with DON resulted in significant up-

regulation of gene transcripts encoding GSTs. The synthesis of DON-GSH conjugates was 

also noted, and the results indicated that GSH-conjugation facilitated by GSTs may 

mitigate the effects of trichothecenes. The results obtained in the current study were 

partially in accordance with the study by Khaledi et al. (Khaledi et al., 2016). In their 

study, authors observed increased GPOD activity in the spikes of the resistant wheat 

genotype compared to the susceptible genotype. Furthermore, total GPOD activity 

significantly increased in the cells of cotton cotyledons undergoing hypersensitive 

response (Delannoy et al., 2003). Increased GPOD activity in most genotypes could, 

therefore, represent an alternative mechanism for H2O2 removal under conditions of 

excessive ROS production.  

Phytohormones have a crucial role in the linkage between host-pathogen detection and 

the resulting cellular responses that activate defence pathways (Mishra et al., 2024). ABA 

plays a crucial role primarily in triggering adaptive responses to various abiotic stresses, 

including drought, low temperature, and salinity (Duvnjak et al., 2023). However, there 

is growing evidence that ABA affects biotic stress signalling (Mauch-Mani & Mauch, 

2005). The highest increase of ABA content recorded in FHB-susceptible genotypes 

Golubica and Tika Taka in the current study is consistent with previous reports where 

increased levels of endogenous hormones such as ABA and related metabolites 4 days 

after inoculation with F. graminearum were observed (Qi et al., 2016). Research on ABA 

content after wheat inoculation with Fusarium spp. is limited. However, Qi et al. (Qi et 

al., 2019) examined transcriptome alterations of various phytohormones in wheat spikes, 

including ABA and observed that the pathogen invasion-induced ABA accumulation 
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likely lowers FHB tolerance by suppressing the expression of phenylalanine pathway 

genes. Inhibition of these genes reduced flavonoid and lignin biosynthesis, thereby 

compromising physical barriers against the fungus. Furthermore, the study by Buhrow 

et al. (Buhrow et al., 2016, 2021) demonstrated that ABA enhances gene expression 

associated with the early F. graminearum infection of wheat. Such results confirm results 

obtained in the current study, where two winter wheat genotypes displaying the highest 

FHB susceptibility exhibited the most significant elevation in ABA levels after Fusarium 

inoculations. 

In recent decades, SA has been the subject of extensive research, particularly for its crucial 

function in plant immunity as a signalling molecule that triggers SAR to various 

phytopathogens (Rocheleau et al., 2019). In the current study, SA did not show a uniform 

trend of increase or decrease in response to artificial inoculations. Genotypes Tika Taka 

and Vulkan decreased SA, while an increase in SA content in the rest of the genotypes 

studied was recorded. The reason for decreased SA levels on 10 dpi could be explained 

by the fact that SA plays a crucial role in the early stages of infection (Erayman et al., 

2015). Similar findings were observed in the previous study, where a biphasic 

phenomenon within the initial 24 h post-inoculation of wheat with F. graminearum was 

observed. The activation of the SA and Ca2+ pathways occurred within 6 h post-

inoculation, followed by the activation of the JA-mediated pathway approximately 12 h 

post-inoculation (Ding et al., 2011). At the transcriptional level, a significant upregulation 

of genes involved in SA biosynthesis was reported at 24 h post-inoculation, subsequently 

followed by down-regulation in the following 24 h (Ameye et al., 2015). Spanic et al. 

(Spanic et al., 2017) suggested that the rapid increase of H2O2 concentration in spikes of 

resistant winter wheat genotypes during the early stages of FHB infection may enhance 

FHB resistance, given that H2O2 functions as a signalling molecule for the induction of 

SAR. These findings might explain the observed results on 10 dpi in the current study. 

Nonetheless, the relation between SA and ROS, namely H2O2, remains complex (Dat et 

al., 2000). Since previous investigations indicate that several Fusarium species may 

metabolise SA (Dodge & Wackett, 2005; Qi et al., 2019), this may explain why exogenous 

SA treatments of wheat spikes do not influence FHB resistance in some studies (Li & Yen, 

2008; Qi et al., 2012). Li and Yen (Li & Yen, 2008) observed the absence of the effect of SA 

on FHB symptom levels. On the other hand, several reports indicate that SA is essential 

in this pathosystem, providing protection against FHB (Makandar et al., 2012). Previous 

studies confirmed that soil drench treatment with SA can enhance the resistance of wheat 
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genotypes to F. graminearum infection (Sorahinobar et al., 2016a; 2016b). Furthermore, the 

same authors indicated that wheat seed priming with SA led to induced resistance 

against F. graminearum seedling blight and concluded that seed priming is an effective 

method to mitigate the occurrence of F. graminearum infection by activating plant defence 

mechanisms (Sorahinobar et al., 2022). However, the effect of SA on wheat defence 

mechanisms that regulate FHB is still poorly understood (Qi et al., 2012). 

