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Introduction

1.1. Wheat
1.1.1. Origin of wheat

The domestication of wheat that began 8,000 to 10,000 years &0 in th Fen' ie \ »scent
between the rivers Euphrates and Tigris marked a significant sh. win hu/ anki® d from
hunter-gatherer to sedentary farmer (Curtis & Halford, 20" ). No. adayc, cultivated
wheat usually refers to two polyploid types: hexaploid bread' :ommon « heat, Triticum
aestivum (2n = 6x = 42, BBAADD), and tetraploid dury .. heat,” "t sidum var. durum
(2n = 4x = 28, BBAA). Genomes (A, B, and D) of he/ 1ploi . U ad wheat originate from
three diploid wild progenitors: Triticum wurarf ,”an y 1den’ fied relative of Aegilops
speltoides, and Ae. tauschii, respectively (Haa et al., 2, Levy & Feldman, 2022).
Hexaploid bread wheat is an annual and primari_self-fertilizing plant species which
currently accounts for 95% of totalawheat production worldwide (Pengat al., 2011;
Tadesse et al., 2015). According t 'its g  wth habit, it is often classified as v._ater and
spring wheat (Tadesse et al., 2015.

1.1.2. Importance ¢ whea ' thc world

Today, wheat is ommmf the™ orld's most widely grown cammals afc. ymaize (Web source
1) and one of th/ most{ dantea crops growing in versat’ ¢ hab? ats.witica plethora of uses
developed.,suc. «  all ¢ rts of bread, pasta, biscui .oodl¢ , couscous, and beer
(Gustafson « »al., =007 " Curtis & Halford, 2014)." Yorla." " Zat production has been
stead 1y rising. " his is mostly due to { ‘gker v heat y 1lds and more intensive wheat
farr. ng rathe thar ‘and expansion (Re{1. 'ds & '« nun,t 122). Plant breeding and the

sthe deva’ spmelc and application of ferti wers, inseciides, and herbicides had a
sig, ficant impact on the produc! xity of wheat. According to the Food and Agriculture
Org nization of the United Nations. SAO), the world area under wheat cultivation in
205 was over 220 million ha," »sulting | » production of over 798 million t of wheat with
a grain yield of 3,625 kg/ha (Fig e+ . 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 prgi 1 to rise by
2 billion, from the present 7.7 billion to 9.7 billion by 2050, with estim/ es ra g o from
8.9 to 10.7 billion based on varying fertility rates. Assuming a sc »dy anp’ al pe capita
consumption, this indicates a potential yearly increase of 132 rf ii10: hof vi i for food
by 2050 (ranging from 106 to 224 million t based on the proj¢ ted ferti: %) (Reynolds &
Braun, 2022). Besides being essential to human civilizatia@whec has al* b enhanced food
security, both globally and regionally. It holds the/ reate’ - mportance among cereals
mostly due to its grains, which contain protei ™ with/ mniqu :“physical and chemical
properties (Khalid et al., 2023; Spani¢, 2023){% provia wadsund 20% of daily human
requirements for calories and proteins on a worla® ‘de scale and serves as a fundamental

food source for 40% of the population (Tadesse et al.,; :015).
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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 productiont Clim » change
also heightens the risk of biotic stress by expanding larger pat. »gen | 'pu’ .tior, more
frequent disease outbreaks, and enhanced spread of diseases toa< 1l are« | Big'.ic stress
adversely affects wheat in growing regions around the worl¢ resulti: yin annual yield
losses of around 22% that are projected to escalate even more." ‘otic str 55 is induced by
various living organisms, including fungi, viruses, in{ “cts, amaic. -5, and weeds (Mao
et al., 2023).

Among causal agents of biotic stress, pathc_ nic fuii " epresent one of the most
significant challenges to wheat global productic » To survive and cope with such
pathogens, wheat has evolved a sophisticated immunc system consisting of amassive and
active line of defence. Passive deff ice ¢ wrises physical barriers such as cu. » waxes,
lignin deposition on cell walls, ant 'spf -1alis trichomes, which prevei »athogei ‘rom
entering plant cells or the p@ " 'stion € an‘ microbial molegules. Al ive de. ace it cludes
two levels of pathogentt ‘cogniti » triggering defence respc ses; nathogen-associated
molecular patterns (PAMi triggered immunity or PTI (first leves recogiusing PAMPs
by pattern recog atiorr ‘ecep. »s) and effector-triggere’ 1mn ity « ) ETI (recognising
pathogt ¢ speci| : ef tctor or Avr proteins by ‘lant r¢ ists".ce 6 R proteins) (Ali et al.,
2018; Gime. »z ev ', 200 5; Igbal et al., 200 1). Thi first' »actie’'s to a pathogen attack
includ™ " 5ture aces of the cytosolic calsium ¢ centi’ von and the formation of reactive
oxy, =n speci{\ (K ). These initial respo >s leac: » the' tivation of mitogen-activated
yrote », kina/ 's ar = defence hormones, « , wellvas 2 wvariety of transcriptional,
tre_ slatioial, and metabolic reprogramming. Thel, PTT and ETI lead to a comprehensive
rep/ gramming of wheat gene " xpression via various receptor proteins, signal
tra’ sduction cascades, kinal = ROS, I’ 'mones, and transcription factors, which protect
«gainst invading pathogens (M hami' irasan & 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 (Igbal 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 w( .cat.. e severe
effect of this wheat disease is attributed to the absence of resistc. . genc ype’ suir »ntial
grain yield loss, and deterioration of grain quality during epidem wears, s w/ .l as the
health risks associated with wheat food or feed derived from' ;rains ¢ ataminated with
mycotoxins produced by the fungi (Dweba et al., 2017; Ma et . 2020); i.1e dominating
species causing FHB fluctuate annually and geognf onic ‘ly, toi s on temperature,
rainfall, and crop rotations. Species Fusarium g imii aru. »Schwabe (teleomorph
Gibberella zeae) is the most common pathogen wi Idwid' and/ as previously considered
the only cosmopolitan species. Recent genetic in'_stigatioi.s revealed that F. graminearum
comprises at least 16 species, collectively referrc wto as the F. graminearum species
complex (Xu et al., 2005; Boutigny 4= %, 2011; Sarver et al., 2011; Vaughar( »f al., 2016;
Persic¢ et al., 2023). F. graminearur’ is a /o< ‘es that can typically be found in vv xm and
hot climate zones with an average ar' .ual { niperature of over 15 °C. [\ werthele it is
also prevalent in tempera# Clii. te re_ wi's during the whed =rowi g seasc. wad «ed by
elevated temperatures” :d high' wimidity (Spanic et al., = 10 "allin et al., 2016;
Hietaniemi et al., 2044 Mie. ‘czuk & Skwarylo-Bednarz, 2020 F. ¢. sorum (Wm. G. Sm.)
Sacc., F. avenacet m (Frt "sacc.,ciad F. poae (Peck) Wolle' w. sp C1es otu i infect cereals in
cooler regions (o 14 -al., 2 )7; Popovski & Celat, 2013; . = Slein¢ al., 2014). F. culmorum
exhibits tole: mce v T ating thermal condition: »lthc 775 detrimental impact on
ceres 515 amplic d at elevated tempera wres, F.° wenace w usually occurs in regions with
an | verage a nua. »ir temperature raxj. 7 fron 3 to " %, °C and moderate to high
_ecip mtiont etwel 11500 and 1,000 mm annue w2 oxeven & ove 1,000 mm. Although this
spe_ ‘es is characteristic for coolenfegions, it exhibits considerable tolerance to variations
in t nperature and humidity. Recei wears have witnessed an increased importance of
E¥'5 caused by F. pose, whi , while| ‘ecting cereal spikes, does not produce usual
disease symptoms, but contami. tes e grain with mycotoxins. Multiple publications
assert that F. poae is capable of colonising spikes even under drier conditions (Xu et al.,
2008; Mielniczuk & Skwarylo-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

5
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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) bs an shifts to
colonising and killing host cells (necrotrophic) (Ma et al., 2013)

The life cycle of Fusarium species comprises a saprophyticand a na’  wenic has' (Walter
et al., 2010). Infected plant debris, on which the fungus over inters « ‘the saprophytic
myecelia, serves as the primary source of inoculum for diseas. develo; rient. Although

1

the saprophytic mycelia allow the production or b h ascidal (microconidia,
macroconidia, and chlamydospores) and sexual (ag ospf.es) ores, ascospores cause
primary infection of wheat (Leplat et al., 2012: Dweba t al£ 2017; Brauer et al., 2020).
Warm and humid weather triggers the devel¢, ment ana maturity of perithecia, and
consequently, the production of ascospores simul. »eously with the wheat flowering
stage. The produced ascospores 4 " "en ejected from the mature pel echia and

dispersed by wind or rain (Gosw| ni & ¢ ‘er, 2004; Leplat et al., 2013).

Wheat is the most suscepti " ndise e d¢ ring the flowerize stage when v » des ssition
of spores on or inside{y  spike \ sue initiates the infection woc s _Fusarium hyphae
then proliferate on the ex. 'nal surtaces of florets and glumes, 1. litating the fungus's
growth towardg stoms « ana‘ ther susceptible spots 3 ithin. e ini: sescence. Hyphae
can alsG'develo \dif incti > formations betwec'i the ¢ ic! ‘and| -1l wall on the surface
of infected"_mime  »Sua’ rormations are bolievea' » fac eted ingal spread and likely
resul’t i “Uirect henetration of epidermnl cells: After' wnetration, Fusarium hyphae are
abl¢ o sprea¢ wit._a the cell apoplast. 1= floret,” »e anv nrs, the stigma, and lodicules

e .5t read 1y co! nised, resulting in subs: atial cyrolog ‘al changes and, ultimately,
ce. deatn(rigure 2) (Goswami & Kistler, 2004; Trc..1, 2009; Walter et al., 2010). Alternative
pat! vays for direct entry encomp. s stomata and near parenchyma, partially or fully
exi ssed anthers, gaps betw a the len 12 and palea during anther opening, and via the
vase of the wheat glumes, whe ) the/ pidermis 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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under sustained high humidity. trophy 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; épanic’:, 2016; Mielniczuk & Skwarylo-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 / ctine by plant
characteristics that indirectly reduce susceptibility, inclu€ »g m{ phd ogi.  and
developmental traits) and active resistance factors (defined b  ‘wene | rod:y 'ts that
enhance plant resistance) (Buerstmayr et al., 2020). Morpho! gical a- 1 developmental
traits such as plant height, spikelet density, awn morphology; lowerin “iate, degree of
floret opening at the flowering stage, anther extrug® i, »d g. aling rate are all
associated with passive mechanisms of FHB resistan > (Baf et 1,2018; Buerstmayr et al.,
2020). For instance, plant height is particularly impori nt f¢ ' FHB resistance. In field
conditions, the pathogen survives on crop debri. n the so.. Curface, serving as a reservoir
of inoculum for the subsequent season. For effecti \yinfection, Fusarium spores need to
reach the spikes. Thus, shorter plap#ire more susceptible to infection by¢ain-splash-
dispersed conidia or ejected asc/ pore’ , while taller plants are more likely" » evade
infection (Jenkinson & Parry, 195%). /  ad¢ t.on, microscopic analysis® »wund eni . »hced
hyphal growth on deterigf Jui._tisst. i@ Ccluding retained ynther  poller, wnd( tigma,
whereas colonisation ol rred at <. lower rate on the more res. ‘en’ “asues of the lemma
and palea (Kang & Rucher. ser, 2000).

Active gesistan * m4 nar’sms comprise fivegivpes ¢ resi .ang: (Martin et al., 2017;
Mesterhaz, 202~ Spanis & Sarcevic, 2027). Sch¢nede.  nd Ck istensen (Schroeder &
Christenasen, © 163) 15t observed two types € resi. ance = cype I and type II. Type I
resi{ ance is chai sterised by the host's® ity tC nreve i pathogen penetration during
the  iitial ph e of| afection. It is often ac »ssed « »app /ing a spore suspension to
1. werw i .kes and quantifying disease incia (the proportion of spikes exhibiting
dist se symptoms). Type Il resist. ce relates to resistance to the spread of the pathogen
insi e a spike, and it is assessed by i ‘roducing conidia into an individual spike floret

d determining the percer wge of symptomatic spikelets (Bai & Shaner, 2004).
Genotypes exhibiting high type i 7 “istance 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 (Mesterhazy, 1995). Since type III resistance
has a role in reducing disease spread, it is often considered a compos of type II
resistance. In addition, some authors proposed type IlI resistange to be [ assif: ¢ »to two
categories — resistance to trichothecene accumulation through ni abolic t/ insfo' mation
and resistance via suppression of trichothecene biosynthesis (7 Suu, w et =7.008). For
the parameter of type IV resistance, researchers typically utilis damage  ‘ernel rate (Wu
et al., 2022). Tolerance to the FHB or type V resistance ##iinsses e gra’ 1 yield response
to FHB infection.

1.3.2. Fusarium mycotoxins

Apart from the reduction of wheat grain yiela' =nd quality, each Fusarium species
produces a distinct profile of secondasz metabolites toxic to human and animal health.

-

Consequently, the European /[ nion/ “ommission established legal Iii its and
recommendations for several FHE iny’ otox . oncentrations in food at. ¥eed (Eu, wean
Commission, 2006a, 2006, "2 %3; S »nid et al., 2020). Three ty es of " wco’ xins -
trichothecenes, fumons 1s, and wzearalenone, have been" '»m =nstrated to induce

outbreaks of disease in bo. »humans and animals.

Trichot!®ecenes| sesd itef ene epoxides, are ghe of th mod 1 ortant and chemically
diverse grd wos ¢ -usarii ( mycotoxins, wltich in{*ude" Hre th< 1« 200 toxins (Escriva et
al., 201551 el 1, 2U1Y). Based on the, presei e ot sketo group on the C-8 position,
Fus( 1tum trichotli senes are divided intC 0 gr& ws: ty, » A, which lacks a keto group,
and' tpe B, w ere a eto group is present (- »squali. s al., | )16). Type A trichothecenes
L nly .prise the highly toxic T-2 toxi ' (s deacetylated form HT-2 toxin,
dia| toxyscirpenol, and neosolanic “Ekwomadu et al., 2021). However, some of the most
sigi ficant trichothecenes ara type B t. shothecenes - deoxynivalenol (DON) (Figure 3a),

valenol (NIV) (Figure 3b)" wad the¢ r acetylated derivatives (Spanic et al., 2023).
According to the profiles of trichc"“cene production, specific chemotypes of Fusarium
spp. were determined (Pirgozliev et al., 2003; Mielniczuk & Skwarylo-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;

9
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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 e votic cells,
including the suppression of protein, DNA and RNA synthesis,(Alass{ 1e-Kx i’ i et al.,
2013). Diseases linked to these toxins in humans and animals ¢ sompas/ reed/ erusal,
nausea, vomiting, abortions, weight loss, skin irritation, intery.: vr, = ha .rhaging,
haematological problems, immunosuppression, and neurolo, cal distt. hances (Escriva
et al., 2015; Ekwomadu et al., 2021).

Zearalenone (ZEN) (Figure 3c), in conjunctior  wi*. I monisins and type B
trichothecenes, is regarded as the most significal repre¢ ntatil e of Fusarium mycotoxins
concerning human and animal health conseque.. s and 1< i ted economic losses (Escriva
et al., 2015). ZEN is a 6-(10-hydroxy-6-oxo-trans-i ndecenyl)--resorcylic acid lactone
and is biosynthesized through a ps’etide pathway. When present in ¢he body of
mammals, ZEN is metabolized t{ a-ze/ . mnone, which has greater toxicity v »n ZEN
and even low doses of this mycCtox' « can a.rect the sex hormone, cy« » (Zhang % al,,
2018). Due to the struct iar ‘milc saf with the estrog{» hori ones, © "N« .nd its
metabolites are often ¥} ned as i msteroidal mycoestrogens, 3 s ‘yaroup of naturally
occurring estrogenic.comy mnds. Hence, its main target.is the °>productive system,
where ZEN con’ setitiz "1y binc 5 to estrogen receptors/ t hast cen si. wn that ZEN not
only caases ci nf:s in the reproductive system,| waf it c 1 also be genotoxic,
immunotox: yhep i .c, nephrotoxic, arid an 1 uicer ¥%' 0 .d peroxidation in both
dom¢ ucand e aratory animals (Pistd wet al., = 314). 2 though ZEN toxicity in humans
has| ot been® udic hin detail, studies in¢ . ite thav yhas ¢ scinogenic potential and that

car._auses prod( ctive toxicity by acting « an endocril ¢ disruptor (Rai et al., 2020;
He etal., 2022). Prolonged exposaire to ZEN through dietary sources in pregnant women
ma) ead to lower embryo survival,” duced fetal weight, and impaired lactation. ZEN is
al{ = considered to alter u. wine tiss  morphology and reduce progesterone and
tuteinizing hormone levels, whit ¥n n¢ 'n, ZEN decreases the number of sperm and their

viability and obstructs spermatogenesis (Ropejko & Twaruzek, 2021).
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Figure 3. Molecular structures of a) deoxynivalenol (DON), b) nivalanol (N ®\. and ¢ zearalenone (ZEN)
(Escriva et al., 2015).

Occasionally, clinical symptoms of diseases’ esultit 5 fr¢ m the consumption of
mycotoxin-contaminated food and feed in hui: as and'<"lials have been significantly
more severe than expected based on the mea. red concentrations of well-known
mycotoxins in the food and feed. This has resulted'in the identification gf “masked”
mycotoxins or mycotoxin glucog' ies, 7 med for their ability to evade de! stion by
standard analytical techniques (L oe’ iert| “ul., 2015). Although the term “ni ‘ed”
mycotoxins initially referr® = 3 DOL \and ZEN glucosideg, recen| discov. wies < other
mycotoxin derivatives,¢:' "h as N' roxyfructosyl-fumonisins, ave ed to the suggestion
of the name “modified” " wcotoxins (Nakagawa et al., 2017). " ile i vitro research
indicates that m{ sxked » ’ms ¢ »ibit less toxicity on anir il ane wumea cells compared to
free my otoxin: ind cvo s dies reveal that mc ked fc msd Osse : considerable toxicity
owing to ti_ir el wmat’ . conversion to ti > free " wm." ansed Lently, it is essential to
consid’ _..ly mq itor the prevalence of Fusariu: smycC xins and their modified variants
in f{ »d and f¢d p. ducts (Broekaerteta  2015; L wome ‘u et al., 2021).