The regulation of plant immunity via downstream SA-responsive genes encompasses 

several critical components that collectively optimise the complex defence mechanisms 

(Mishra et al., 2024). To evaluate the modulation of defence responses in wheat spikes 

following artificial inoculations, qPCR analysis was conducted to quantify the expression 

of defined defence-related genes 10 dpi with F. graminearum and F. culmorum. In the 

current study, the strongest upregulation of the NPR1 gene was recorded in the 

artificially inoculated spikes of the FHB-resistant genotype Vulkan and FHB-susceptible 

genotype Tika Taka. These results are partially in accordance with the results obtained 

by Pan et al. (Pan et al., 2018), which observed an upregulation of differentially expressed 

genes associated with the SA pathway as a response to Fusarium inoculation and stronger 

upregulation was observed in the FHB-susceptible genotype. Another study showed that 

loss-of-function mutations in the Arabidopsis thaliana NPR1 (AtNPR1) gene impaired the 

activation of SAR and increased susceptibility to multiple pathogens (Dong, 2004), 

demonstrating that NPR1 is an effective candidate for controlling FHB. In the study by 

Thapa et al. (Thapa et al., 2018), leucine-rich receptor-like kinase gene (TaLRRK-6D) was 

upregulated in wheat following DON exposure during the initial phase of F. graminearum 

infection and silencing of TaLRRK-6D lowered wheat resistance to F. graminearum by 

downregulating the expression of SA signalling genes, one of which is also NPR1. 

However, certain studies showed that overexpression of wheat NPR1 led to increased 

susceptibility to FHB (Rommens & Kishore, 2000). 

NPR1 lacks a DNA binding domain and hence exerts its transcriptional activity via 

interactions with other transcription factors. These transcription factors, also known as 

NPR1-interacting proteins, exhibit similarity to the basic domain leucine zipper motif and 

are categorised within the TGA family (Mishra et al., 2024). The majority of 

understanding about TGAs was derived from research conducted on A. thaliana. In 

Arabidopsis, TGAs consist of 10 members, categorised into five clades based on their 

sequence similarity (Gatz, 2013). AtTGA2, together with AtTGA5 and AtTGA6, is 
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classified under clade II, exhibiting redundant functions in pathogen resistance and 

serving as co-activators of NPR1 to stimulate PR gene expression (Zhang et al., 2003). 

TGA factors, similar to NPR1, are essential for SAR (Gao et al., 2015). In the current study, 

the strongest upregulation of the TGA2 gene was recorded in the artificially inoculated 

spikes of the FHB-susceptible genotypes, while in the resistant genotypes, it was not 

significantly changed. Such results are contradictory to the results obtained in the study 

by Zhang et al. (Zhang et al., 2003), which showed that tga2-tga5-tga6 triple mutant is non-

responsive to SA and shows an impairment in SAR. Zander et al. (Zander et al., 2010) 

elucidated the critical function of TGA transcription factors (TGA2, TGA5, and TGA6) in 

the initiation of SA-mediated defence against biotrophic pathogens and the activation of 

ethylene-jasmonic acid-mediated defence against necrotrophic pathogens in Arabidopsis. 

In addition, transcription factors belonging to the basic domain leucine zipper motif 

family exhibited significant down-regulation in susceptible wheat genotypes infected 

with FHB (Erayman et al., 2015). Such results indicate that TGA factors may play both 

negative and positive functions in plant defence responses.  

The induction of PR genes is a primary mechanism by which SA affects the immune 

response to pathogens at the translational level (Mishra et al., 2024). In the current study, 

genes encoding PR1, PR3, and PR5 proteins were upregulated in all studied genotypes in 

response to artificial inoculations. The results of our investigation are in accordance with 

results obtained by Pritsch et al. (Pritsch et al., 2000, 2001), who observed transcripts of 

several defense response genes encoding peroxidase, PR1, PR2, PR3, PR4, and PR5 

accumulated in wheat spike tissues of FHB-susceptible and resistant genotypes. In 

addition, the authors observed that the accumulation of PR4 and PR5 gene transcripts 

was higher and earlier in the resistant genotype compared to the susceptible one. 

However, authors concluded that the systemic molecular response in uninfected spike 

tissues of F. graminearum point inoculated wheat spikes is not directly linked to type II 

resistance mechanisms but rather reflects a universal host response to infection 

manifested in both infected and neighbouring uninfected tissues (Pritsch et al., 2001). In 

the study by Qi et al. (Qi et al., 2012), an increase in expression of PR1 and PR4 genes was 

observed in response to wheat inoculation with F. graminearum, suggesting that SA, as 

well as ethylene-jasmonic acid defence pathways, were involved. Pan et al. (Pan et al., 

2018) also reported about the upregulation of PR1, PR1–1, and PR4 genes following 

Fusarium inoculations. However, authors concluded that none of them were expressed 

higher in any resistant genotype than in the susceptible one. The identification of many 
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differentially expressed genes across genotypes suggests that plant defence mechanisms 

against FHB infection involve a complicated regulatory network. This network comprises 

genes linked to signal transduction, metabolism, transport facilitation, and cellular 

defence, as well as genes with unknown roles. 
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 Considering the fact that experimental location Tovarnik had higher precipitation 

and higher temperatures in the winter wheat flowering stage compared to the 

experimental location Osijek, epidemic FHB conditions caused by artificial 

inoculations in the field experiment led to the more pronounced disease symptoms 

and consequently higher levels of Fusarium mycotoxins at experimental location 

Tovarnik. Elevated mycotoxin levels were particularly increased in the genotypes 

susceptible to FHB. 

 

 CUL and hydroxyculmorin levels were higher in winter wheat genotypes with 

higher DON concentrations, suggesting that CUL may play a certain role in 

Fusarium virulence, which was more noticeable in genotypes with more 

pronounced FHB infection. 

 

 Artificial Fusarium inoculations in the field experiment led to the separation of 18 

polar metabolites, which varied among treatments at both experimental locations 

compared to the corresponding controls. PCA of metabolite profiles showed that 

most of the Fusarium inoculated wheat genotypes were separated from the control 

genotypes, indicating a clear difference between metabolite profiles of FHB 

inoculated and control genotypes.  

 

 Metabolites placed near the FHB moderately resistant and resistant genotypes on 

the PCA biplot are considered to have a certain impact on FHB resistance. These 

metabolites belonged to the functional groups of carbohydrates and derivatives, 

amino acids and derivatives, and polyphenols and derivatives. 

 

 Since the decrease in the values of both main indicators of photosynthetic 

efficiency (TR0/ABS, PIabs) was more pronounced in genotypes susceptible to FHB, 

it can be concluded that severe FHB stress adversely impacted photosynthetic 

efficiency in wheat spikes across nearly all tested genotypes, particularly in those 

susceptible to FHB. 

 

 Although Chl a and b did not show a uniform trend of response to inoculations, 

an increase of Car caused by FHB stress in FHB-susceptible genotypes might imply 

the utilisation of alternative defence mechanisms against the pathogen attack. 
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 The significant elevation of lipid peroxidation levels in the FHB-susceptible 

genotypes suggests greater cellular damage compared to other genotypes. This is 

also supported by the fact that resistant genotypes had lower H2O2 increases 

compared to susceptible genotypes, where genotype Vulkan showed no changes 

in H2O2 content, implying a more effective antioxidative response. 

 

 Decreased CAT and APX activity in FHB-susceptible genotypes implies that a 

more important role in ROS scavenging is attributed to GPOD, which maintained 

its high activity levels in almost all genotypes studied. Decreased MDHAR and 

DHAR activities in FHB-susceptible and moderately susceptible genotypes may 

imply insufficient AsA recycling. The reduction of certain enzyme activities in 

FHB inoculated spikes of moderately resistant and resistant genotypes 10 dpi may 

be due to their earlier activation. Increased GST activity in all genotypes except the 

most susceptible one might imply that GST plays an important role in plants 

affected by fungi by detoxifying Fusarium mycotoxins.  