L ept masked” mycotoxins, there are' ') mycotoxins termed as minor or
“eni rging”, which refers to n. otoxins which are not routinely determined or
legi atively regulated, buh, the ev. ence of their incidence is rapidly increasing
@ Joelflingseder et al., 2019).% *his cat' gory includes mycotoxins such as beauvericin,
enniatins, fusaproliferin, monilitc. .n, 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 127" " may have
a synergistic effect on toxicity. Recent results suggest that CUL may ink vit the & “ivity of
uridine diphosphate glucosyltransferases. These enzymes, foui \in mog man malian
cells, facilitate the glucuronidation which is a major phase Il& oryc_atior. wiliway for
xenobiotics. Consequently, inhibition of these enzymes suppr¢ ses glyce slation of DON
into the less toxic DON-3-glucoside (D3G) (Wipfler et al«7719).( her ns ‘urally occurring
related compounds of CUL include 5-hydroxyculn rin, 7 - wwdroxyculmorin, and 15-
hydroxyculmorin (Weber et al., 2018).

1.4. Plant metabolism in response to pathogen a. <k

Plants synthesise thousands of distinst,metabolites tnat function to attractsoollinators,
repel herbivores, resist microbial it .ectic . »and provide protection against ditic_»nt kind
of stress (Kessler & Kalske, 20%5). £ lant . etabolism is categorisec into tw¢ main
categories: primary metald ... n wl h. < mprises molecles ess ntial 1< ythe! dlant's
growth, development, ¢»' reprod stion, and specialised (secc. dar ) metabolism, which
includes compounds necec \ry for the plant to effectively manage' otic arid biotic stress
factors. These ca cgoric “are 1. jerently interconnected/ vhere lietab' ites from primary
metaboism act| s heiidin' blocks for secondar; ‘metab liss - (Sui ice & McKeown, 2015;
Fang et al., " ™19).

Met oolites exhi ' several functions = ¥ plant’ athog » interactions, encompassing
vatl. 2en det ‘tion, ignal transmission, e wme ¢ trol, atercellular signalling, and
a. ‘mic. 0L activity (Castro-Moretti et al., 2 7. Phytopathogen infection induces
mo, fications in secondary metab< ‘sm through the activation of defensive mechanisms,
as / ell as modifications ipgorimary. netabolism that impact the plant's growth and
~_velopment. Consequently, | thogen nivasion results in reductions in crop yield, even
in cases that do not result in disc." “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 ¥ an analysis
of isolated pathways (Aliferis et al., 2014). This suggests that inthe futi’ e, m/ & »lomics
could open a new approach in examining plant-pathogen it ractiong durii g" FHB
infection and thus contribute to the discovery and developmen/ i a'C ateg, " adapting

wheat genotypes resistant to the FHB (Dong et al., 2023).
1.5. Photosynthesis in response to pathogen attack

Phytopathogen infection induces alterations ( “secor iary/ netabolism through the
activation of defence mechanisms, as well as 1. dificatic’".n primary metabolism that
impact plant growth and development. Although 1. \regulation of defence responses has
been thoroughly studied, the impact.afnathogen infection on primary metaholism, such
as photosynthesis, remains poorlf unds  wod (Berger et al., 2007). Photosy1. ‘esis is a
process that occurs in diverse gretn ¢f gans . cluding leaves, young st s, greet, uiits,
and immature spikes, sup® ;. % the' 2erd s necessary for siumero| 5 proce wes iz plants
(Yang & Luo, 2021). Théy itiatior. »f defence mechanisms anc _the| :athogen’s uptake of
nutrients subsequently 1 wlt in greater demand for assimii s insiue the plant.
However, path¢’ en ir _ctiori requently also results it the 1 “matic » of chlorotic and
necrotic regioni  oi the | urface of green oigans, v i@ leac  to the reduction in
chlorophyli Chl)" 'aswnesis and photos; athetic hssiti. nteat oduction (Berger et al.,
2007 Ziicaib o illiny, 2024). Photosyathetic' aurce’ 'rgans, primarily the leaves, are
plai | organs{ hat" »n carry out photos: ‘hesis, " there. »ohotosynthetic sink organs,

clu g stal s, rqf s, fruits, and grains, s€. e as score ¢ gans for the organic matter
sy. hesiseu by photosynthesis. During various s.ages of growth and development, the
phc synthetic sources and sinks 1. w alter correspondingly (Paul & Foyer, 2001). The
do’ n-regulation of photos athesis, « wpled with an increased need for assimilates
auring plant-pathogen interacti’ »s, ug' ally 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 exposus saturating
light pulses. Chl a fluorescence serves as a highly sensitive indicator/  phs & nthetic
efficiency, as this approach has been reported to show the ¢ wwn-regf atior of the
effective photosystem II quantum yield in compatible interact i1s v th bc 7 .otrophic
and necrotrophic pathogens. As such, Chl a fluorescence can| - used f early detection
of pathogen infection when symptoms are not yet visiblas@arger sal., 2 7). Besides Chl,
carotenoids (Car) also play a significant role in phot¢ ynths 5 photo-oxidative defence,

and the synthesis of phytohormones such as absgic acidf ABA (Colasuonno et al., 2017).
1.6. Plant antioxidative system under pathogen '« ack

ROS such as superoxide radical (O22gninglet oxygen (!Oz), hydroxyl radica’,("OH), and
hydrogen peroxide (H:0:) are ¢ odu¢ in different cell parts, including woplast,
mitochondria, chloroplasts, anc™ ps oxis/ .'¢s, as natural by-proc «cts of | wobic
metabolism. However, R4 2% wodu ‘ondis also one of /he ear ost plc & ref bonses
following pathogen reef hition (: haledi et al., 2016; Garcia-C nar Sset al., 2021). If not
regulated, disrupted RC. yhomeostasis increases plant vulnc oility w0 pathogens
through lipid pf.oxid ion, \ »ich initiates a chain 1/ «ctiop hat 1. »nsifies oxidative
stress b ‘gener| ind upia adicals, leading to" rotein| nd¢ JINA lamage (Mittler et al.,
2011; Taher »201¢ Gand a-Caparros et al;; 2021).% edos yamd sstasis in plants during
stresg’ .. condic ms is maintained by théolant'c tioxic tive system, which involves both
enz matic al 1 1. »-enzymatic antioxi ats. 1., enz mes in various subcellular
am} stment  thatd ‘onstitute the enzymati hantioxidant system include superoxide
dii hutase (SOD), catalase (CAT)yascorbate percaidase (APX), monodehydroascorbate
red| tase (MDHAR), dehydroasco. ate reductase (DHAR), glutathione reductase (GR),
gl athione-S-transferase (C ), and g hiacol peroxidase (GPOD). The other half of the
antioxidant system includes a ‘orbic acid (AsA), glutathione (y-glutamyl-cysteinyl-
glycine, GSH), a-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 (
2024).

Kunert,

The initial stage of the cycle involves the reduction of H20O: to g AsA
as the electron donor. Oxidised AsA or monodehydr¢ scorba HA) may
AsA and
cnzyme MDHAR,

o AsA by the enzyme

subsequently either undergo spontaneous
dehydroascorbate (DHA) or be enzymatically red
utilising the reducing potential of NAD(P)H. D

glutathione (GSSG) to GSH with NADPH as th igure 4) (Foyer & Halliwell,
1976). In addition to its function in ROS scavenging, the AsA-GSH cycle also modulates

plant cells, interact with vario
induced by ROS can be detecte

Figure 4. Schematic representation of the ascorbate-glutathione (AsA-GSH) pathway. H202 (hydrogen
peroxide); H20 (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 h/ ‘mor . (Bari &
Jones, 2009). Alterations in hormone concentrations or « msitivi.y,£ ndu <> by
interactions with biotic agents, initiate a series of hormone-signal*= even| tha egulate
adaptive responses in plants. The ultimate result of the act{ ated de nce response is
significantly affected by the content and dynamics of cd ‘binatig s of produced
hormones (Verhage et al., 2010).

ABA is a 15-carbon sesquiterpenoid containing( vo chif 1 cen ‘es. Consequently, one of
these centres (at C-1") allows for the different.. ‘on of tv.. .xBA forms: the natural (+)-
ABA (cis-trans) and its unnatural stereoisomer (-)-. 8A (trans-trans) (Kitahata & Asami,
2011). In higher plants, ABA is synthas'sed through ariindirect carotenoid pathway (as it
originates with the cleavage of 3-¢ roter . the C40 carotenoid precursor), in c¢. ‘rast to a
direct pathway that initiates wit.."in/ rme . tes containing 15 or few. s carbori “oms
(Chen et al., 2020). ABA ¢¢ .20 on ir. iatet 'with the binding® with| yrabac n-ref stance
1/pyrabactin-resistance{’# e/regui. nry component of ABA p1 »in eceptors, commonly
known as PYLs. The bina. 2 of ABA to these receptors inhibits| e activity of protein
phosphatase 2C/ Jubse’ “ently ctivating sucrose nonfe nenti J 1-re. ‘ed protein kinase
2. Activated | arefgh | utophosphorylatior.” or ¢ aes pro in kinases, sucrose
nonfermen. 2 1-I "ated protein kinase 2 tien phi who: “ateal pecific substrates (such
as traf Sioptior ‘actors and proteins), thsulting n AL yrelated physiological responses
(Gi¢ ler et alf 1020, Although ABAisaw -know. wlant »rmone which is essential for

2ol ving st oss te crance, its function ex: nds beyond abiotic stress responses to
er. mpass other developmental nrocesses, incltiaing seed dormancy, germination, and
see( ing growth (Vishwakarma et ', 2017). In addition to its recognised function in
ph siological processes ané daptatic. o abiotic stresses, ABA has recently also been
regarded as a modulator of 1 wong  to different diseases of plants, specifically in
mediating FHB susceptibility in wneat (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 phef olic © “stances,
characterised by an aromatic ring with a hydroxyl group or© ) func onf "dej iive,
synthesised by plants (Dempsey et al., 2011). Recent chaxss isatic \ off 'the SA
biosynthesis process identified two different pathways - the i’ hchorisi: wte pathway and
the phenylpropanoid pathway, both of which originate from cli ismate tne end product
of the shikimate pathway (Li et al., 2019). Besides pf{ ticip ving 1. e enhancement of
plant development, photosynthesis, flowering, an_ pg -he ‘»sst longevity, SA is a
phytohormone that significantly influences 2! nt def 1ce £ iechanisms. It is usually
involved in activating defence responses ag st biotrophic and hemi-biotrophic
infections, as well as in establishing SAR (Bari & j nes, 2009; Pokotylo et al., 2019). A
major effect of SA in plant defenced =" » induction of pathogenesis-relateC “\PR) genes
expression, which encode protein’ oxhi¥ 1. yantimicrobial properties. So far, PN roteins

have been grouped into 17 families ¥ ainly based on their protein seque. se simil i tes,

enzymatic activities, and / ther ‘nlog. ' ieatures (Ali et al.;, 2018). "he bioc <al role
of PR1 remains unidenti. d. Howe i, arecent study indicatea” »ai "iwaassesses sterol-
binding activity, ##7sh in. »des pathogen proliferatioms™s, seq. istering sterol from

pathogens. In [ dditic",, ather” PR proteins show di] 'rse £ .nctions, including (3-1,3-
glucanase APR2; ¢ tinas 5 (PR3), a thaumatin-like ¢ »in (P! 5), peroxidases (PR9),
plant defens: s (PRZ7 "und thionins (PR13) (Ali et & %201¢,ctal, 2018). SA-mediated
defe’ ce signalli » requires nonexpres »réf p thoge. isis-related genes 1 (NPR1), a
redi -sensitiv | reg ‘ator and an SA rioc tor (Ul h et ', 2023). Over 98% of SA-

rula W oaf os extioit expression that relies ¢ "NPR1. Beiore pathogen infection, NPR1
is I ‘ated in the cytoplasm as olig mers formed through intermolecular disulfide bonds.
Foll wing pathogen stimulation o1 A treatment, NPR1 experiences conformational
2! “rations facilitating the tra: M'ocatior, ¢ "NPR1 monomers into the nucleus. NPR1 then
interacts with transcription fact¢. 5= A, 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 /"t al., 2018).

1.8. Breeding and sources of resistance to Fusarium head blight

The effective management of FHB cannot be accomplished wit honly "¢ control
technique, as each possesses certain limits. The utilisation of | ‘veral cd ol techniques,
including cultural, biological, chemical, and host plap® sista. »._cof stitutes effective
measures for managing FHB. Genetic control, thrg¢' gh k' & ling for resistance, when
combined with other aforementioned control  hasure’ has tie ability to serve as a
sustainable solution for FHB management (Dw = aetal,” %7 Zhuetal., 2019). However,
the efficacy of breeding programmes targeting FH. sesistant genotypes is predominantly
dependent upon several factors, including the acc ssibility of resistant germplasm,
genetic diversity within breedix’, pG ulations, and methodologies for scurately
assessing the resistance levels o bref diny “mes to facilitate the effi ‘ent selec wn of

improved individuals (Steis™ "t al., | 117)

Resistance to FHB is a ¢ antitative 5 inherited trait affected e . nantal factors,
exhibiting notablas ntypc w-environment interactiona®ndersc het al., 2007; Steiner
etal., 2017). Deg ite si stantial efforts to identify FHB | sistat Ce durinig the past decades
and thousands © ¢ .ccessi ns evaluated, only a limitec ' .imber >f resistant accessions
have been 1 ngniocl;"and sources of resistance’ » Frio''’ithancement in breeding
prog ammes ret: in scarce. Some of the: vir®lua Arina, “undulea 201R, and Renan from
Eur. »e, Wany huib ' and Sumai 3 from"Ci »a, Fr6. ana @ d Encruzilhada from Brazil,
¢_ncii mea’ and Nobeokabouzu from Japan,” »2¢Zrnie a.id Freedom from the United
Sta, s (Shiet al., 2020). While sev{ 1l resistant accessions have been effectively utilised to
enh ace FHB resistance in global whe -breeding programmes, the majority have proven
iz ifective due to their urc wourabl agronomic characteristics or the challenges

associated with integrating the re. wi .ce 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 'n marker-
assisted selection, molecular markers that indicate quantitative trai locif < .s) for
improving FHB resistance are employed for indirect selection (= ‘erstiay et al, 2020).
Utilising QTLs from genetic sources to breed for FHB resigf uicc™ 5 onc w0 the most
efficient strategies for managing this disease and mitigatir : toxin ¢ »tamination in
harvested grains (Wu et al.,, 2022). Hundreds of QT minci ling /) unique QTLs,
associated with FHB resistance have been found thr¢ ighor -* "1 21 wheat chromosomes,
but only a few QTLs have been validated acro@ireseal ‘n ar 1“successfully applied in
breeding programmes worldwide (Buerstmay' " t al., 207 S mer et al., 2017; Ren et al.,,
2019; Venske et al., 2019; Fabre et al., 2020; Shi et & ,2020). The most significant and well-
validated resistance QTL was found in Chinese gern: ‘lasm. Fhb1, initially discovered in
Sumai 3, is the most accurate Q7 = to, “HB resistance and is extensively" ‘ilised in
breeding programmes (Su et al., | 119X in ¢ ‘lition, derived from Sun{i 3 are a. » Fhb2
and Qffis.ifa-5A (Spani¢, 204@mAddi| Hnal/ esistant sources,comprie the ML FF 4 and
Fhb5 identified in Wangsl ubai a. ! Ofnis.nau-2DL discoverea: ythe rreeding 1. CJ9306.
Furthermore, wild relativ. 3 of whea:have also provided multip » esiscci @ genes/loci,
including Fhb3 & o wecie wLeymus racemosus (Qi ef ar., ¥008), “hb6 from Elymus
tsukushi asis (C) non' et & | 2015), and Fhb7 fret» Thinc yruz clow atum (Guo et al., 2015),
all conferri = Ty, Il res’ ance (Wu et al.,£922).7 »eni: ‘ce the itility of these mapped
QTLs fwwlai breeaing and to better,undex \and i 'B resistance in wheat and other
smg  grain carea ha thorough QTL mc © analy = has' ‘emonstrated efficacy. Several
OTL neta-an yses ave been conducted ¢. FHB 1 istan @ in wheat (Liu et al., 2009;
Lo fler ¢, 2009; Mao et al., 2010), with the mc 7 “ecent study identifying a total of 323
QT and generating 65 meta-Q1L which are regions statistically validated as unique
(Ve ske et al.,, 2019). Candignte gene" 'ining inside the meta-QTL 1 on chromosome 3B

<lded 324 genes, where 10 oi hese g¢ 1es were found responsive to FHB. Two of these
genes encode a glycosyltransferasc.a 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, utili es a: »vailable
marker data to calculate the genomic estimated breeding V. Tue, t ere’y ce uring
variation from typically undetectable minor-effect QTLs. & mic | leckin is a
completely predictive methodology designed to predict tt  phenc we of untested
genotypes by utilising estimated marker effects, using ex: sing krwledge of the
phenotypic performance of previously genotyped line » knc...i as the training
population (Buerstmayr et al., 2020). As breeding.fo. FH” res. nce is mostly based on
phenotypic data and FHB resistance is stronglxz| 2fluenc 1 by ne environment, accurate
assessments of the actual genetic resistance of sp iific breeding lines are often imprecise.
Therefore, utilising genomic estimated breeding walues for selection rather than
phenotypic data may enhance the b#f _ 'r's capacity for the selection of indi* duals with
FHB resistance (Arruda et al., 201 ).

1.10. Aim of the research

Due to frequent exposui. ‘o a dive se array of pathogens, whi \ Lia.i ave evolved
complex mechan i » co. w0l responses to these paf..og ms. Li woite of numerous
previoystudie tryif s taf lecipher the mecharsms of =sis .icef o FHB, the complexity
of these m{ than. s is s* | insufficiently izwestigl ted.” :vioug studies focused mainly
on theimwestiy tion o1 separate plant systems x hile st dying wheat response to FHB (e.g.
anti’ xidant systc ). This study is a & con._veher. we analysis investigating the
met. olic, ph siolog -al, biochemical, and 1. \lecula. Jespo se of different winter wheat
g oty 00 FHB stress in field and conti® "0 i environments. It focuses on the
my, toxins and polar metabolites. 2 wheat grains, oxidative stress markers, enzymatic
and nonenzymatic antioxidants, phC synthetic efficiency, stress hormone levels, and

_ess-responsive gene expre. on, sh ading light on potential interactions between

defence mechanisms during infec.

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-

e to determine the impact of FHB on winter wheat genoty» um L.)
that differ in the level of resistance to FHB
e to determine the impact of the disease on the sy i etabolites and

mycotoxin levels in wheat grain
e to determine biochemical, physiological, a
to FHB.

This research will enable the selection of ge es with more effective defence

mechanisms against FHB, which wi tribute to developing genotypes tolarant to FHB

in the wheat breeding program.
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Material and methods

2.1. Plant material

Field experiment and experiment in controlled conditions (greenhcmse) will be
conducted on six winter wheat (Triticum aestivum L.) genotypes (* ulkar Kraljica,
Galloper, Tika Taka, El Nino, and Golubica) originating from < = Agi tul# ral | . Jitute
Osijek. All selected genotypes were characterised as early oraw early. vin* : wheat
genotypes with varying levels of resistance to FHB based on| ne resu. jobtained in the

previous field experiments (Spanic et al., 2017).
2.2. Inoculum preparation

Fusarium species used in this experiment were' ~ ¢ramin. sz (PIO 31), isolated from the
winter wheat collected in the eastern part of Croa. », and F. culmorum (IFA 104), obtained
from IFA-Tulln, Austria. The conidial inoculum ot* ‘usarium spp. was produced by a
mixture of wheat and oat grains (2.’ by wlume). Grains were soaked in glac ars filled
with distilled water overnight. T\ = fo' ow. s day, excess water was ¢ecanted,” »d the
grains were sterilized. To inmmulate { e mi’ ture of grains with magroco1. ‘ia, a y ece of
synthetic nutrient agar ¢d tainit._funga: mycelium of each & ncies solate wa'placed in
the appropriate jar. The"_ ass jars \ ere left at room temperate » exp " rto diffused
daylight and sheicii Haily ar two weeks to ensurs pic er ac ation and drying.
Macrogfaidia v re # ¢n ¢ ashed off the colonired gra s v n g rilised water, and the
suspensiox swas. iluted = while final cqhidial¢ sonce ration’ of both fungi were
determyimad G ng a niemocytometer (Biirker-7rirk, i wcht Assistent, Sondheim vor der
Rhd , Germany)" »d were set to 1 x 10> 7 * for" e inG. Jlation in the field experiment,
and' »5 x 10*/ WL t¢ the inoculation in cori nlled ¢ hditic s.

2.5 Tield experiment

The rield experiment was c{ 'ducted 1| “he 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 uscd 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 witha” " "ot sowing
machine (Hege 80, Wintersteiger) in October 2019 in 7.56 m? »lots at’ he ef )« ‘mental
field of the Agricultural Institute Osijek at Osijek and at the exp< ‘meritalf (eld ¢ Agro-
Tovarnik at Tovarnik. The seed density was 330 seed m? forgd .1 wi at go o7 pes. The
field experiment was set up in a randomized complete block d| :ign, whi »two replicates
were subjected to artificial Fusarium treatment and tx@@mrepi ates i cre subjected to
natural infection treatment. Fusarium treatment was/ serfor .. 'd when 50% of the plants
inside each plot were at the flowering stage, wite'0C m* of p1 pared inoculum sprayed
on an area of 1 m2 One treatment was grown & »wrding t wt«'.dard agronomical practice
with no usage of fungicide and without misting 1. atment, while another treatment was
subjected to two inoculation events, two days apar., using a tractor-back (Osijek) and
hand sprayer (Tovarnik). To provid “hig. humidity necessary for the develop. ent of the
infection, misting was provided I : wz er & nying with sprinklers on{everal ot »sions
after inoculations. Excepta®m, fung “ide/ ipplication, which wa® excii led ir these
experiments, the agro-te hnicai yractices utilized were us »l f¢ commeircial wheat
cultivation in Croatia. Tt seed was reated with Vitavax 200 Ft* ' rai. " drboxin) at a
rate of 200 g Vit "ax'. 5100 2 of seeds in order to coriur »d-b' ne diseases. Weed
controld yas co; luc’ 4 W h a herbicide at tht,wheai :illef.ig { age (Zadoks scale 31)
(Zadoks et nl., 1 4). Ind cticides were spiayedd » thc oring/ t the growing season.
Fertilizson v s in proportions N:P:K, 130:1¢€ 120 » ha. 1n July 2020, experimental
plot were harves d with a Wintersteige. © real p it con. ‘ne-harvester, and grains were

storc until fu ther  alysis.
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(@) {b)
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Figure 5. Climate diagrams for the growing season 2019/ or (a) Osyjek and (b) Tovarnik.

2.3.1. Determination of disease se sistance to Fusarium head blight

arity and type

General resistance (disease severi

plot and was determined b

spikes per plot and wa
spikes. Both ge

inocula&ns (d by the next four evaluatio -ddy intervals (on the 14,

18th, 22nd, 2 i) acg rdingtoa linear‘ale ( ich the area under the

diseas gL s cu UDPC) was calculatgd ac i e following formula:

where Yi is the percentage of visi ected spikelets (Yi/100) at the i observation, Xi is

the day of the i*" 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 g cura; hinfected
(control) and Fusarium inoculated treatment were pooled tC_nther, ‘esy (ng »one
measurement for naturally infected and one measurement for “usaril v in‘ culated
treatment. Due to the method accuracy and reliability, one me’ sureme. »was tfound to be
sufficient in this kind of experiment. Previously grounded b mill IK' \"M20 (Staufen,
Germany), 5 g of wheat grains were extracted £ sing 20 1.0 "Ixtraction solvent
(acetonitrile:water:acetic acid = 79:20:1, v/v/v) on| | rof ry | waker (GFL 3017, GFL;
Burgwedel, Germany) for 90 min at room temi eratur, in a/ iorizontal position. After
extraction, 0.5 mL of the extract was diluted witi. .5 mL o1 uilution solvent composed of
acetonitrile:water:acetic acid = 20:79:1 (v:v:v) in via 3 Finally, 5 uL was injected into an
LC-MS/MS system, and the screenin® " “*arget fungal metabolites was perfd med with a
QTrap 5500 LC-MS/MS System (¢ (pplif 1° ‘osystems, Foster City, CA. USA) ¢ uipped
with a Turbolon Spray electrospray/ yniza 1on source and a 1290 Seric \HPLC [y tem
(Agilent, Waldbronn, Gerf .any,

Chromatographic separat. » was performed at 25 °C on a Gemir. 18-corumn, 150 x 4.6
mm i.d., 5 um pf.ticle ze, e yipped with a C18 4 x 34 im 1.« secu. w guard cartridge
(all fro.r Pheri maf ex, | orrance, CA, USAj *The ¢ 1ex's us 1 were composed of
methanol:vi ter:a tic aef 4 =10:89:1 (v:v:0)" 5 eluer HA, o Lmet anol:water:acetic acid =
97:2:1¢ 22v) as 'uent B. Confirmation ¢f posit. 2 ana._ ‘e identification was obtained by
the| cquisitig®, of © xo multiple reaction_ initorw s per’ malyte (with the exception of
non. ‘ormin’ and 7 hitropropionic acid the wexhibii onl one fragment ion), which
y1. led #.0v1dentification points according to cori.“iission decision (European Parliament
and he Council of the European ¢ ‘ion, 2002). In addition, the liquid chromatography
ret’ ition time and the inten{ ‘v ratio o: e two multiple reaction monitorings transitions
~greed with the related values ¢ an au' aentic standard within 0.03 min and 30% relative
deviation, respectively. Quantificauon 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 £ ains' ‘ere flash
frozen in liquid nitrogen and ground in 10 mL plastic tubes tog« er wi_h ad rin¢  yball
for 2 min per sample in the automatic Labman’s cryogenic grin< o sy< 'm /.abman,
Middlesbrough, UK). Polar metabolites were extracted fr¢ 1 15 n. yof deep-frozen
homogenized plant material using the polar metabolite extrac on prot col (Lisec et al.,
2006; Erban et al., 2007; Riewe et al., 2012, 2016). Extsf .ct10. wroccc Za by adding 1 mL
chilled extraction buffer (methanol:chloroform:watel =2.7.:1,7 w/v) containing 1 uL of a
2 mg mL* stock solution of C-sorbitol, an D4-Al ning to the flash frozen and
pulverized tissue. Following 15 min incubation® 44 °C, U.= mL of water was added and
the extraction was split into three batches and ali’ wots of 50 uL of polar phase were
sampled. The dried extracts were in derivatised directly prior to injecti » (Erban et
al., 2007) using a Gerstel MPS2-XI' autog 1. Wler (Gerstel, Mithlheim/Ruhr, Gern: ay) and
analysed in split mode (1:3) using a If .CO | egasus HT time-of-flight m. = spectr, . ‘eter
(LECO, St. Joseph, MI, US( j cor ected i an Agilent 789€ as chr matogic v igilent,
Santa Clara, CA, USA).

Sample identific (on = »knG m and unknown featurd . was verfo. ned by the LECO
Chrome "OF so| wa{_pac age in conjunction V. th the { olnf.vletc olome Database. Peak
intensities _nre & wrmif od using the R pe kage ™ weetl wech 4 aadros-Inostroza et al.,
2009 ¢ _in tic R software version 4.1.4 (R CC 3 Tear 4,2021) and normalized regarding
san’ le weigl!ts, 1. wrnal standards and_ hasuriii_hday; stector response. Metabolites

how ng >5%’ nissir | values among the sam; s wetc excli led from the analysis.
2.4; xperiment in controlled conc ons

Sa 1s of each winter wheat', motype | re first sown in seedlings’ trays and placed at
room temperature to germinate. ‘ra:’  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
tilled with soil (pH: 5.5-7.0, organic matter: 70.0-85.0%, N (1/2 vol.): 100-200 mg L, P2Os
(1/2 vol.): 100-150 mg L, K20 (1/2 vol.): 200400 mg L) 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 pumol m? s1. With the start of the stem elongation stage (Zadoks scals (Zadoks et
al., 1974), conditions were set up to be 12/12 h light/dark photoperio¢ and 7 - 2/11-14
°C day/night temperature, while before flowering stage (Zadoks' sale 51)/ _ado setal,,
1974) and until the end of experiment conditions were set/ p «c '4/1C = ght/dark
photoperiod, 21-24/17-20 °C day/night temperature with the | aximumni =xht intensity of
750 umol m? s (Figure 6). During the experiment, plasmmwer. zriga‘ 'd with water as
necessary, usually twice weekly. Nitrogen fertilizat’ /n wz ' arried out at the two-leaf
development stage (Zadoks scale 12) (Zadoksg" ai,, 1€ '4) U uig calcium ammonium
nitrate (27% nitrogen) and one protection & nst pe. naf.th the insecticide Vantex
(gamma-cyhalothrin 60 g L) (Zadoks scale 31) (= 1oks et al., 1974).

When the anthers started to extruda® =" sthe flowering stage appeared (Zad' s scale 61)
(Zadoks et al., 1974), plants wer inog ia d with a mixture of F. graminearu. sand F.

culmorum inoculum. The 20 _uL of / ‘epar d inoculum mixture was 1. =cted v i an

automatic pipette (Eppent orf, © “en, i ' ria) in the middle ¥ two pikelets ¥4 (e spike
of each plant. Plants vi_ e subjec il to two inoculation eve s, davs apart. To
provoke infectionamating « matment started one hour af*simach i yculation and lasted

for the next 36 ' whei "toagers sprayed the water ever houi .ora peiiod of 2 min. Each
treatment consic ¢ Of six/ ‘plicates set up in a randomi. ¢ comp' te block design, where
each replicav conw. 4 four plants/pot. Untreatec wlarici " “re used as controls. Ten
dayg atter inoct. tion, spike tissue for atebmn tion ¢ whotosynthetic pigments, lipid
per¢ idation| wvel," e content of H02, GZ fand € SG, a ivities of the enzymes CAT,

=T, & QD ctivitics of the enzymes of the Al -GSH cycic (APX, MDHAR, DHAR and
GK and molecular analysis was € mpled, frozen in liquid nitrogen, and stored at -80 °C
pri¢  to further analysis. For the ai 'vsis of stress hormones, ABA and SA, sampled

v cat spikes were frozen in &' wid nitr, . 'n and lyophilized.
2.4.1. Determination of type Il 1esistance 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 10% dpi.
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£

e 6. Experiment in controlle€, anditions

plants in the tillering stage, (c) ap
(d) emergence of the spike, and (e) plant.

ance

vernalisation in the plant growth chamber for six weeks,

e first node and beginning of the stem elongation stage,

e flowering stage (author: Katarina Suni¢ 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 gand cor rol # .a. » were
performed at four measurement points: 24 h after inoculations, 3 h afte’ imoc .ations,
168 h after inoculations, and 240 h after inoculations. The OF . tluc »sceir. = .ransients
were measured with a Handy-PEA fluorimeter (Plant Effici acy Ana er, Hansatech
Instruments Ltd., King’s Lynn, Norfolk, UK). For eackfi’ nthe T neoent (ypes, six plants
from the controlled treatment and six plants from / ie FIZ 5" \oculated treatment were
analysed by performing measurements on spil® 5. befd e m¢ isurement, wheat spikes
were fully dark-adapted for 30 min using a lig. = veight i % .ips shutter plate. The Chl a
fluorescence was induced with a saturated red-lig. »oulse (3,200 umol m? s, peak at 650
nm). Fluorescence intensity at 20 _us (Fo), fluoreclence intensity at 300 us (Fao),
fluorescence intensity at 2 ms £ 1), £ wrescence intensity at 30 ms (Fj); smaximal
fluorescence intensity (Fm) and tii ‘e p’ ede reach Fm (tmax) were us’ ', by OJIi »st to
calculate biophysical pars® “ers t it ofantify the stepwise ¢ ergy  aw il rough
photosystem II. Paramati rs calce sted and included in this™ wdy were: the maximum
quantum yield of prima: ) photoctiemistry (TRo/ABS) and pei maricc index on an
absorption basis( . las) Ttrasi wet al., 2004; Yusuf et al.£ 010U,

2.4.202. De ¢ ainatig  of photosynthetic.pigments

For s .CiophGt metric determination ¢ the pii tosyr. etic pigments, previously frozen
wh( t spike ¥ sue' as ground in 10 mL/  ‘nless = el jait rontaining a grinding ball for
amii ot 30 B usind a TissueLyser (Qiagen i tsch GinbH‘ "Hannover, Germany). Fresh
wi_ at spike tissue powder was hgmogenized in ausolute acetone, followed by extraction
for| ) min at 4 °C and centrifugatic_for 15 min at 16,000 x ¢ and 4 °C. The supernatant
w7 decanted into plastic t¢ ses, and’ = extraction procedure with cold acetone was
repeated three more times ur: ), thel brecipitate 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
x g1 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 gvas d ‘erm’.iec Wby a
spectrophotometric method that measures thiobarbituric aci reactif @ sul stances
(TBARS), mainly malondialdehyde (MDA) (Verma & Dubey, 2¢ u3). z- out v of tissue,
previously grounded in 10 mL stainless steel jars containing « 2rinding 5l for 1 min at
30 Hz using a TissueLyser (Qiagen Retsch Gmbk™ “Har. wwerd Germany), was
homogenized with 1 mL of 0.1% (w/v) trichloroaceti¢ acid £ < %), and the extraction was
carried out for 15 min on ice. After extraction, t/f *homg enat 5 were centrifuged for 15
min at 16,000 x ¢ and 4 °C. The resulting supe. atant (C ) was mixed with 1 mL of
0.5% thiobarbituric acid (TBA) in 20% TCA. A bic 'k sample was prepared in the same
way, where 0.5 mL of 0.1% TCA was added instead ¢. the sample. The reaction mixture
was then incubated for 30 min in af -ater. »th at 95 °C, during which the reactic yof MDA
with TBA was accompanied by & ‘hai ze it »lour to red. The reactict was stop. »d by
cooling the reaction mixtus ice, { fer 2 nich the mixture was ¢ htrifug d for/ 5 min
at 16,000 x g and 4 °C. T amour. »f TBARS was determined wec! ophotometrically by
measuring absorbance at' " 2 nm and 600 nm. Absorbance at 600% " was saotracted from
absorbance at 52 . nni_ » co1. st for non-specific reacti .. 1. pamc mat of TBARS, as a
product »f lipi¢ vex xidé on, was calculated? ased ¢ th4 inol : extinction coefficient

(e=155mMN. ¢ cni. and.« pressed in nmol{_er g & “rest. zeigh# amol x g FW).
2.4.3.2. Del mination of hydrogen | satide( atent

50Oz antent/ vas e¢ :mated according to the' \ethod 'desg’ Jed by (Junglee et al., 2014).
F¢_ determination of the amoun# of H20: in wiicat spikes, 0.2 g of wheat tissue was
crui ed in 10 mL stainless steel jars' antaining a grinding ball for 1 min at 30 Hz using a
Ti< aeLyser (Qiagen Retsch' 'mbH, Hi mover, Germany). The tissue was homogenised
vy adding 1 mL of 0.1% (w/v) T° A, an' = the extraction was carried out for 15 min on ice.
After extraction, the homogenates were centrifuged for 15 min at 16,000 x 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, Mannedorf, 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 H20: was determined using a standard curve obtained
with known amounts of H202, and the results were expressed in nmol " e of fresh

weight (nmol x g FW).
2.4.4. Antioxidative plant system

2.4.4.1. Extraction and determination of the total soluble prc_ins

The wheat spike tissue powder obtained by groundin{ was: 'mogeiuzed with a cold 100
mM phosphate buffer (pH 7.0) containing 1 mM ethy' ‘ned ami1  etraacetic acid (EDTA).
Homogenized samples were then incubated fgi:' 5 min ¢ \icef.nd centrifuged for 15 min
at 19,000 x g, and 4 °C. Aliquots of obtained pro. ‘n extracts were stored at —80 °C until
further analysis. Protein concentration in the enzy e extracts was determined using
bovine serum albumin as a proteind _a:. ard (Bradford, 1976), adapted for n. ysurement
in microtiter plates. The method | bag’ d ¢ »the shift of the absorption, maximc » from