 

 Increased GSH levels only in FHB-susceptible genotypes despite increased GR 

activity and significantly increased GSSG concentrations in nearly all genotypes 

might indicate that GSSG has not been successfully reduced. Increased GSH levels 

in FHB-susceptible genotypes may result from de novo GSH synthesis, implying 

greater GSH need and consumption, as well as elevated cytosol oxidation. Apart 

from the reactions of the AsA-GSH cycle, the increased GSH consumption could 

also be a consequence of GSH participation in direct or the indirect removal of 

ROS in wheat cells, as well as in maintaining other antioxidants, such as AsA and 

α-tocopherol, in a reduced state. Furthermore, enzymes such as glyoxalase I, 

glutathione peroxidases, and GST, also use GSH in their detoxification reactions. 

Almost each of these reactions, with the exception of reactions catalyzed by GST 

and glyoxalase I, results in the formation of GSSG. 

 

 FHB-susceptible genotypes in the current study had the most pronounced increase 

in the ABA levels, implying that ABA accumulation likely lowers FHB tolerance. 

Inconsistent SA levels in the studied genotypes could indicate that SA plays a 

crucial role in the early stages of FHB infection, following the activation of the 

jasmonic acid-mediated pathway. 
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 Since the induction of PR genes is a primary mechanism by which SA affects the 

immune response to pathogens, genes encoding PR1, PR3, and PR5 proteins were 

upregulated in all studied genotypes in response to artificial inoculations. 

Expression of TGA2 was upregulated only in FHB-susceptible genotypes, and 

expression of the NPR1 gene only in resistant genotypes. Since it has been shown 

that NPR3, which promotes NPR1 degradation, has a low affinity for SA, low SA 

levels should reduce NPR1 degradation. Thus, lower SA levels in the FHB-

resistant genotype in the current study might be the reason why there was an 

increase of NPR1 in the resistant genotype even on 10 dpi.  
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Wheat today represents one of the most extensively cultivated crops globally and one of 

the most adaptable cereals, growing in multiple environments. Climate change in recent 

years has heightened the risk of biotic stress by expanding larger pathogen populations, 

more frequent disease outbreaks, and enhanced spread of diseases to novel areas. 

Fusarium head blight (FHB), as one of the most destructive and extensively studied 

fungal diseases, affects wheat on a worldwide scale. It is particularly dangerous due to 

significant reductions in grain yield and degradation of grain quality during epidemic 

years. Apart from the deterioration of wheat grain yield and quality, wheat food or feed 

can often be contaminated with mycotoxins produced by Fusarium fungi. Since resistance 

to FHB is a quantitatively inherited trait affected by environmental factors, the effective 

management of FHB cannot be accomplished with only one control method. Thus, 

breeding for resistance combined with other control measures could be the most 

sustainable solution. This study aimed to determine the impact of FHB on winter wheat 

genotypes that differ in the level of resistance to FHB. The aim was achieved through the 

determination of the impact of the disease on the synthesis of mycotoxins and polar 

metabolites in wheat grain from field experiments at two experimental locations, Osijek 

and Tovarnik, as well as through the determination of the biochemical, physiological, and 

molecular response of wheat spikes to FHB in the controlled conditions. Results from the 

field experiments showed that the experimental location, Tovarnik, exhibited higher 

precipitation and temperatures during the winter wheat flowering stage compared to the 

experimental location, Osijek. Consequently, the epidemic FHB conditions, induced by 

artificial inoculations, resulted in more pronounced disease symptoms and elevated 

levels of Fusarium metabolites at the experimental location Tovarnik. Nevertheless, 

elevated mycotoxin levels were higher in genotypes susceptible to FHB compared to the 

moderately resistant and resistant genotypes at both experimental locations. 

Furthermore, it can be concluded that culmorin (CUL) may play a certain role in Fusarium 

virulence. This was supported by the fact that increased CUL and hydroxyculmorin 

levels were observed in winter wheat genotypes with higher deoxynivalenol 

concentrations. Metabolomic analysis of polar metabolites in wheat grain resulted in the 

identification of 18 metabolites which varied among treatments at both experimental 

locations together. Following principal component analysis (PCA) of metabolite profiles, 

metabolites observed near the moderately resistant and resistant genotypes on the PCA 

biplot belonged to the functional groups of carbohydrates and derivatives, amino acids 

and derivatives, and polyphenols and derivatives. Based on these results, it can be 
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concluded that these metabolites impact FHB resistance. Since photosynthesis functions 

as a basis for signal transduction in plant immune defence, chlorophyll a fluorescence 

and photosynthetic pigments were measured. Results showed that severe FHB stress 

adversely impacted photosynthetic efficiency in wheat spikes in almost all genotypes 

studied, particularly in those susceptible to FHB, which was evident as a more 

pronounced decrease of quantum yield of primary photochemistry, and performance 

index on absorption basis. In addition, the main photosynthetic pigments (chlorophyll a 

and b) did not show a uniform trend of response to inoculations. However, the increase 

of carotenoids caused by more pronounced stress in FHB-susceptible genotypes might 

imply the utilisation of alternative defence mechanisms against the pathogen attack. 