465 nm to 595 nm, which occirzs wher he di e Coomassie brilliant blsie fre ».the Br ¢rord

reagent binds to proteins’ The i »ctiG.Luxture, which cori sted | 5 pL o diluted
protein extract and 0.25 ', of coni. ercial Bradford reagent (S5; x - "nh; Steinheim,
Germany), was i’ ed t& 5 min at room temperatur yinte sty of the resulting

blue coloratiorl wasd negtured at a wavelepeth of [ 95 »0.i ea a Spark multimode
microtiter gnlate’ “.der v h SparkControlysoftware (X “.n, M/ inedorf, Switzerland).
Bovine cerur: hlbuli..."'was used as a standarg, in 1. yconcciicration range of 0.125 - 1.4
mg (1L, and. tii yorotein concentratio: wis co wulate vfrom the standard curve and
exp. ssed in| g p¢ ' g of fresh weight (12 % x g™ "W). 1 e enzymes’ activities were

r.asu. et g Spark multimode microplate 1 d ¢y with SparkControl software (Tecan,

Ma aedorf, Switzerland).
2.4.4.2. Determination ¢_the ascort. = peroxidase activity

APX (EC 1.11.1.11) activity was " _ermined 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 H:0,, and 10 x 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 (¢=2.8 mM cm-

1) and expressed in units of APX activity per g of protein (U g™ protein).
2.4.4.3. Determination of the monodehydroascorbate reductase activity

MDHAR (EC 1.6.5.4) activity was determined according to a »ethod’ lescr bed by
Hossain et al. (Hossain et al., 1984) and adjusted for a micr/ slate « say. "¢ reaction
mixture consisted of 50 mM Tris-HCI buffer (pH 7.8), 0.45 n. 4 NADL . .25 mM AsA,
and diluted protein extract in a final volume of 0.24 = »Afte. naud loration at room
temperature, the reaction was started by adding asco rate ¢’ ic_se in a final concentration
of 0.14 U mL. The decrease in absorbance was / onitor/ 1 at 3 U nm for 3 min. MDHAR
activity was calculated using the molar ext. tion c¢' “lient (e=3.7 mM cm™) and

expressed in units of MDHAR activity per g of prc yin (U g™ protein).
2.4.4.4. Determination of the def y G »scorbate reductase activity

DHAR (EC 1.8.5.1) activity was dcter’ anec oy a method based on mor. aring thi “SH-
dependent reduction of DX :x'¢ scribi b Ma and Cheng (¥ fang M & Che =, 29 /4) and
adjusted for a micropld * assay ac »rding to Murshed et al. (- uri nd.et al., 2008). The
reaction mixture consistea € 50 mM HEPES buffer (pH Z0\. 0.0 aM EDTA, 2.25 mM
GSH and 0.2 m! DHZ (0.2 mi. ;. The increase in absor! ince  us recc ded at 265 nm for
3 min. AR a_iv' 'y wa calculated using the molar| <t .ction oefficient (e=8.33 mM

cm™) and ex_wessc. et uats of DHAR activicy per' of pi wind J g7 protein).
2.4.4.5. Detc nination of the glutathic © reduc se act ity

2 (B A/ D) activity was measured accora. 2 2 a metiod by Racker et al. (Racker,
192 )\ and adjusted for micropla¥ hassay by Murshed et al. (Murshed et al., 2008). The
real .on mixture consisted of 50 miv. H{EPES buffer (pH 8.0), 0.45 mM EDTA, 0.23 mM
N .DPH, and protein extract ha final | « ume of 0.2 mL. After 10 min of equilibration at
room temperature, the reaction '\ ya« irted 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 (e=3.7 mM cm™)

and expressed in units of GR activity per g of protein (U g™! 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 H20: as a substrate, and adjusted for a microplate agf.y. 1. \reaction
mixture consisted of 0.036% H:0: in 50 mM potassium phosp: ite bu_er/ H 7 »and
the reaction started with the addition of 50 pL of diluted protein ex* st. Foi nea< .rement
purposes, the wheat spike protein extract was diluted 4 x. T e decrc we in absorbance
due to the oxidation of H-02 was measured at 240 nm for 3 mi_every 1 5. CAT activity
was calculated using the molar extinction coefficient/ =0.C »smM 7 and expressed in

units of CAT activity per g of protein (U g protein).
2.4.4.7. Determination of the glutathione S0 asferase’ "' ity

GST (EC 2.5.1.13) activity was determined by the 1. thod of Habig et al. (Habig et al.,
1974), which is based on the forn®.ac hof glutathione-2,4-dinitrobenzene’ “ue to the
conjugation of 1-chloro-2,4-diniti bens ‘n¢ CDNB) with GSH. The mathod is '\ Tiusted
for a microplate assay. The reaction 1 xtur¢ consisted of ImM GSH<¢2 m: “CDNB 1"'mM
EDTA, and 5 pL of undil/ ced p' tein="ract in 100 mM pi1i_sohat buffer {7 5.5) ina
final volume of 0.2 mL._ter incut ‘ion for 2 min at room ten. =’ .10 e increase in
absorbance was »@ " "2d a. 740 nm for 3 min every 15¢77T acC vity was calculated
using azmolar e’ ‘inctif i1 ¢eefficient of glutathione-1-ch' yro-2¢ -dinitrovenzene conjugate

e=5.7 mMam! a1 expr ssed in units of GST actavit of p Htein (U ¢! protein).
P Yy gofp g P

1

-.=.+.8. U »rmination of the guaiac/ ', perox: nse ac. ity

GPC 2 (EC 1) 1.1.7) ictivity was determinc %, by tti »meti d described by Siegel and
C_store (1 gel & Galston, 1967), adjusted for 1. ¥ Uplate assay. The method is based on
the| xidation of guaiacol to tetrc_waiacol due to the presence of H20:. The reaction
miy are consisted of 18 mMiguaiacor ad 5 mM H:0: in 50 mM phosphate buffer (pH
7 J) in the final volume of 0.z° \L. The reaction was started by adding the 20 x diluted
sample, and the increase in absor<'.Ce was monitored at 470 nm for 3 min every 15 s.
GPOD activity was calculated using the molar extinction coefficient (¢=15.83 mM cm)

and expressed in units of GPOD activity per g of protein (U g 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-r' robe woic acid
(TNB) by GSH, where GR and NADPH reduce the GSSG (Griffic %1980, 'mg’ ifiec r the
microplate assay. For total GSH (tGSH) and GSSG content det ninati 1, th. frozen
wheat spike tissue powder was homogenized with 5% 5-sulfq’ ilicylic %id solution (1:10
w/v) and centrifuged for 15 min at 16,000 x ¢ and 4 °C. The i »ction 1 ixture for tGSH
measurement consisted of 10 uL of resulting supernd -ant, %03 1. ="' DTNB, 0.11 U
mL? GR, 1 mM EDTA, and 100 mM phosphate buff : (p* 7.C » a final volume of 0.21
mL. Following a 5-min equilibration period, N4 DPH ir 1 fins concentration of 0.04 mg
mL™ was added to initiate a reaction. The form« an of Tivp was continuously recorded
at 412 nm for 5 min at 25 °C. The amount of tGSH™ s determined by a standard curve
of GSH. For GSSG determination, 297" “vinylpyridine and 5% of triethanc? 'mine were
added to an aliquot of deprot’ nize/ ' wernatant, and the reaction mix: we was
incubated for 1 h at room temperacur/ The wasurements were perform ',the sar. < way
as for the tGSH. The cont{ it o1 "SSG determined usiri, 2 stan ard cur wf GSSG,
and the results were ex; °ssed as' mol per g of fresh weight an s, FW). From the
difference betweens@SH « ' GSSG, the GSH content wemabtar d and expressed as
nmol per g of fr' sh wa' zht (nnol g FW).

2.4.6. hbscie wacid« d salicylic acid art ysis

Det¢ mination ¢ stress hormones AB: »fd Si wvas | wformed by LC-MS/MS. After
plar \tissue ¢ mpli , the samples weie" wozen i hliqui | nitrogen and lyophilized.
L ophi wadt wheat " spike tissue was grounac ‘wising alissueLyser (Qiagen Retsch
Gn. H, Hannover, Germany) foi. %, min and a frequency of 30 Hz. An aliquot of the
pov lered sample (30 mg) was extra =d in 1 mL of extraction solution (10% methanol
20 4 1% acetic acid) containir’ ha mixi 1.2 of internal isotope labelled standards SA-ds
(Sigma-Aldrich) and (+)-cis, tranc. 7 x-ds (Trc) (final concentration 38.5 ng mL™). 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 uL 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
x 4.6 mm, 3.5 pm particle size) (Agilent Technologies Inc., Palo Alto, CA, USA). Solvents
for the analysis were 0.1% formic acid in water (solvent A) and methanol/ ent B). The
electrospray ionization source was operated in negative mode, ar | sar [ 5 were
detected in the multiple reaction monitorings modes. All data acq, “sition g d pr¢ cessing
was performed using Agilent MassHunter software (Agilent 7 (i ngiec, " ita Clara,
CA, USA). ABA and SA concentrations were calculated and | <pressec, = ng per mg of
dry weight (ng mg! DW) (Duvnjak et al., 2023).

2.4.5. Molecular analysis

2.4.5.1. Total RNA isolation from wheat spi.

Total RNA was isolated using the NucleoZOL reagc ¢ (Macherey-Nagel), following the
manufacturer’s instructions. For R* 1" »lation, frozen wheat spike tissue v s crushed
in 10 mL stainless steel jars coi aini z ¢ wrinding ball for 1 min at 30 Hz" sing a

TissueLyser (Qiagen Retsch.&mbH, 1anp ver, Germany), and akout ¢ \mg of tissue

powder was homogenis/ 1 wiv ,0.5° "2 of NucleoZOL 1 2ent. For the' 7 pose of
deposition of cell debris, \2 mL o1" filli-Q water was added tc_,l ~= "imised mixture
and vortexed. A7 95 m. hincubation at room temz re, v » homogenate was

centrifuged for| > miz 4t 12,000 x g and 4 °C, apd 0.5 m! of th regulting supernatant was
separated into a. © w mig btube. For the RNA prasipitc. * n, 0.5/ 1L of isopropanol was
added _to the wperi...ant. The contents of thaymici ibe V'C.¢ mixed several times by
inve sion, incube. d for 10 min at room™ w7 Jera: we anv_sentrifuged for 10 min at 12,000
xge¢ d4°C.7 e su; wrnatant was decantec, ind the rhite’ NA precipitate was washed
v th Uit 75% ethanol. The contents werc e irifuged again for 3 min at 8,000 x g,
the thanol was decanted, and t. \same procedure was repeated one more time. The
wh! it spike RNA precipitate was rec. soended in 50 uL of RNase-free water and stored
2« 20 °C until further analyse.

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 possib}t "‘gen: nic DNA
contamination. For DNA digestion, 5.5 uL of rDNase-buffer pre. vix (1/1, v/f , wa  yided
to the 50 pL of RNA solution and incubated for 10 min at 37 °C.% A wai ubs quently
repurified by ethanol precipitation: 5.5 uL of 3 M sodium ace/ te (pH" ?) and 138 uL of
100% ethanol were added to the RNA solution. After 2 h of inc_»ation a° ~20 °C, samples
were centrifuged for 10 min at maximum speed. Thed .NA ellet". " C*washed with 70%
ethanol and centrifuged for 3 min at 8,000 x g. The| upef iate wwas decanted, and the
procedure was repeated one more time. The RN! = pellet| ‘as t¥ :n dried and resuspended

in 40 pL of RNase-free water.

The cDNA was synthesised usinggcommercial rcagents for RT and guantitative
polymerase chain reaction (QPCR’ ‘Gol' 2-Step RT-qPCR (Promega) accorc. g to the
manufacturer's instructions. RNA Sbtd ned, " er DNA digestion was d¢ hatured t. »ther
with 1 pL oligo d(T) primez =" 5 mir, \t 70 C. The mixture jras thel coolec “ar 5 inutes
at4 °C and cDNA was s# ‘hesizec ' a tinal volume of 20 uL U, son »ining the aenatured
premix with the reaction 1. xture corisisting of 1x GoScript buffer,. mv v.gClz, 0.5 mM
nucleotide mix,/ s U ¢ ‘ibori lease inhibitor (Recomk' iant . rasiri, and 1U of reverse
transcri, tase. T e £ JINA synthesis was peri imed | nd¢. the following conditions:
primer anti yling . %25 .°¢ for 5 min, extent yn at~ »°C i 1 h.«d enzyme inactivation
at 707" Ur 51 a. All incubation stepsiwere ¢ xforn. 1 on the MiniAmp Plus Thermal
PCI Cycler (¢ opr. H Biosystems, Waltha  MA, T "A).

- % Quanticative PCR

Foll wing cDNA synthesis, qPCR t. ‘ng dye-based detection was performed to analyse
tra’ script levels of five genec. NPR1, T« 2, PR1, PR3, PR5) with actin as a reference gene.
the specific oligonucleotide prii: s ¢ re 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 5x for quantification

purposes. The qPCR reaction mixture consisted of 5 pL diluted cDNA, 1x commercial
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QPCR mix (GoTaq qPCR Master Mix), 200 nM of each specific primer, 0.25 uL CXR
reference dye, and water to a final volume of 25 puL. The commercial mixture for qPCR
(GoTaq qPCR Master Mix) contains hot-start DNA polymerase, a mixture NTPs, Mg?*
ions, and fluorescent dye SYBR Green I, which binds to double-sti nded L ‘A and
fluoresces. qPCR analysis was performed on StepOnePlus™ Reai “ime PCI Syst: o1 with
StepOnePlus™ Software v2.3 (Applied Biosystems, Walthan® i \US: =7iie qPCR
amplification was performed under the following conc ions: G Taq Hot Start
Polymerase activation at 95 °C for 2 min, followed by 40anles ¢ isistin’ | of denaturation
at 95 °C for 15 s, primer annealing, and extension at ¢ °C f¢ * min. The specificity of the
qPCR reaction was confirmed by melting curved na.ysi¢ Relc 1 e gene expression was
quantified using a relative standard curve bast * hn five| yin?., corresponding to a three-

fold dilution series from pooled cDNA, and norn: “ized to a reference gene actin.
2.5. Statistical analysis

To estimate disease progress, the Al JPC| s used to combine muli \'e obser| “ions
from five data points (dif Zi0 2t dai 2) iflo a single valyh, Stati ical ai Mlvsi< of the
normalized, outlier-cor{s ted poi. »metabolites data was per. »m¢ Lusing the Statistica
software version 12.0 (Sta. »ft Inc., Tulsa, OK, USA). Metabolon.  data were analysed
using univariate’ Man. “Whie »y U test) analysis to p7. ve it. lere v e any significant
differeries betv cexf he t o treatments (conti'i, ie., | 1t ully 1 fected, and artificially
infected, i.c_vinoC ated’ Further data prC essing md i W'tivd iate analysis, including
Speail .a.' cori ‘ation r values were Meterni 'od . ag MetaboAnalyst version 6.0.
Prit_ipal coni ronc tanalysis (PCA), wa:  erforn. { usii. wggplot2 (Wickham & Sievert,
2909, wqpubr Kasg nbara, 2020), ggrepel (& wwikowski,& J21), FactoMineR (Lé et al.,
20 ), anu jactoextra (Kassambara,& Mundt, 20-J; packages within R software version
4.1, (R Core Team, 2021). The data" '+ determination of lipid peroxidation level, content
of/ 202, GSH and GSSG, act. ities of ti 'antioxidant enzymes, photosynthetic pigments,
and parameters of photosynthe s effid ency 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 TRo/ABS and Plas) was performed using two
sample t-test (p < 0.05). Determination of differences among measurement points for

TRo/ABS and Plabs 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).

39






Results

3.1. Field conditions
3.1.1. General and type I resistance to Fusarium head blight

Symptoms of FHB exhibited variability across locations. At bot sexpe1 nen il 1l¢ ‘sions,
the highest AUDPC was recorded in the El Nino, Golubica, ana® “ka Té a ge' otypes.
The highest general and type I resistance was observed at ¢ ‘notypc Galloper at both
locations, Osijek and Tovarnik. The lower AUDPC for initial 1_‘ection, ! w.icating higher
type I resistance, was observed in genotypes Vulkan arf "~1 fica a. 707 arnik. The highest
AUDPC for Type I resistance was observed for ¢ not: se " wNino (AUDPC 421) at
Tovarnik, followed by genotype Golubica at Os| :k (AU /PC 2 2) (Table 1).

Table 1. Area under the disease progresst " » (AUDPC) for general resistance and ty; »l resistance
(resistance to initial infection) to Fusarif n heal '« sht (FHB) at locations Osijek and Tovarni. snd their
standard deviations (SD). A higher AUL.C ;¢ iuen] < .5 lower FHB resistance.