Measurement of oxidative stress indicators, lipid peroxidation level and hydrogen 

peroxide (H2O2) content showed the highest increase in lipid peroxidation and H2O2 

content in FHB-susceptible genotypes, indicating more cellular damage than in 

moderately resistant and resistant genotypes. Stress induced by artificial inoculations 

resulted in decreased activities of catalase, ascorbate peroxidase, monodehydroascorbate 

reductase (MDHAR), and dehydroascorbate reductase (DHAR) in FHB-susceptible 

genotypes. This may imply a more important role of guaiacol peroxidase (GPOD) in 

reactive oxygen species (ROS) scavenging, which maintained high activity levels in 

almost all genotypes studied. In addition, decreased MDHAR and DHAR activities in 

susceptible genotypes may imply insufficient ascorbate recycling. Increased glutathione 

S-transferase (GST) activity in all genotypes except the most susceptible one might imply 

that GST plays an important role in detoxifying Fusarium mycotoxins. Although 

moderately resistant and resistant genotypes also reduced certain enzyme activities in 

FHB inoculated spikes, this could be explained by their earlier activation immediately 

after inoculations. Despite increased glutathione reductase activity, significantly 

increased oxidised glutathione concentrations in nearly all genotypes might indicate that 

GSSG is not successfully recycled, while increased glutathione (GSH) levels in FHB-

susceptible genotypes may result from de novo GSH synthesis, implying higher GSH 

consumption and elevated cytosol oxidation. Furthermore, increased GSH consumption 

could also be a consequence of GSH participation in direct or the indirect removal of ROS 

in wheat cells, as well as in maintaining other antioxidants, such as AsA and α-

tocopherol, in a reduced state. Furthermore, enzymes such as glyoxalase I, glutathione 

peroxidases, and GST, also use GSH in their detoxification reactions. Almost each of these 

reactions, with the exception of reactions catalyzed by GST and glyoxalase I, results in 
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the formation of GSSG. Increased abscisic acid (ABA) levels in FHB-susceptible 

genotypes may indicate that ABA accumulation likely lowers FHB tolerance, while 

inconsistent salicylic acid (SA) levels in the studied genotypes could indicate that SA 

plays a crucial role in the very early stages of FHB infection, following the activation of 

jasmonic acid-mediated pathway. Except the biochemical level, the wheat response was 

monitored at the molecular level, too. Relative expression of PR1, PR3, and PR5 genes 

was increased in all genotypes, expression of TGA2 only in susceptible genotypes, and 

expression of NPR1 gene only in resistant genotype. Since it has been shown that NPR3, 

which promotes NPR1 degradation, has a low affinity for SA, low SA levels should 

reduce NPR1 degradation. Lower SA levels in resistant genotype in the current study 

might be the reason why there was an increase of NPR1 in resistant genotype even on 10 

dpi. This research contributes to characterising and better understanding of the defence 

mechanisms of winter wheat genotypes resistant to FHB. It also contributes to gaining 

deeper insight into mycotoxins and polar metabolites, as well as detection of 

physiological, biochemical, and molecular processes of wheat related to resistance or 

susceptibility to FHB. Better understanding of metabolic, biochemical, and physiological 

mechanisms in response to FHB stress will contribute to the improvement of breeding 

programmes for FHB resistance in the early stages of selection.  