AUDPC.g neral © \UDrc general AUDPCti, =1 = AUDPC.,pel

Genotype resiste e esistance resistance “y'ance
Citink £S5, Tovarnik +SD Osiig’'»nSD Tovarnik +SD

ElAino 1374 £1275 212.5+142.5 4+ 421 £212.5

Galloper 1.3+ 17.5+9.5 32 16.63 87.4 +25.85

Tika Ta. Tg 135 69.8 +7.25 215.0 AT 137.6 £ 41.95
T ..an 35.8 £6.25 33.8,+5.25 I 9+11.35 50.6 +4.1
Kraljica 71.5+235 18.3° /5 216. = 80.5 80.1+£10.4
olubica 10, 3+£22.75 93+ 0232 9.2 111.3+8.3
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3.1.2. Mycotoxins

3.1.2.1. Deoxynivalenol, deoxynivalenol-3-glucoside, 3-acetyldeoxynivalena!, and
nivalenol content

The concentrations of DON, D3G, and 3ADON were higher in t* warium i’ tecte’ grains
compared to corresponding naturally infected (control) grair® "acrc all* = F'd winter
wheat genotypes. At both experimental locations, Osijek and | bvarnik,; 9N was one of
the most prevalent mycotoxins produced in artifia® % inc wlatet’ treatments. In
addition, D3G and 3ADON were also detected in the/ raing/ » 'l winter wheat genotypes
infected with FHB at both locations. The higha » DO cong ricration at experimental
location Osijek was recorded in the genotyp< solubici 27,800 ug kg™), followed by
18,300 pg kg™ in the genotype El Nino, 17,700 ¢ ykg™ in Tika Taka, 6,740 pg kg™ in
Vulkan, and 6,370 pug kg™ in Kraljica. The lowest DOI concentration of 5,410,ug kg™ was
recorded in the genotype Galloper/ .'1igu; 7a). At the experimental location TG yrnik, the
highest concentration was also re_brd{ 1 in; »infected grains of the g notype G wbica
(25,500 pg kg™). The secon™ whest ( ncer .ration was recorded inf he ger ‘tvpe/ . Nino
(21,100 pg kg™), followec by ge. wtypes Tika Taka (21,000 g wkg . Kraljica (19,800 ug
kg™), and Galloper (13,40¢_ug kg™), while the lowest recorded cox = htrauc.of DON was
13,200 pg kg™ inf iie u. ctea sains of the genotype Vul can = pure’ »). In the naturally
infected vample at .c eX erimental location € sijek, [. DN« 'as { und only in the grains
of the geri wpe" ka Td .a at the concerd natiori’ 120 g ko', At the experimental
locatia®™ Tova. ik, DON was found ip, the 1 surali, vinfected grains of all genotypes
test! 1. The hishec soncentration was 6z g kg™ a the'_anotype El Nino, followed by
141 % = kg / Soluk a), 129 pg kg™ (Vulk »), 10a ug k 1 (Tika Taka), 44 ug kg™

(€ 'lope.,, while the lowest concentration was 1 g kg™ in the genotype Kraljica.

D3¢ ‘and 3ADON concentrations we. s lower than those of DON at both experimental
!¢ _ations. The highest concent. tion re¢ bided of D3G at the experimental location Osijek
was in the genotype Golubica (77¢ [ <g1), followed by genotypes El Nino (445 ug kg™),
Tika Taka (410 pg kg™), Vulkan (339 ug kg), Kraljica (286 pug kg™), while the lowest D3G
concentration recorded was in the genotype Galloper (219 ug kg?) (Figure 7c). At the
experimental location Tovarnik, the genotype with the highest concentration of D3G in
infected grains was Tika Taka (731 ug kg™). Other concentrations found were 729 ug kg
in the genotype El Nino, 663 ug kg in Golubica, 541 ug kg in Kraljica, 476 ug kg™ in
Vulkan, while the lowest concentration was 326 ug kg™ in the genotype Galloper. At
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experimental location Osijek, D3G was recorded only in the grains of the naturally
infected genotype Tika Taka in the concentration of 6 ug kg, while at the experimental
location Tovarnik D3G was found in the genotypes El Nino (61 pug kg™), &7 %ica (15 ug
kg™), and Tika Taka (6 pg kg™) (Figure 7d).

At the experimental location Osijek 3BADON was recorded in the#t sentr ion of 1,154
ug kg™ (Tika Taka), 957 pug kg (El Nino), 877 ug kg (Golul ca), 283" = kg! (Vulkan),
267 ug kg (Kraljica), and 212 ug kg (Galloper) (Figure 72). At »e expe imental location
Tovarnik the highest concentration of 3ADON was/ cecor¢ ¥ in uiwc genotype El Nino
(1,716 pg kg™), followed by genotypes Golubica (1,44 pgf .g)  ka Taka (1,254 ug kg™),
Kraljica (1,122 ug kg™), Galloper (769 pug kg2 nd Vu, an 4 72 ug kg?) (Figure 7f). In
the naturally infected grains of the studied genot, »es at the experimental location Osijek
3ADON was not found, while at the experimental I¢ ytion Tovarnik 3BADON was found
only in the genotype El Nino at the/ Ui mtration of 44 ug kg.

At experimental location Osijek, NIV was ¢ 11y detected in artificially 1. culated, 5 ains
of the genotypes El Nino,/ ika' aka," w'f5olubica, with cd sentre ons of & e kg, 31
ug kg, and 37 ug kg, vectiver, ‘Figure 7g). At experimen. lc #van Tovarnik, NIV
was detected in artificially nfected grains of all studiedgaenoty s, with the highest
concentration r¢ ordes in the g “notype Golubica (105 | z kgl Lollowd by genotypes El
Nino (3o pg kg ¢ 1tka T ka (35 ug kg'), Kratjica (37w kg?) Vulkan (ug kg'), and
Galloper (24 =2 kg™ " Jare 7h). In the naturally ini_sted g i Of the studied genotypes
at thd experime: allocation Osijek NIV sasmot' wmnd,” hile at the experimental location

Tov, rnik it w; 5 fot. {d only in Golubica & 2 concc tratic vof 70 (ug kg).
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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 ay .iciai hinfected
samples were 45 ug kg in Kraljica, 16 ug kg in Tika Taka, 12 . 2kg?ii Vu' an,| g kg
Uin El Nino, 9 pug kg'in Golubica, and 1 pg kg in Galloper (Fi* e 8c) At T ,varnik,
recorded ZEN concentrations were 51 ug kg'in El Nino, 51 [ z kg' i1 Vika laka, 27 ug
kg'in Kraljica, 18 pug kg'in Golubica, 11 pg kg'in Vulkan," ad 5 pg kg'in Galloper
(Figure 8d). In naturally infected grains, ZEN was not/ suny »t the' =" crimental location
Osijek. However, it was recorded at Tovarnik at | cor ent. %on of 1 pg kg'in the

genotype El Nino.
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Figurt 5. Concentra. wns of zearalenone (ZEN) ({2 imarti ially 11, hulated and naturally infected samples
at G ek (a) ani Tovea ik (b). The asterisk (*) i  mates thc measu. d values are below LOD (limit of

lotec.. n) value

3.1.2.3. Culmorin, 15-hydro’ sulmorin, 15-hydroxyculmoron and 5-hydroxyculmorin

content

~1 Nino, Tika Taka, and Golub: »accy nulated 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 ug kg™).
The concentrations in other genotypes were 13,100 ug kg™ in Vulkan, 12,971 ug kg™ in
Tika Taka, 11,417 ug kg™ in El Nino, 8,482 ug kg in Galloper, and 7,814 ug kg™ 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 ug kg (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 pg kg, followed by genotypes Vulkan (115 pug kg™), Golubica (127" s kg™), and
Galloper (100 ug kg™). The lowest concentration had genotype Tika T aka (£ 27 = kg™),
while in genotype Kraljica it was not recorded. Concentration: ‘n artifit ally /rected
grains were 14,260 ug kg™ in Golubica, 13,483 ug kg in Tikad aka, 1,86c wixg in El
Nino, 11,425 pug kg in Vulkan, 11,169 ug kg™ in Kraljica, an| 6,101 pug 2 in Galloper
(Figure 9b).

The concentrations of CUL derivatives were also h. hex :n a_ “cially infected than in
naturally infected samples at both locations. In| rtificial 7 in¢ ‘ulated samples at Osijek,
the highest concentration of 15-hydroxyculmori yas recorded in the genotype Golubica
(28,761 pg kg™), followed by genotypes El Nino (2 233 ug kg™), Tika Taka (24,808 ug
kg™), Kraljica (11,843 pg kg), Vull@ = 10,463 ug kg), while the lowest ¢ \centration
was recorded in the genotype G& oper 5, 25 ug kg™) (Figure 9c). In naturally afected
grains, it was found only in the grains’ f the ;enotype Tika Taka (89 ug kg At Tol a nik,
recorded concentrations/ of 1 hyd. " lulmorin were o foll¢ vs: 29,0 T g kgt
(Golubica), 24,094 ug kg (El Nino, 22,878 ug kg™ (Kraljica), - 8 'l (Tika Taka),
18,541 pg kgt (Galmmer), « o 15,647 pg kgt (Vulkan).mwas ai yfound in naturally
infected,grains [ all ¢ .diad genotypes. The highest co’ centr( (ion hac genotype El Nino
(1,227 pg ko), owed/ y genotypes Golubica (1057 « kg™),/ ika Taka (73 pug kg™),
Galloper (65 = kg, " dlkan (ug kg™), and Kraljica' wg Ky 7 “igure 9d).

The nighest ¢ \ince. ration of 15-hydrox: :lmord: at the experimental location Osijek

ras . norded n thel enotype Golubica (4,61x e kg™, foll¢ ved by genotypes Tika Taka
(4, Y9 pug xg™), El Nino (4,035 pgakg™), Kraljica'(+,306 pg kg™), Vulkan (1,034 ug kg™).
The owest concentration had ger. wpe Galloper (570 ug kg™). In naturally infected
gri as of tested genotypel this me. yolite was not recorded (Figure 9e). At the
cxperimental location Tovarnik, \ame/ s at the experimental location Osijek, the highest
concentration was also recorded in the genotype Golubica (2,990 ug kg™). The rest of the
genotypes had the concentrations as follows: El Nino (2,652 pg kg™), Kraljica (2,423 ug
kg™), Tika Taka (1,983 ug kg™), Galloper (1,555 ug kg), and Vulkan (1,198 ug kg). In
naturally infected samples, it was recorded only in the genotype El Nino (81 ug kg™)
(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 pg kg™), El Nino (21,840 ug kg™), and Tika Taka

infected samples, it was found only in genotypes E g kg™), Vulkan (226 ug

kg™), and Golubica (138 ug kg) (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 (gh) in artificially inoculated and naturally infected samples at Osijek (a,ce,g) and
Tovarnik (b,d,f,h). The asterisk (*) indicates that measured values are below LOD (limit of detection) values.
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3.1.2.4. Aurofusarin, butenolide, chrysogin, and fusarin C content

At Osijek, aurofusarin levels were 12,511 ug kg™ (Tika Taka), 9,744 ug ko' (El Nino),
5,610 ug kg (Golubica), 3,547 ug kg™ (Kraljica), 1,980 ug kg™ (Vulkan), £ ad 1, "4 ug kg
(Galloper). In naturally infected samples, it was not found (F:_wre 1¢ 1). 7 jvar had
higher levels of aurofusarin in artificially infected samples comna 1 to C ‘ieks vith the
highest concentration being 67,600 ug kg in the genoty e El N »o, followed by
genotypes Tika Taka (32,978 ug kg™), Golubica (21,233 pg kg~ Kraljice (14,922 ug kg™),
Vulkan (12,867 ug kg™), and Galloper (11,356 ug kg# .'In". »tura.. irected samples, it

\

was recorded only in genotype El Nino (739 ug kg™) Figat e 1

The highest concentration of butenolide was . ‘orded . “notype Golubica (1,120 g
kg™), followed by Vulkan (723 ug kg™), El Ninc. 299 ug kg™), Kraljica (218 ug kg™),
Galloper (183 ug kg™*), and Tika Taka, (167 ug kg'). It was not recorded _in naturally
infected grains of the tested ¢ noty s (Figure 10c). At Tovarnik, ti. »highest
concentration of butenolide had g ot pe V . van (654 g kg™). The reS »f the ger. ‘wpes
had concentrations of 5004 [ 2! (C alukfia), 472 pg kg '«El Nit ), 334 2 kg’ (Tika
Taka), 294 ug kg (Kml ca), arv 3188 pg kg (Galloper). L e t e naturally infected

samples at Osijek, it was a_» not recorded at Tovarnik (Figure 1¢

Chrysogin leve| at @ jelewere 1,323 ug kg™ (B Nino) 1,107 aglég™ (Tika Taka), 891 ug
kg™ (Golukica), & g ks  (Kraljica), 386 pa kg'¢/ulke *  and 7 6 ug kg™ (Galloper). It
was netsfourt vin thic naturally infected sampies (Fi_wre 10, At Tovarnik, the highest
con/ ntration_ha. wenotype El Nino (1," 7 ug k1), fo. »wed by Kraljica (822 ug kg™),
Tike Taka (82 ug k "), Golubica (725 pg kD), Vurl. m (60 ug kg), and Galloper (528
b kg wfliaturalily infected samples, the hi, w'» concentration was recorded in the
ger. ‘ype El Nino (40 pg kg™, »while the rest of the genotypes had negligible

cop :ntrations (Figure 10f).

rusarin C levels at Osijek were 2, 541 'keg™! (El Nino), 2,390 ug kg™ (Tika Taka), 2,051 ug
kg™ (Golubica), 997 ug kg (Galloper), 744 ug kg (Kraljica), and 665 pg kg™ (Vulkan)
(Figure 10g). At Tovarnik, the highest concentration had genotype El Nino (6,715 ug kg™),
tollowed by genotypes Golubica (4,582 ug kg™), Tika Taka (4,029 ug kg™), Kraljica (3,878
ug kgt), Galloper (3,461 ug kg™), and Vulkan (2,611 pg kg™) (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 (gh) 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 fsontrol) and
artificially inoculated grains of six winter wheat genotypes at two exper’ nent’ ‘ocations
(Osijek and Tovarnik). Results of the Mann-Whitney U test™ wvalu "</ 05; | . » 48)
revealed polar metabolites whose concentrations in grains weregs stanti v 2" ered by
Fusarium treatment relative to controls. The univariate analy s show: ' that out of the
275 polar metabolites identified in the winter wheat grai :. conc atrations of 18
metabolites (6.55%) were significantly changed und °r F; wrium - idficial inoculation
compared to the corresponding controls at both exp. «im¢ ital. mations (Table 2). These
polar metabolites were selected for further anal ses.

The metabolites detected to vary between treatmc s significantly, belonged to diverse
functional groups including amino as+'s and derivatives (2-piperidinecarbgavlic acid or
pipecolic acid, histidine, 5-hy¢ oxyt: tophan), small organic (carboxy = acids
(pyrrole-2-carboxylic acid, lactictaci¢ din -7j, polyphenols and thei \derivati 5 (4-
hydroxybenzoic acid, 3-hy -C" flave = 5 -dihydroxyflavgne, 3-(| 4-dihy soxvi nenyl)
propanoic acid, 2-hydsy' vhippu: s acid), saturated fatty ac. s (| hvdroxydodecanoic
acid), carbohydrates anc Herivatives (turanose, sophorose, ¢. bbiitor), nucleotides
(guanosine, 2-¢ Oxyg: .nosli. ), terpenoids (secologf un), - id tc »ls (a-tocopherol

acetate).

PCA shamred™ at pruicipal component (PC) I¢scour wd for 54.3%, and PC2 for 17.6% of
the [ otal variatic , (Figure 12). Metab< s 3- W-diti droxyphenyl)-propanoic acid,
histi_ine, 3-h/ droxy avone, sophorose, gu. »osine,” ad & ocopherol acetate were the
I._or ¢ loutors to PC1, while the main ¢ @ ‘butors for PC2 were piperidine-2-
cari xylic acid, pyrrole-2-carboxy s acid, 4-hydroxybenzoic acid, histidine, cellobiitol,
an¢ 3-hydroxyflavone. Metazbolites ¢ stered together in the groups indicate a positive

crelation between them. 1" stherm re, metabolites guanosine, 2-deoxyguanosine,
secologanin, 5,7-dihydroxyflavonc,id 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 genotyps a s iffer atments at
two locations together obtained by Mann-Whitney U test.

Rank Sum Rank Sum U z 4
Group 1 Group 2 value

did N Valid N Exactp
Group1l Group2 value

2-piperidinecarboxylic

; 703 473 173 2371 24 24 0.01724 *
acid
Pyrrole-2-carboxylic 468 708 168  -2.474 24 24 0.01278*
acid
Lactic acid dimer 489 687 189 -2.041  0.041 24 0.04149 *
4-hydroxybenzoic acid 492 684 0.048 24 0.04828 *
2;?3’dr°"yd°de°a“°1c 684 492 0048 1980  0.048 0.04828 *
3-(24-
dihydroxyphenyl) 0.035 0.03368 *
propanoic acid
Histidine 2340 0.019 24 0.01828 *

2-hydroxyhippuric

. 2.547  0.011 24 0.00997 **
acid
Cellobiitol -2.309 021 24 0.02052 *
3-hydroxyflavone 2. 0.0 24 0.02172 *

24 0.04365 *
24 0.03551 *
24 0.00633 **
24 0.02430 *
24 0.02715*
24 0.03551 *
24 0.04366 *
24 0.04149 *

Turanose
Sophorose

5-hydroxytr. itophan
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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 ans obiitol, 5-

hydroxytriptophan and turanose, cellobiitol and turanose, as
and 3-hydroxyflavone, histidine and 3-(2,4-dihydroxyphen
histidine and a-tocopherol acetate, between 3-hydrg
dihydroxyphenyl)-propanoic acid, and 3-hydroxyflavone anc
between 3-(2,4-dihydroxyphenyl)-propanoic acid an > etate. The most
distinguished significant negative correlations were/ etw anosine and sophorose,
guanosine and 5-hydroxytriptophan, as well osine and cellobiitol.