 

 

 

 

 

 

 

Ocje
na

 ra
da

 

u t
ije

ku



Sažetak 

146 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8. SAŽETAK 

Ocje
na

 ra
da

 

u t
ije

ku



Sažetak 

147 
 

Pšenica danas predstavlja jedan od najšire uzgajanih usjeva u svijetu i jednu od 

najprilagodljivijih žitarica koja raste u različitim okolišnim uvjetima. Klimatske promjene 

posljednjih godina povećavaju rizik od biotičkog stresa širenjem većih populacija 

patogena, češćim razvojem i pojačanim širenjem bolesti na nova područja. Fuzarijska 

palež klasa (FHB), kao jedna od najdestruktivnijih i najopsežnije proučavanih gljivičnih 

bolesti pšenice, pogađa pšenicu u čitavom svijetu. Bolest je osobito opasna zbog značajnih 

smanjenja uroda zrna, te degradacije kvalitete zrna tijekom epidemijskih godina. Osim 

pogoršanja uroda i kvalitete zrna pšenice, ljudska ili stočna pšenična hrana često može 

biti kontaminirana mikotoksinima koje proizvode vrste roda Fusarium. Budući da je 

otpornost na FHB kvantitativno nasljedno svojstvo na koje utječu čimbenici okoliša, 

učinkovito suzbijanje ove bolesti ne može se postići samo jednom metodom kontrole. 

Stoga bi oplemenjivanje na otpornost u kombinaciji s drugim mjerama kontrole moglo 

predstavljati najodrživije rješenje. Cilj ovog istraživanja bio je utvrditi utjecaj FHB na 

genotipove ozime pšenice koji se razlikuju po stupnju otpornosti na FHB. Cilj je postignut 

utvrđivanjem utjecaja bolesti na sintezu mikotoksina i polarnih metabolita u zrnu pšenice 

iz poljskih pokusa na dvije lokacije, Osijek i Tovarnik, kao i određivanjem biokemijskog, 

fiziološkog i molekularnog odgovora klasova pšenice na FHB u kontroliranim uvjetima. 

Rezultati poljskih pokusa pokazali su da je lokacija Tovarnik imala veće količine oborina 

i više temperature u fazi cvatnje ozime pšenice u odnosu na lokaciju Osijek. Kao 

posljedica toga, uvjeti epidemije FHB izazvani umjetnim inokulacijama, rezultirali su 

izraženijim simptomima bolesti i povišenim razinama Fusarium metabolita na lokaciji 

Tovarnik. Ipak, razine mikotoksina bile su više kod genotipova osjetljivih na FHB u 

usporedbi s umjereno otpornim i otpornim genotipovima na obje lokacije. Nadalje, može 

se zaključiti da kulmorin (CUL) može imati određenu ulogu u virulenciji Fusariuma. 

Ovakvi zaključci potkrijepljeni su činjenicom da su povećane razine CUL i 

hidroksikulmorina uočene u genotipovima ozime pšenice s višim koncentracijama 

deoksinivalenola. Analiza polarnih metabolita u zrnu pšenice rezultirala je 

identifikacijom 18 metabolita koji su varirali među tretmanima na obje lokacije. Nakon 

analize glavnih komponenti (PCA), metaboliti uočeni u blizini umjereno otpornih i 

otpornih genotipova na PCA biplotu pripadali su funkcionalnim skupinama 

ugljikohidrata i njihovim derivatima, aminokiselina i njihovim derivatima te polifenola i 

njihovim derivatima. Na temelju ovih rezultata može se zaključiti da takvi metaboliti 

utječu na otpornost na FHB. Budući da fotosinteza predstavlja osnovu za prijenos signala 

u imunološkoj obrani biljaka, mjerena je fluorescencija klorofila a te fotosintetski 
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pigmenti. Rezultati su pokazali da je jak FHB stres nepovoljno utjecao na fotosintetsku 

učinkovitost u klasovima pšenice u gotovo svim proučavanim genotipovima, posebno u 

onima osjetljivim na FHB, što je vidljivo kao izraženije smanjenje maksimalnog kvantnog 

prinosa primarne fotokemije i indeksa učinkovitosti na bazi apsorpcije. Iako glavni 

fotosintetski pigmenti (klorofil a i b) nisu pokazali ujednačen trend odgovora na 

inokulacije, povećanje karotenoida uzrokovano izraženijim stresom kod genotipova 

osjetljivih na FHB može upućivati na korištenje alternativnih obrambenih mehanizama 

protiv napada patogena. Mjerenje pokazatelja oksidativnog stresa, razine lipidne 

peroksidacije i sadržaja vodikovog peroksida (H2O2), pokazalo je najveći porast lipidne 

peroksidacije i sadržaja H2O2 kod genotipova osjetljivih na FHB, što ukazuje na veća 

oštećenja stanica nego kod umjereno otpornih i otpornih genotipova. Stres izazvan 

umjetnim inokulacijama rezultirao je smanjenom aktivnošću katalaze, askorbat 

peroksidaze, monodehidroaskorbat reduktaze (MDHAR) i dehidroaskorbat reduktaze 

(DHAR) u genotipovima osjetljivim na FHB. Takvi rezultati mogu upućivati na važniju 

ulogu enzima gvajakol peroksidaze (GPOD) u uklanjanju reaktivnih kisikovih jedinki 