However, neither of the metabolites significa ing inoculations showed

hang
a significant correlation with FHB resistance in t earman 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 Il resistance to Fusarium head blight

Genotype Golubica exhibited the highest disease spread

average of 3.7 infected spikelets per spike. Genotypes Tika

respectively. In the genotypes Kraljica and Galloper,
to Golubica, Tika Taka, and El Nino, with an av
Kraljica and 1.8 for Galloper. Genotype Vulk
with only one spikelet showing FHB symptoms o

of six winter wheat genotype
Different letters indicate signi

\ 4

O

olx Jica
a Taka
El Nino
alloper
raljica
Vulkan
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Figure 13. Fusarium head blight (FHB) symptoms of the spike bleaching in the genotype (a) Golubica, (b) Tika
Taka, () El Nino, (d) Kraljica, (e) Galloper, and (f) Vulkan on 10™ day post inoculation (dpi) in the greenhouse
(author: Katarina Suni¢ Budimir).
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3.2.2. Photosynthetic efficiency
3.2.2.1. Chlorophyll a fluorescence

Parameter TRo/ABS was not significantly affected by artificial@¢nfectic  on/ e st two
measurement points (1 dpi and 3 dpi) compared to the correspc Hing c¢ itrols (Figure
14a-f). However, on 7 dpi and 10 dpi a significant decline of 7 «o/Ab: in Filireatment
was recorded, and the most prominent decrease had ge otypes | ‘'ubica, which
decreased TRo/ABS by 93.4% on the 7 dpi and 96.5% 4" > dp:, wam ured to the 3 dpi
(Figure 14f). The second most distinguished decreas¢ 5f th¢ 1° YABS on 7 dpi and 10 dpi
compared to the 3 dpi had genotype Tika Taka/ "nich ¢ creas :a it by 96.3% and 92.7%,
respectively (Figure 14c). The rest of the genoty; s respoi " similarly to genotypes Tika
Taka and Golubica. A decline in FHB inoculated ti' ytment was observed in spikes of the
genotype El Nino with TRo/ABS significantly decreasing on 7 dpi and 10 dri compared
to 3 dpi (69.5% and 93.9%) (Figure/ +a). ¢ hotype Kraljica decreased TRo/ABS 1. the FHB-
stressed spikes on 7 dpi and 10 d| 2 by 51.3] " nd 49.3%, respectively, * mpared | ‘the 3
dpi (Figure 14e). In addi = gen wvpe' Galloper significantly [ lecrea. d the same
parameter by 38.4 and\'>4.2% ( , the same measurement »oil s_compared to the
measurement on 3 dpi, rc_»ectively (Figure 14b). Changes in Ti ABS uiHB-stressed
spikes of the ger stype ‘ulka: swere much less pronous led ti n in'¢ » other genotypes
investig ted (F. urs 14d) This parameter del ased ¢ inif cant  in FHB treatment by
23.9% and 2 33% < the af .ne measurement  oints' »mpe< d tod e second measurement

1

pointe ZC Jectit .

Wh » compai ag Fi 3 treatment and coritic y, TRo/z *Sin 1 'B-stressed spikes decreased

mifi mthaton 7 aid 10 dpi. In the genotype “olabica, tie decrease in FHB treatment
wa, 93.7% and 96.4% compared < \the control measurements, respectively (Figure 14f).
Sinmp ar to the genotype Golubica, g notype Tika Taka decreased TRo/ABS at stressed
st xes on 7 dpi (96.3%) anc 0 dpi | - 25%) compared to the corresponding control
measurements (14c). Significant™ »arf (se 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 TRo/ABS was recorded

on 10 dpi by 61.8%, compared to controls (Figure 14b).

@ 0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Aa Aa Aa  ABa BCa

El Nino
TR/ABS

10dpi

0.1 1dpi 3dpi 7dpi

Aa

/

Tika Taka
TR/ABS
f=]
=

‘ A

1dpi 3dpi

1dpi

ABa ABa

1dpi ‘ 7dpi 10dpi
o

A a ' Ba .

- ‘
l 07
06
0.5
I 04
0.3
02
| Bb 8 | oy

0

7dpi 10dpi

AB
aBCb Ba ¢

sav/ "L
eqN[OD)

3dpi 7dpi 10dpi 01

Figure 14. Maximum quantum yield of primary photochemistry (TRo/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 TRo/ABS, in the Plabs, 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 Plas in almos® " \eenotypes
studied was observed, compared to the first two measurements(Figure 5a—f i wwever,
in the genotype Galloper, a significant decrease of Plas in t. ) FHB # :atm/ At was
observed on 7 dpi compared to 1 dpi (56.4%) and on 10 dpi gf iipa d to 2701 (78.2%)
and 3 dpi (74.9%) (Figure 15b). Genotype Golubica decrease  the me: ‘red parameter
on 7 dpi (99.5%) and 10 dpi (100%) when compared taie sa. 2 mes sured parameter
measured on 3 dpi (Figure 15f). Genotype El Nino d¢ rease « abs on 7 dpi and 10 dpi by
78.4% and 99.6% when compared to the 3 dpi, rethecave / (Fi¢ iie 15a). Tika Taka had a
significant decrease of Plas on 7 dpiand 10 dpt > \100% & 4,97.2% compared to the 3 dpi,
respectively (Figure 15c). Genotype Kraljica redu d it by 84.5% and 83.5% on the third
and fourth measurement points compared to the seco. 4 measurement point, respectively
(Figure 15e). Genotype Vulkan h#"a s s prominent decrease compared t the other
genotypes and reduced Plas by 4 1% .ina % on 7 dpi and 10 dpi ¢ mpared" \the 3
dpi, respectively (Figure 15"

PlLabs in control and arti. ially inoc lated spikes at each meas: ‘o1 nint separately
showed a similargmnd wii 2 comparing Plas between s’ arent’ \easurement points.
Genotyre Tikal ‘akad ecreased this parameter by 1€ % a4 97.6% on 7 and 10 dpi
compared *o thi « iresp¢ iding controls, respectivzely’ @ uare 1/ ‘). Genotype Golubica
decreased i hin tiiine measurement points by 2.6% " 100% when compared to
the ¢ ntrols, resy ctively (Figure 15f), v iletger: wpe L Nino decreased it by 80.1% and
99.5 .on7an 10a, \compared to the cé.t< wondii:_cont: 's on the same measurement
,_ints, wesnd tively (Figure 15a). Significant' “egteases . the Plas in the genotypes
Kre ica and Vulkan were observl ! only on 7 dpi by 90.7% and 57.6% compared to the
con ols, respectively, while no U mnificant changes were observed on the last
n asurement point (10 dpi) '\ igure 1 . 2). In the FHB-stressed spikes of the genotype

Galloper, this parameter significe. “5 .ecreased only on 10 dpi by 75.4% (Figure 15b).
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ABa

Tika Taka
PIabs

re 15. Performance index on a
wheat genotypes (a) El Nino, (b) Gall

points in each treatment separately (p <0.05).

(b) | Control
Aa O FHB stress

Aa

e1qNIOn)

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
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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

decrease was only significant in genotypes kan, which reduced it by

27% and 16%, respectively. Although increased levels were recorded in genotypes

ificant increa genotype

e 17).

Kraljica, Golubica, and EI Nino, a was only recorded ;

Golubica, which increased it by 2( /% (

Control

1 Nino Galloper Tika Tak raljica Golubica

16. Content of chlorophyll
\ino, Galloper, Tika Taka,
dependent biological replicates +
in each genotype separately (p < 0.05).

rol and FHB-stressed spikes of six winter wheat genotypes
and Golubica). Bars represent mean values of six
t letters indicate significant differences among treatments

62



Results

0.4 ml Control
0.35 a O FHB stress
g 0.3
=
b 025
[s1e]
& 02
5 0.15
0.1
0.05
0
El Nino Galloper Tika Taka
Figure 17. Content of chlorophyll b (Chl b) in control and F ¢ of six winter wheat genotypes
(EI Nino, Galloper, Tika Taka, Vulkan, Kraljica, i epresent mean values of six
independent biological replicates + SD. Different letters i te signiticant differences among treatments

in each genotype separately (p < 0.05).

genotypes Kraljica and
corresponding contro
significant. Genotypes
inoculated spik
Tika T& was

m Control

O FHB stress

=1}
=18}

El Nino Galloper Tika Taka  Vulkan Kraljica Golubica

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
—
9]

Vulkan Kraljica

Galloper, Tika Taka, Vulk
biological replicates + SD. ents in each

genotype separately .
ana Xraljica significan’ decr e| ar to total Chl ratio
1 nd 13.6%, resp ile = *increased in the rest of

ure 20). The increas 1 b, which was the highest and
Tika Taka, which increased

was recorded in genotype

64



Results

0.25 M Control
O FHB stress

0.2

0.15

0.1

Car/Chla+Chl b

0.05

El Nino Galloper Tika Taka ica Golubica

Figure 20. Carotenoids/total chlorophyll ratio (Car/Ch
winter wheat genotypes (El Nino, Galloper, Tika Taka,
mean values of six independent biological replicates + SD.
among treatments in each genotype separately (p < 0.05).

nd FHB-stressed spikes of six
, and Golubica). Bars represent
rent letters indicate significant differences

3.2.3. Oxidative status

The oxidative status
peroxidation by
had increased
However, 2 si ing pes | | Nino, Tika Taka, and
Golubica d it by 35.6%, 54.0%0, and %,

wely (Figure 21).

Control
FHB stress

TBARS (nmol g!
= = ]
o o o

&)

El Nino Galloper  Tika Taka Vulkan Kraljica Golubica

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 H.Oz. The same as for/ S content,
the increase of H20O: content in FHB-stressed spikes was al in a died

genotypes. Furthermore, the increase was significant in almo

genotype Vulkan, which increased H20: content in FHB oy 15.1%
compared to control ones. Genotypes El Nino, Galloper, Tika - »and Golubica
increased H20O:2 by 53.8%, 50.0%, 89.5%, 41.2%, and 9 O control spikes,
respectively. The most prominent increase in H20O: g Golubica (Figure 22).

ontrol

O FHB stress

Tika Taka Vulkan
pikes of six winter wheat
5 represent mean values of
replicates + SD. Differe i significant differences among
otype separately (p < 0.0

genotypes (
four in

the artificially inoculated spi 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

M Control
O FHB stress

El Nino Galloper Tika Taka

of ascorbate peroxidase (APX) i ressed spikes of six winter

wheat genotypes (El Nino, Galloper, Tika Taka, Vul jice solubica). Bars represent mean
values of six independent biological replicates + SD. Diffe letters inuicate significant differences among

treatments in each genotype separately (p <0.05).

3.2.4.1.2. Monodehydroascorb

FHB stress decreased MDHAR acdv,

tested (Figure 24).

recorded in the geno

genotypes reduced i

(

MDHAR activity

tase activity
r- aeat ge pes
The i HA i was
The rest of the
% ino). In the

ity significantly

M Control
0O FHB stress

El Nino Galloper Tika Taka Vulkan Kraljica Golubica

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

significantly increased DHAR activity in artificially infected

respectively, compared to the corresponding control spikes.

m Control
FHB stress

700

600

500

400

300

200

DHAR activity (U g! proteins)

100

Tika Taka

rbate reductase (DHAR) ind ; tressed spikes of six
alloper, Tika Taka#Vulkan Golubica). Bars represent
i ate significant differences

nicreased it by 49.3%, 39.1%, 2 20.6%, respectively.
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Figure 26. The activity of glutathione reductase (GR) in
genotypes (El Nino, Galloper, Tika Taka, Vulkan, Kra
six independent biological replicates + SD. Different
treatments in each genotype separately (p <0.05).

. Bars represent mean values of
s indicate significant differences among

The content of GSH in FHB- ' : the
tested genotypes (Figur y FHB-
stressed spikes of the i i SH content

in FHB-stressed 29.3% and 15.8%,
respect"ely.

creasing trend of GSSG
g controls (Figure 27b). The
t for the genotype Vulkan.
rease of the GSSG content
owed by genotypes Kraljica (63.9%),
Galloper (21.3%).

0 (40.5%), Tika Taka (33%), a
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W Control
O FHB stress

El Nino Galloper  Tika Taka Vul Golubica

()

m Control
O FHB stress

GSSG (nmol g 1 FW)

SSG) in control and

Figure 27, Content
aka, Vulkan, Kraljica, and

FHB-str&d spik r wheat genotypes (E
Golubica). values of six in
indicate sieni i among treatments in ea

activity
AT activity in the spikes of
T activity increased only in FHB-stressed spikes of

ica (12.5%). The rest of the genotypes decreased
pared to the corresponding control spikes,

where the decrease was signific notypes Tika Taka (16.3%), Vulkan (19.6%), and
Golubica with the most prominent decrease (26.7%) (Figure 28).

ypes Galloper (15.7%) and
activity in FHB-stress
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of six winter wheat genotypes
ars represent mean values of six
significant differences among treatments

Figure 28. The activity of catalase (CAT) in control an
(EI Nino, Galloper, Tika Taka, Vulkan, Kraljica, and
independent biological replicates + SD. Different letters indi
in each genotype separately (p < 0.05).

3.2.4.3. Glutathione S-transfe/ se a

FHB stress induced GST i 1l studied gen
in GST activity was si ly three out of five ge
increased GST activity i -stressed spikes by 47.7%, genoty 27.7%, and

genotype Kralji > pared to the corres Only genotype
Golubi’signi ased GST activity‘ FHB ds
to the con i . ‘

es by 16% compared

W Control
O FHB stress

El Nino Galloper  Tika Taka Vulkan Kraljica Golubica

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 genotype

Tika Taka which increased by 54.1%, 53.4%, 46.4%, and 22.8
spikes, respectively. FHB stress did not cause changes in GP
Vulkan and Golubica (Figure 30).
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Figure 30. The activity of g
wheat genotypes (ELS"

of six winter

3.2.5.

ed spikes of all winter wheat
type Golubica showed the
ressed spikes by 485.3%, followed by
ase compared to the controls. Genotypes Galloper
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Figure 31. Content of abscisic acid (ABA) in control and ¢ of six winter wheat genotypes
(EI Nino, Galloper, Tika Taka, Vulkan, Kraljica, an i represent mean values of six
independent biological replicates + SD. Different letters i te significant differences among treatments

in each genotype separately (p <0.05).

The content of SA in spikes of tests
or increase. In most of the geno

significant increase in S

genotype El Nino, whi

significant decrease in SA

e corresponding contr

W Control
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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#noculal ons ¢ ti. winter
wheat spikes (Figure 33). The highest significant induction of th« \PR1 € press on was
recorded in the genotypes Vulkan and Tika Taka, both of w!¢ ch 11 easec oy 86.9%
compared to the corresponding control. The significant induct. n of the| 7RI expression
was also recorded in the genotype Kraljica, which incx d it'" %77°0 compared to the

controls. The rest of the genotypes non-significantly/ icreal 2. the expression of NPR1.
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Ell o Yloper  Tika Taka Vulkan Kra a U ubica
Figure 33. The' ‘ative ston level of the NPRI 'gene in ¢ trol .. 77 _-stressed spikes of six winter

wheatd "0 lypes' 1L Nino, Galloper, Tika Talta, Vulki »Kralj  and Golubica). Bars represent mean
valu' of six indgperti. 't biological replicates + = Uiffere. Metters. ‘dicate significant differences among
treal, entsineat genc. ve separately (p <0.05).

3.2.0.2. TGA2 relative expression

Str¢ s induced by FHB inoculations ¢ “ferentially affected TGA2 expression (Figure 34).
A2 expression was signi. antly jwuced in genotypes El Nino, Golubica, and
Galloper, which increased it by 7= 77766.8%, 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 gen 3-stressed spikes of six winter
wheat genotypes (El Nino, Galloper, Tika Taka, Vul jica solubica). Bars represent mean

values of six independent biological replicates + SD. Diffe
treatments in each genotype separately (p <0.05).

FHB stress significantly
related 1 (PR1) proteing

Taka, ]*Iino,
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20
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Figure 35. The relative expression level of the PRI 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

showed the

The expression of the gene encoding pathogenesis-related 3 (PR3) proteir

wheat genotypes had a significant induction of the PR3 expres
inoculated plants compared to the control ones. The highest e>
was recorded in the genotype Galloper (91.3%), followed by
Tika Taka (85.8%), Golubica (85.3%), and Kraljica (77.2%

H Control

O FHB stress

PR3 relative expression level

Tika Taka Vulkan

. ’Bars represent mean
ificant differences among

wheat genotypes
values o indep

o sis related 5 (PR5) protein
the highest in the inoculated spikes

stlowed by genotypes Tika
(96.6%).
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Figure 37. The relative expression level of the PR5 ge
wheat genotypes (El Nino, Galloper, Tika Taka, Vulk
values of six independent biological replicates + SD. Differ
treatments in each genotype separately (p <0.05).
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Discussion

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 genon® | wantitative
inheritance, phenotypic variability, and ambiguous resistance med anisr’ 5° » host-
pathogen interactions (Wu et al., 2022). Moreover, developing 1 "B-resist’ 1t ge otypes
with favourable agronomic traits is difficult due to the negative’ “oric wtion v een FHB
resistance and agronomic traits. Several previous studies ha' | focuse¢ = the different
responses of winter wheat to FHB stress, either excluaimly v der fiid or controlled
conditions, but rarely under both. Despite considera 1e eff = s to identify the processes
involved in the wheat defence response to FHB, st ucii rg’ 1ains (c be clarified. Therefore,
this study aimed to extend the existing kn{ edge ¢ »*" metabolic, physiological,
biochemical and molecular responses of winte. swheat to FHB by investigating its
response under both field and controlled condition. *Mycotoxin and polar metabolite
content, general and type I resistal ce w e determined on the genotypes gi' wn in the
field experiment, while type| 'l 4 sisi e to FHB, photosynihetic efi ‘ency,
photosynthetic pigments, cx"ative < ess ¥ omarkers, enzyme actif' ties, « "H an¢ GSSG
content, stress-responsiy : gern. ), expression, and plant’ horr bnes cor.ciit were

determined on the genoty s growiiin the greenhouse.

The assessment’ /f the! jenaral (disease severity) and ty' e I (¢/ eage incidence) resistance
was condusted \ € 3 spre  inoculation with Fusarum ¢« ies. D/ case severity indicates
the proportic hof i d spikelets either in a;smai s or it . spike population, while
dise( se incidenc wefers to the number® ‘ stikel havin, ane or more infected spikelets.
Botl \disease| eveir v and incidence, “vii th des( ‘be ti \ plant’s reaction to spray

Ui en re estinated as a percentage, ai \this metliod has become the standard
ap} pach for evaluating FHB. Act xding to AUDPC values for general resistance at both
exp imental locations, genotypes Ei' 'ino and Golubica could be characterised as highly
sit Ceptible, while AUDPC va es for g« 'ral resistance indicate genotypes Galloper and

N

Vulkan at experimental locatior: &, 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 k¢ " resistant
genotype, FHB infection is often restricted to the inoculated snikelet ¢ flox’ . »d does
not spread to adjacent spikelets, while in a highly susceptiblc senotyp s, sy; iptoms
progress to uninoculated neighbouring spikelets until the whea c'spi e is ¥ wiined. The
proliferation of FHB is contingent upon different factors, such s host g wtypes and the
environmental conditions under which the plants are a# ivatc w(Ribi® hich et al., 2000;
Bai et al., 2018). To evaluate FHB spread within the sp’ (e, tht . smber of infected spikelets
per spike was quantified at 10 dpi prior to tissyfisa.np’ ag. S iiptoms of the infection
became apparent at the 7t dpi, at which poi the me« it of spikes displayed FHB
symptoms. Results of evaluating type II resista. = in the current study indicate that
genotypes Golubica and Tika Taka could be characte. zed as FHB-susceptible. Genotype
El Nino possessed low type II resi¢ ance nd could be characterized as FHB . aderately
susceptible. On the other hand, ge oty sk ‘lica and Galloper, accord‘hg to the® »mber
of infected spikelets at 10 das"ould | @ cha’ acterized as FHB modeftely © nistan! while
genotype Vulkan posses ed hig awtype Ll resistance and cc !d b identific."as FHB-

resistant.
4.1. Influence of ‘usaz’ «mseac. blight on the winter w/ 2at pi Cotoxiri content

Fungi of tii heeri wEud ium are considéi’d to . onc »é th "world’s most harmful
patha’ Ci.0, pos issing high toxicity pofential, ™ 2d the mycotoxins synthesised by these
pat! hgens ra’ k ai »ang the five most s ificanc mycov xins in Europe and globally
Mie. ‘czuk £ Skw rylo-Bednarz, 2020). M. sotoxiii cor’ .mination relies on several
fac ars, such as climatic conditiens, cultivatior.”practices, harvesting techniques and
tim| g, as well as the resistance of ; motypes to FHB (Nganje et al., 2004; Golinski et al.,
207 ; Salgado et al., 2011, Z' '4; Bernti ¢ et al., 2012; Mielniczuk & Skwarylo-Bednarz,
2U20). Previous studies demoi. ‘rated 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 seconda® = metabolites
synthesised by Fusarium species isolates. The total of 13 Fusarium met oolitd .\ \d their
concentrations were determined in the grains of six naturally © ‘ected & d ar; ficially
inoculated genotypes (Vulkan, Kraljica, Galloper, Tika Taka, 7 "INy anc. “7iabica) in
this study. Since the use of fungicides and specific manage¢ aent pre. ‘ces can partly
reduce losses caused by FHB, fungicides were excl@i'ad i wthis 4 cudy, and field

experiments were done according to the standard agf »non: ¢ ",orocedures.

In addition, growth of fungi and their capacitzz' 0 prod. ce m' cotoxins are significantly
affected by the intricate interplay of varic s environmental factors, primarily
temperature and humidity (Llorens et al., 2004). e precipitation levels at the two
experimental locations varied, wit'® i herimental location Tovarnik exhif ‘ng higher
precipitation rates and temper tured ¢ mpared to experimental  locatior. Osijek.

Consequently, the levels of Fusarium/ ietab lites analysed were greater ¢ “Tovarn < ‘han

at Osijek. It is already pj viot. w re; " cd that certain el ‘ronn ntal fac such as
temperature, water act:. wy, and , »wth time directly impac. D Tiwsaduction in F.
culmorum, F. grapawsum, ad F. meridionale (Llorens sy, 20¢ », Hope et al., 2005;

Rybecky et al., 7 18). X Orens eval. (Llorens et al., 2004)" epor‘ d eptinial temperature for
F. gramineqzum ¢ . culy srum growth to be in thgran; ' ctwee 20 °C and 32 °C, while
reduction in® he fu.' - growth was observed, at t. \ten. = .are of 15 °C and lower.
Con/ “quently, ti ymost favourable tem| wature  » DC. \oroduction was observed to be
arot_d 28 °C; whilc NIV synthesis was Ca, sested ¢ hdepe d on the species, strain, and

npe. ural Llorers et al., 2004). Although '« wimlevels®ire found to be significantly
ele. \ted in the regions where pf thogens are subjected to elevated temperatures and
inci ased rainfall, mycotoxin synti sis can be increased even during a period of
¢ 1onged drought (Perinche wv et ali ©919). For instance, the infection caused by F.
verticillioides exacerbates throuv_af. 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 Fels-Klerx
et al., 2012; Stanciu et al., 2017). Accumulation of DON in this study v s red 1° 2d even
in naturally infected grains of FHB-susceptible genotypes (Golt. ‘ca, 1ik{ taka and El
Nino) at experimental location Tovarnik where it did not ex« ca '« EU 1 limit of
1,250 pg kg for unprocessed cereals (European Commission, . '06b). Sit~ *ar results were
obtained in a previous research where concentrations of N iri. '»mdon’ 'y selected cereal
samples under natural infection from six Croatian r¢ jijons/ & \luding Osjecko-baranjska
County) were below the maximum allowed gfaccntr’ don | ¢. human consumption
(Pleadin et al.,, 2013). Nevertheless, artifiC* ly infe < samples were far more
contaminated with DON and exceeded maximun:_=avels for DON contamination 10-fold
at experimental location Osijek and 15-fold at exp  rimental location Tovarnik. Such
results are in accordance with si#ilar | wsevious studies showing the wide nariety of
fungal mycotoxins present in the| eld¢ on¢ ‘ens in Croatia under Fud wium inoc ation
and under natural infectie®mwher  all/ usarium inoculated sa‘aples xceed d the
maximum allowed levels' or DG. \contamination (Spanic et < 5,202 ). Numercus studies
have indicated a positive" rrelatiori oetween FHB incidence anc. © JIN'.C 5 (Snijders &
Perkowski, 1990« Jai'« »l, = 1). However, there are a7 -0 5. Wies . dicating that there
was nod ‘gnifici 1t caf relel on between DON el ncentri iond .id I 1B severity (Champeil
et al., 20047 Neve aeless’ he accumulatior’»f DGl Nisa' mifica’ ¢ element in the overall
FHB natiiager nis ana such opposite finding« » pre. nus mvestigations may be due to
the [ differencas ", the genotypes, pa ,gen | »mpula »ns, weather conditions, or
mar. rement, racti¢c 5 (Jiet al., 2015).

D5 \is one of the main DON me ‘bolites known as “masked” mycotoxin (Kovac et al.,
201" . Since these mycotoxin forms 1. be reactivated under specific conditions, such as
w’ nin the gastrointestinal  »ct, the < nsumption of foods containing D3G raises
concerns (Berthiller et al., 2011, 2% %2 J3G 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 concents s of DON
(Lemmens et al., 2016; Bryla et al., 2018). While evidence regarding [ 1e py vi ence of
modified mycotoxins is emerging globally, for Croatia, ther hare 'lin‘ ced ! ndings
regarding “masked” mycotoxin concentrations in cereal grains/ arx. tet a. 181.3; Kovac
et al.,, 2018).

Mycotoxin 3ADON has generally been reported to og ar t¢ nther...ci DON (European
Food Safety Authority (EFSA), 2013). The current st dy/ etec ",3ADON in artificially
infected samples at both experimental locatiops Previo, : stuf ies reported that 3ADON
was one of the most abundant naturally occur: »g mycoroxins (Miedaner et al., 2001;
Zhao et al.,, 2021). In the study by Spanic et al. (5 mic et al., 2019), 3BADON was also
found in 19 out of 25 naturally infeg’® " s»mples. However, such results wer& ot the case

in the current study, where 3ADC | was oc_»rved in only one FHB-susceptible g »otype.

Although NIV is less prey’ .c. vin fo. 1 cd npared to DONgit exhi ts hig: = toi City in
animal studies (Cheat ¢ 1l., 201C Bryta et al., 2018). In the" wrr¢ 't study, NIV at the
experimental location Os. 'k was observed only in artificially" ‘ectea grains of the
susceptible genf (ypes whilc it was not detected i the - itura. » infected grains.
Howevcy, at th. e erim atal location Tovariiix, NIV wat also ound in the naturally
infected gre »s oi he.af sceptible genotyp Golu: sa. O nilaxt esults were previously
repox’ -« - the nsearch by Spanic et al \(Span:_»t al.,© 219), in which NIV was found in
the| rains of ¢aly ¢ e naturally infected ¢ otype." svla € 3l (Bryta et al., 2018) detected

atui 'y ocg rringd «IV in 29.5% of the samn. 'es in conce’ rations ranging from 5.1 to
37, 5 pg rgl. Furthermore, previous studies inc.cated that NIV concentrations in the
org| iic wheat samples from Italy 1" hged between 12 and 106 pg kg™ (Juan et al., 2013).
Th' "is in accordance with® e curreri study, where NIV concentrations in artificially
afected grains were within a si vilar # nge, 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 pg
kg (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 genotypest " ‘'er natural
infection. Such findings align with prior research indicating that ZEN/ once’ i ‘ions in
wheat rarely exceed 50 pg kg (Klaric et al., 2009; Stanciu et al., 2 %5). Suck resul 5 could
be the consequence of ZEN being predominantly found in cgf ier ¢ matc northern
Europe, so its absence is anticipated in cereals from middi and soi hern European
countries (Bottalico & Perrone, 2002; Quarta et al., 2007 »Hov. wer, 2 'hough in lower
concentrations, ZEN is often co-produced with DON/ y diff . at Fusarium species (Jestoi,
2008).

New evidence suggests CUL as an “emerging ymycotoxin. The function of CUL in
Fusarium infection of plants is not fully understood. s awever, unlike insects and animals,
wheat coleoptile tissues are reporte< . e sensitive to CUL (Wang & Miller," ?88). In the
current study, CUL was found ir artifit ia’ s infected grains of all genotypes s. ied at

both experimental locations. Similar’ esulf, are reported in the stady " = Spani “t al.

(Spanic et al., 2020). C L w yacc alated in much It sher ¢ mncentra in the
artificially infected gra.  of susc htible genotypes. In addic = “yo.experimental
location Tovarnik«#as foc d in almost all genotypes unsmmnatu: ! infection. Previous

studies reporte/ hight UL levels in all naturally con/ min+ :d gran. samples of three
types of cereals 'Cirley, | ‘heat, and oats), which alsi '*.d hig  DON concentrations
(Ghebremes: & Lo “cth, 2001). Such resultgare i acco. e with the current study,
whe " naturally” fected genotypes at t »ae¥per. nenta: ncation Tovarnik contaminated
witi. DON, w e als \contaminated with'C' .. The' »me ¢ 2 was for the genotype Tika

ka « the perinmicntal location Osijek, whic. wwas the oilly genotype studied that was
cor. yminated with both DON ¢ 'd CUL. Wheat samples exhibiting increased DON
con ‘ntrations exhibited higher CUL soncentrations, suggesting that CUL may have a
n( ential role in Fusarium vir< snce. Sii v ar studies previously reported that CUL levels
were generally positively corre. o 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 sam artificially
inoculated with F. culmorum (Ghebremeskel & Langseth, 2001). The/ ame/ & \in the
current research was observed at the experimental locatior. Osijek, / vhile at the
experimental location Tovarnik, it was the opposite, with 5-hx.iox; ulmc 7 Deing the
most abundant CUL derivative and second most abundant t_ing 15-i ‘*roxyculmorin.
The results from the current study are in accordance ¢ a ¢ wious study indicating
that in naturally infected wheat samples from Croatif the ¢ . ‘entrations of CUL and 15-
hydroxyculmorin are comparable to those of I3, syl zesti (j a correlation between
DON and CUL as well as CUL derivatives' " iifer et' % J21). Similar results were
observed in the study by Spanic et al. (Spanic ¢ al., 2020), where, except CUL, its
derivatives also had elevated levels in the grains of artificially infected genotypes

compared to the naturally infected® am}p s.

In addition, newly discovered meta’ slites such as aurofusarin, butenc de, chr) s gin,

and fusarin C were detect/ xin't._ycur. 7 study. However, ¢ nside ngthe 1 i it these
metabolites have only b. 1 recenti, liscovered, they are far le. vt  Thmated compared
to the other Fusaxmmmmeta nlites (Stanciu et al., 2015) T mred” ‘ament aurofusarin,

synthesised by/ -. g1 uinaarun., F. culmorum,,and F.[ jseudd ramineisrum, is a dimeric
polyketideslass ¢ . with | the aromatic polyketide gri « of na: rthoquinones (Malz et
al., 2005). U ‘er 1o sed FHB pressure, aurafusa n wao ' ected in the grains of all
artif’ 1ally infeci d genotypes at both" »wrbrin. atal i ations, but it was mostly not
obs( ved inn urar \infected samples. Zit" e expe. ment. ‘location Osijek, the average

el ¢ wural isarintwas in accordance with the yresious stidy by Spanic et al. (Spanic et
al.,. 020). There was an even higl¢ = concentration of aurofusarin detected, up to 140,000
ug !/ g!in Italian samples of durui. wwheat (Beccari et al.,, 2018). While other studies
izl icate the co-occurrence ¢ haurofu) . in and rubrofusarin (Frandsen et al.,, 2011),

rubrofusarin in the present study was 10t 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 int® " ion of the
epoxide group with DNA (Stepien et al., 2020). Since both F. graminearuf and/{ .« Ymorum
produce butenolide and fusarin C, these metabolites were expec. ! in the/ arrer study.
Butenolide and chrysogin levels in the current study were lowes .iiar: | sevic. 711 reported
by Spanic et al (Spanic et al., 2020). Similar results as in the stt_y by Spi “c et al. (Spanic
et al., 2020) were also observed in the study by Beccarie®nl. (b< sari e al., 2018), where
higher concentrations of fusarin C, chrysogin, and by enoli’ < were detected in naturally
infected durum wheat samples. When consideriz™; oiily /£ «sarii O and chrysogin, results
from the current study are in accordance wi® resulte ‘bifined by Garcia-Cela et al.
(Garcia-Cela et al., 2018), where levels of fusari »C and chrysogin were increased in
Fusarium inoculated wheat samples compared to the iturally stored wheat. In addition,
Spanic et al. (Spanic et al.,, 2023)¢ .n t. ‘ir study during three consecutive' wears also
observed chrysogin in all wheat & mp’ s bt ‘= concentrations lower t an in the urrent

study.
4.2. Influence of Fusaritu:_head bli, st on the winter wheat polc = Tiplite content

Metabolomics it « pow ful bl analytical tool for the ti sroug “analy ‘s and monitoring
of the prant me ba’ bme. \evertheless, its uti.sation| »r onit ing plant metabolism
regulation i seac. watad Lotic stress is still ¢ nergit._wHo' wzerd s utilization could yield
signiff _&..ins1, s for applications in plant bic chnd. =y, biomarker-assisted selection,
and he agrof rent nl, food, and pharm' utical™ \ctors, sence enhancing agricultural

roa wtion (/4 uiferig ot al., 2014). In plant-p. hogen“inter: _tions, a series of chemical,
m¢ >cular, and mechanical events occur, resulti..g in disease development (Dodds &
Rat  en, 2010). Previous research 1. 3 identified a substantial array of metabolites that
ms  function in cereals ¢ \mitigate "Fusarium infection and minimise mycotoxin
accumulation (Siranidou et al., = 192; B ilina 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 FH® " wistance or
susceptibility. Metabolites that were found to be significantly ¢ ange ' »tween
treatments belonged to the groups such as amino acidl sand™ df ivati es (2-
piperidinecarboxylic acid or pipecolic acid, histidine, 5-hyf.iox; wptc i), small
organic (carboxylic) acids (pyrrole-2-carboxylic acid, lactic aci dimer),; Alyphenols and
their derivatives (4-hydroxybenzoic acid, 3-hydroxyfle®mne, |« 7-dibs iroxyflavone, 3-
(2,4-dihydroxyphenyl)propanoic acid, 2-hydroxyhip’ aric/ - "\, saturated fatty acids (3-
hydroxydodecanoic acid), carbohydrates (turange, sop" oros¢ “Cellobiitol), nucleotides
(guanosine, 2-deoxyguanosine), terpenoids < cologa. =« and tocols (a-tocopherol

acetate).

FHB-resistant and moderately resigt = =enotypes Vulkan, Kraljica, and Gt “oper from
the experimental location Tovarr «, agl vi »as moderately resistant genotypec “raljica
and Galloper from the experimental / scati¢ 1 Osijek, were mostly group ' on the L. jper
right quadrant of the PC/ I'bip. t wil @ Lesistant genotyp. Vulki 1 from ¢ .mental
location Osijek was plac. \further: »m the rest of the moderat « wntand resistant
genotypes from hataxpe. wental locations, in the lowsmwicht ™ sadrant of the PCA

biplot and near[ ietabf.ites a-tocopherol acetate, histid e, 3-* ydroxyravone, and 3-(2,4-

\ J

dihydroxymhen| M ropar sicacid. Genotypes Vulkana 7 <raljic from the experimental
location_Tov wnik“C placed close to carbohy' mates - derivatives (sophorose,
turaf ose, and cc_mbiitol) on the PCA E »lat. Ti »ycour vindicate that these metabolites
cou,  have a| oten: il role in their resisia. 2 to Fi' 2, The » metabolites also increased

ir ek tensicies as a response to ¢ ifisial inClulation, compared to the
cor, sponding controls. A similail \ase was observed at the experimental location Osijek,
whi e the same genotypes increasec rak intensities of the abovementioned metabolites
2« L response to FHB inocula »ns. Ina -« sed carbohydrates following FHB inoculations

may be the consequence of the™ !

all 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 « secondary
metabolites essential for plant defence. In addition, the metabolic/ rrofil "\, wheat
spikelets indicated that sugars may contribute to wheat's’ wesistan/ = agi nst F.
graminearum and the accumulation of DON (Gauthier et al., 202¢ ;. 11i" diti. = ophorose
was listed as one of the main contributors to PC1, while cellc¢ iitol wat e of the main
contributors to PC2. However, although sophorose, tuaase,  »d cel” Jbiitol showed a
high positive significant Spearman correlation coef cient ' =se metabolites were not

significantly correlated to FHB resistance.

Metabolites 5-hydroxytriptophan and histidine, ylonging to the group amino acids and
amines, were placed near FHB moderately resiste. 5 and resistant genotypes. These
metabolites' peak intensities were 7. increased in response to FHB inC ulations in
resistant and moderately resistar  gen{ .y, »s compared to the corresponding introls.