(ROS-a) koji je zadržao visoke razine aktivnosti u gotovo svim proučavanim 

genotipovima. Osim toga, smanjene aktivnosti MDHAR i DHAR u osjetljivim 

genotipovima mogu značiti nedovoljno recikliranje askorbata (AsA). Povećana aktivnost 

glutation S-transferaze (GST) kod svih genotipova osim kod najosjetljivijeg može značiti 

da GST igra važnu ulogu u detoksikaciji mikotoksina. Iako su umjereno otporni i otporni 

genotipovi također smanjili određene aktivnosti enzima u inokuliranim klasovima, takva 

smanjenja mogu se objasniti ranijom aktivacijom enzima antioksidativnog sustava, 

neposredno nakon inokulacije. Unatoč povećanoj aktivnosti glutation reduktaze (GR), 

značajno povećane koncentracije oksidiranog glutationa (GSSG) u gotovo svim 

genotipovima mogu ukazivati na činjenicu da GSH nije uspješno recikliran, dok 

povećane razine reduciranog glutationa (GSH) u genotipovima osjetljivim na FHB mogu 

biti rezultat de novo sinteze GSH te ukazivati na veću potrošnju GSH i posljedično 

povećanu oksidaciju citosola. Nadalje, povećana potrošnja GSH također može biti 

posljedica sudjelovanja GSH u izravnom ili neizravnom uklanjanju ROS-a u stanicama 

pšenice, kao i u održavanju drugih antioksidansa, poput AsA i α-tokoferola, u 

reduciranom stanju. Nadalje, enzimi kao što su glioksalaza I, glutation peroksidaze i GST, 

također koriste GSH u svojim reakcijama detoksikacije. Gotovo svaka od ovih reakcija, s 

izuzetkom reakcija kataliziranih GST-om i glioksalazom I, dovodi do stvaranja GSSG-a. 

Povećane razine apscizinske kiseline (ABA) u genotipovima osjetljivim na FHB mogle bi 
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značiti da nakupljanje ABA vjerojatno smanjuje toleranciju na FHB, dok su različite razine 

salicilne kiseline (SA) u proučavanim genotipovima vjerojatno posljedica ključne uloge 

SA u vrlo ranim fazama infekcije FHB, nakon čega je uslijedila aktivacija puta 

posredovanog jasmonskom kiselinom. Osim na biokemijskoj razini, odgovor pšenice 

praćen je i na molekularnoj razini. Relativna ekspresija gena PR1, PR3 i PR5 bila je 

povećana kod svih genotipova, ekspresija TGA2 samo kod osjetljivih genotipova, a 

ekspresija gena NPR1 samo kod otpornog genotipa. Budući da je pokazano da NPR3 koji 

potiče razgradnju NPR1 ima nizak afinitet za SA, niske razine SA smanjuju razgradnju 

NPR1. Niže razine SA u otpornom genotipu u trenutnom istraživanju mogu biti razlog 

zašto je došlo do povećanja NPR1 u otpornom genotipu čak i deseti dan nakon 

inokulacija. Ovo istraživanje pridonosi karakterizaciji i boljem razumijevanju 

obrambenih mehanizama genotipova ozime pšenice otpornih na FHB. Također doprinosi 

stjecanju dubljeg uvida u mikotoksine i polarne metabolite, kao i detekciji fizioloških, 

biokemijskih i molekularnih procesa pšenice povezanih s otpornošću ili osjetljivošću na 

FHB. Bolje razumijevanje metaboličkih, biokemijskih i fizioloških mehanizama kao 

odgovor na stres uzrokovan FHB doprinijet će poboljšanju programa oplemenjivanja na 

otpornost na FHB u ranim fazama selekcije. 
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Supplementary table 1. Spearman correlation matrix of 18 wheat metabolites in grains and general resistance to Fusarium. 

Marked correlations are significant at p < 0.05 (N=48). 
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