Similar results were obtained. in the st .dy b Navarova et al. (Navarova< al., 201! 1, who

observed that Arabidopsig plan. sinfec " with SAR-inducl s Pserl omonas™ T gae had
significantly higher amc_ ats of fre. smino acids, including bra =h “win amino acids
(valine, leucine, isa™msine),  somatic amino acids (phenv's#'imine, . wosine, tryptophan),

and lysine. An' no af.dssserve as essential building bloc! far several biosynthetic
pathways and a ¢ rucial’ 1 signalling processes and p - stres  responses, in addition
to their funda meniw " volvement in peptide and | ateiri lnesis (Beyer & Aumann,
2008 dilaebranc et al., 2015). Previous sudlies' dicate that the accumulation of certain
ami_» acids| r th r metabolic by-prCd sts act ates . 'sistance responses against
. tho. ms.nich Thay occur through SA- « i _2OS-méuiated defence pathways or
inc »endently of them (Kumud i et al., 2018). Although 5-hydroxytryptophan and
hist iine significantly correlated w " several metabolites, there was no significant
c relation with FHB resistar », Histic © : was also one of the main contributors to the
PC1 and PC2. Although piperi. naf ~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 (M: al., 2020).
Although their antifungal and antimycotoxin efficacy against Fusqg um ;i “ st fully
understood (Atanasova-Penichon et al., 2016), recent studies hav. shown / at su )-iethal
concentrations of a-tocopherol greatly influenced fumonisind roc stiori 7ot et al,,
2013). Furthermore, Cela et al. (Cela et al., 2018) observed th: upon e» nsure to fungal
infections, both mutant Arabidopsis plants lacking lkeimenz) nes i7  the tocopherol
synthesis exhibited increased susceptibility to Bot# is ci# . %, characterised by a fast
increase in MDA levels and fungal biomass reitive t¢ wil¢ ,pe plants, implicating
alterations in membrane fatty acid composit = 1. Meta y!i# a-tocopherol acetate also
showed no significant correlation with FHB rc¢ stance in the Spearman correlation

matrix.

Metabolite 3-hydroxyflavone and 3-(2,4 a. wdroxyphenyl)-propanoic acid belc. xing to
the group of polyphenols and theif deri; atives were also placed nc s the re itant
genotype Vulkan from [ xpei ment. W ocation Osijek. & enols origina. w®om the
phenylpropanoid pathvi. z and ar< vegarded as the primary ¢ 1 a.ta the overall
antioxidant capaa®imof © wreal grains (Atanasova-Psmishon™ ot al, 2016). The
phenylpropanag’ « pat!t vawu leads to the formation of m¢ 1y cof ‘poxind ‘amilies, including
phenylpronmanoi = ‘tlava 0ids, lignins, monolignols, « .enolic acids, stilbenes, and
coumarins. 1 aflaviiid family comprises subfami »s oti " Cules categorised by their
struf aral chare ‘eristics, such as fla »an#s, © »flave »s, anthocyanidins, flavonols,
flavi aols, flav nonc \aurones, and chalcor: w(Rame wson™ hal., 2022). In the research by

00" "haat 2010), clevated concentrations ¢: lamonoids'and phenylpropanoids were
obt rved in barley resistant lin¢ »,compared to susceptible lines after infection with
Fus' ium. Results of the previous stuc_hindicated that among other groups of metabolites,
fld "onoids exhibited signii. ant alte (tions in synthesis after infection with F.
graminearum in three Chinese * a¢  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), " saturated
fatty acids (3-hydroxydodecanoic acid). The role of nucleotides in/ ‘egul ¢ s plant
immunity has not yet been reported (Wang et al., 2022), althoug: yome pr' sious studies
concluded that guanosine phosphate nucleotides have a major/ .ipac an p: 7 pathogen
interactions and response to plant hormones like ABA, jasm¢ ic acid, | »vlene, and SA
(Takahashi et al., 2004; Abdelkefi et al., 2018). Secologan®@ma sec xidoi< glucoside, plays
a pivotal role as a terpenoid intermediate in the bj® syntk - = of monoterpenoids and
indole alkaloids (Powell et al., 2017). A previgis scud! inve segating double haploid
barley lines with varying sensitivity to FHB 17 »aled tl'_ 3¢ 0loganin was consistently
produced in resistant lines (Chamarthi et al.,, 2¢ ). Secologanin may exhibit a direct
antifungal effect or serve as a precursor for the synu esis of other compounds, such as
phytoalexins, that mediate defend ag. »st fungal pathogens. Furthermorc nlkaloids
play a significant role in defen(  m¢ hai ms. Nevertheless, relatithly few « :aloid
compounds have been idex#“ed in| rheal Although secologanin n the wrren’ study
was on the opposite sic » of tii )\ FHD resistance, identify. = th | compleiwc"iange of
phytoalexins and other™ atifungai metabolites produced by » eacr ..y provide a
pathway for dey® Opi. hinnd ative disease resistance st aicg »s (I well et al., 2017). In
additic{yto nu| =otif ¢s & d secologanin, prefious r¢ ears . in{ cated that around 40
identified € hetab ‘tes li7 ed to fatty acidymeta nlic’| thway may influence cereal
resistaamimto 1+ eraminearum (Havrlentqva et € o, 20z-  Although such metabolites may
play a role jn bi al immunity and ge © medi »d re stance in plants (Kachroo &
Kaci 00, 200 , 3-h droxydodecanoic acia  ylaced ™ n the opposite side of the FHB-
rc starie . moderately resistant genotypes or.. " PCA biplot indicates that results are
con ary to these previously obtai »d. Even though their exact function in plant stress
res’ onse is still insufficien/y undet. »od, some small organic (carboxylic) acids are

~cognised as crucial in plant 1¢_»onseg to biotic stress (Panchal et al., 2021). For instance,
lower concentrations of certain Cilull 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 def¢ .ce r¢ honses is
limited, and developing resistant genotypes is deemed the mi \t effe tivd stra _y for
controlling FHB (Buerstmayr et al., 2020). The first phases of /o wium | fect ’n were
documented as asymptomatic. After a proliferation of mycelj along t. yrachis and into
the spikelets, the spike axis degrades, and symptoms manifest. s bleack ng (Leslie et al.,
2021). Type II resistance has been well characterised a¢ 1 us %\in biclaing programs due
to its stability and ease of assessment in wheat comp, red{ 5 ot wresistance types. Type
IT resistance is often assessed using single flor¢  (spike t) ir' sculation, which involves
injecting inoculum into a central spikelet of a 5; e during greenhouse experiments or

through grain-spawn inoculation in field conditions’ Rai et al., 2018).

The infection with fungal pathogf s ha % strong connection with alteratiori n many
metabolic pathways, one of whiin i€ pho “iynthesis (Yang et al., Zd ). How, »er, a
limited number of researg” .. hattel otal to investigate the phy! dlogicc wesn’ nse of
wheat to Fusarium inoel! tion ari. the impact of FHB resistai = o this response. Chl a
fluorescence measuremen:. nare recognised as non-invasive, efficic. rapia, and sensitive.
Additionally, th® "OJIL= Zst is xtensively utilised to af ess tr Veffec ) of various stress
types (wasuf e ald 2010  The response of t.e phol s netic apparatus to varying
conditions i wpic. 240 Cssed through the halysi »f se a2l & [ P-test parameters, such
as tha .1 0/ABC ind the Plas, which quantifies the o sall functionality of the electron
flov throughf sho. system II (Ceusters ¢ 1, 201" »In ti ycurrent study, TRo/ABS and
“Lbs o masure’ ents¢ .dicated that severe FHi stress adver’ 1y impacted photosynthetic
et iency m wheat spikes across nearly all tcoced genotypes, particularly in those
sus{ ptible to FHB (Golubica, Tika" hka, and El Nino). These genotypes had the highest
de’ ease in TRo/ABS and PIi yon 7 anc¢. Q dpi when compared to corresponding control
spikes. Similar results were rep ted it the study by Katanic et al. (Katanic¢ et al., 2021),
in which susceptible genotypes showed a decrease in selected OJIP-test parameters at the
beginning of symptom development. TRo/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
(Kangasjarvi et al., 2012). On the other hand, in compatible reactions decline in
photosynthetic capacity could originate from the damage caused by p' thog/ 17 \fection
on the host (Ma et al., 2015).

The photosynthetic apparatus consists of two main pigment| roups - “hl and Car. It is
generally agreed that elevated oxidative stress decreases ' “otosyr fetic pigments
synthesis. Chl may, however, be important in the g' Jnalt = neu.. ok associated with
stress responses (Agathokleous et al., 2020). In add_ionf 0 C »Car are also crucial in
various plant processes and serve as antioxida' ts duri 2 pe'.ods of plant stress. They
function as light harvesters, quenchers, and sc«. engers or triplet state Chl and singlet
oxygen species, dissipating damaging energy duri = stress conditions and stabilising
membranes (Mohapatra & Mittra, 29 . ‘larrota et al., 2018). In cereals, Car & »one of the
main secondary metabolites with antig® i »t activity (Boutigny et al.,2008). I wwever,
their antifungal and antimycotoxir actiy .ties against Fusariumgspp are no ully
understood (Atanasova-I “nict. » et 2016). In the cui’ mt st 1y, FH: _eptible
genotypes Golubica ai.. \El Ninc vincreased Chl a concent ‘it “hwpthe artificially
inoculated spikes a2 in v »rest of the genotypes studiardm&hl a ¢ atent was decreased
or it wagnot ch{ iged« “nlh shcwed a similar trend as f/ - Chld " Exceptior the susceptible
genotypes £olu . and | | Nino, genotype Kraljica ali ¢ icreas d Chl b content in the
artificially ire sulatc " Jikes. A previous study by » sathciius et al. (Agathokleous et
al., 7 20) sugges d that this phenomer. »s»pre ints a anditioned defence mechanism
in v iich adaj ive 1 sponses characterisca w eleve »d Cii concentrations triggered by

v-ao st ss carr prevent Chl degradatiori e ashibitic.i of Chl synthesis. Car also
sh¢ red a similar trend in the < ‘ificially inoculated spikes of FHB-susceptible and
mo/ rately susceptible genotypes.. “senotypes Golubica, Tika Taka, and El Nino
ir{ eased Car content in the '« tificially . oculated spikes when compared to the control
spikes. Such increased Car cor. m* n 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 formatig of R* %in cells,
leading to significant oxidative damage to the plants and conseq ently ' hil <ing | wwth
and reducing grain yield. The balance between ROS generation.as =mov,_ 'is!iown as
redox homeostasis, but when ROS generation exceeds RC » scave: wing, disrupting
cellular redox equilibrium, it leads to a state known as oxidati » stress’ Caverzan et al.,
2016). Lipid peroxidation is regarded as a characteris’ .c ot. xidau. < stress-induced cell
damage. It results in extensive damage to cell mem :an{. by  “ering the composition,
assembly, structure, and dynamics of lipid bilav rs. Lip, -dex ved radicals, being highly
reactive compounds, facilitate further ROS gene. tion, which interact with nucleic acids
and proteins. In lipid peroxidation, polyunsaturatec. stty acids such as linoleic, linolenic,
arachidonic, and docosahexaenoi¢ . 'ds found in membrane phospi lipids are
particularly prone to oxidation. R dical* 1i; %, O:" and "OH interact with,polyun: urated
fatty acids, forming peroxides that ex °nd t! e chain reaction and yie'd sc_aral add v onal
reactive species. Elevated! .pia’, sroxXi' 7 on results in incrc. sed n mbranc ' ity and
permeability, turning 1i. nbrane-i halized enzymes, ion char. al: ‘yreceptors non-

functional (Sahu !

. 20 ). In the current study, a'mmenoty es tested exhibited
increased lipid [ erox .atian lcvels. However, the hig! st inf.ease wus recorded in the
FHB-suscentible ¢ notyp s Golubica, Tika Take, ant \7. Nin¢ = Similar results were
obtained in v » pre. 5 studies. Khaledi et al, (Khe adi ecn 7 "2017) observed increased

lipi¢® peroxidatic » levels in inoculate¢ snitkes™ ¢

whi ¢ genotypes after infection by
Fus. ium spp isole »s until the milk €& and ™ »crea: 5 afterwards. Furthermore,

rah. whant 't al. \Oorahinobar et al., 2016) « sosseportéc. significantly elevated lipid
pei xidation levels after treatn{ mt of wheat genotypes of varying levels of FHB
resi ance with F. graminearum. Ci. », et al. (Chen et al., 2015) also reported about
ir{ _eased lipid peroxidation i wo wh < »genotypes infected with stripe rust, with more
susceptible genotype having muc wa® onounced 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, H20: 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 H202 production. In the absens” "  transition
metal ions, H2O: exhibits low reactivity with most organic malecules ind » a xeadily
diffuse across the cell membrane to distant locations beyond 1. site of £ rmaf on. An
increasing body of research indicates that H20: is essential f«@ "uic “eferi wi 'stems of
plants under biotic stress (Yergaliyev et al., 2016). Elevated Hz - conten| as observed in
all genotypes studied. However, only the FHB-resistan#@mnoty = Vul’ an showed non-
significant increase, while susceptible genotypes ¢ .owe/ « he most prominent H:O»
increase. Increased H2O: content in genotypediniect! 1 wi (i Fusarium species was
reported in the previous studies. Sorahinobat » - al. (S¢ yhit0obar et al.,, 2016) reported
elevated H2O: concentration in both, FHB-resisc at and susceptible wheat genotypes
following inoculation with F. graminearum. Furtheri: vre, Khaledi et al. (Khaledi et al.,
2016) in their study performed hi (och nical analyses of the presence of i\ ) in the
leaves of two wheat genotypes ¢ var bus. me points after inoculatitna with £ arium
isolates. The result indicateamonnec on b cween increased, cell def :h anc the for hation
of ROS. Previous resear n sugy steda wnat ROS have a du *, fur ‘tion in wu..cractions
between plants and pathic wens (Feri et al., 2014). However, the + porec € of ROS for
plant defence m« iiai.. s ¢ aends on their concentrad o Sittler ot al., 2004). A low
concen’ ntion ¢ RQ( "aci{ rates protective antl wxidani systd ns {d triggers a systemic
response, ¥ tile & roders ¢ to high concentation€ RO an bes etrimental (Chen et al.,
2015).Zmmlts' wthe current study indicate thef a low hamount of H20: in FHB-resistant
gen’ ;ype Vulkar. \ctivated defence me .inisni. hand™ \ere was no severe oxidative
dam: we, whi'  its | gh amounts in the st septibic 'gen¢ ypes imply high oxidative

a. nage o cell death.

Plaj s have developed a sophistic. »d antioxidant defence system to detoxify the
2« amulation of excessive i S and | . ‘tigate their harmful effects, which includes
enzymatic and non-enzymatic a. ‘a7 dants (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, 24 Given the
critical importance of the reduced form of GSH in maintaining the 1 dox £ 5 atial in
various reactions and cellular processes, it is important to mair._in its let el in/ eils by
reducing GSSG to GSH by the enzyme GR in the presence of N/ Jri. »sarc ling agent
(Deponte, 2013). In the current study, increased content of ¢ H was ¢ »erved in FHB-
susceptible and moderately susceptible genotypes, while#mSSG* mten# vas significantly
higher in all genotypes except Vulkan. Accordin’ to /< man (Zechmann, 2020),
fluctuations in GSH levels are expected to be frafuertly’ iotec cuaring the initial phases
of fungal infections, given that GSH neutralis€ » 'OS. A\ w2 .cant elevation of GSH and
AsA levels in the apoplast of oat and barley p. »ts correlated with resistance to the
biotrophic fungus powdery mildew (Blumeria gramin..;j (Vanacker et al., 2000). However,
in the current research, elevated /£ 5H & wels in FHB-susceptible genotypes™ hay result
from de novo GSH synthesis, impl ng/ eve . cytosol oxidation (Foye('& Nocto. 2005).
In addition, significantly ine#ased € 5SG/ oncentrations in nearly all ge ntypes in the
current study indicate hi her G ) corisumption and inadec hate | \SH recyc.uig under
FHB stress despite increa. «d GR acuvity. Such increased GSSG* v cerie.c Ons could be
explained by GS¥ ‘pai. ¥pati »in direct or the indirect 20110« of K S in wheat cells, as
well as¢ » mair hini' S off °r antioxidants, sud has As|  and x-t{ :opherol, in a reduced
state. Furti{ smo._ enzyr ¢s such as glyoxdinse I,{ "utat.  ne pe’ sxidases, and GST, also
use GS7™in '« nir detoxification reactions. 4 most' ach or these reactions, with the
exc( stion of react. as catalyzed by GST a. © glyox ‘ase L,* sults in the formation of GSSG
(De} nte, 201 ).

The activity of the AsA-GSH cyd isignificantly affects the steady-state concentration of
RO/ in cells, as well as the durad »n, localisation, and amplitude of ROS signals,
cd ectively termed the ROS s:_mature, | ich dictates the specificity of ROS signalling. In
addition to AsA and GSH, enzyi. ' 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 H20:2 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
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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 " “wvity in the
current study, caused by FHB inoculations-induced stress, was abserve/ in thf ¢' wotypes
that can be characterized as FHB-susceptible (Golubica and Tik' Taka). £ mila; results
were obtained in the study by Spanic et al. (Spanic et al., £ J17), whic = served a
nonsignificant reduction of APX activity 336 hours after| "HB inc¢ ‘ations in the
susceptible genotype compared to the control, while pasiin res: ant o/ 1otypes showed
an increase of APX activity on the same measuring ' int. J' " ddition, in the experiment
under filed conditions, APX activity decreased ga*tkiy f¢* owil 5 “HB inoculations in the
susceptible genotype (Spanic et al., 2020). Th{ * :crease’ <. APX activity in the FHB-
resistant and moderately resistant genotypes is it._ccordance with the study by Khaledi
et al. (Khaledi et al., 2016), who measured the activ. ies of the antioxidant enzymes in
leaves and spikes inoculated witl r. ¢ swminearum and F. culmorum in two' enotypes
varying in FHB resistance levels. | bss/ . Al activity in the susceptibl¢ zenotypt would
be due to insufficient Aafmrecyc 1g ¥/ other enzymes of e Al -GSH' cycle,
consequently leading t¢ high™ 02 accumulation unde. seve e stress conditions
(Shigeoka et al., 2002). Ii' the process of APX-mediated detoxii v 101 < 1202, AsA is
oxidised to MDE" ., w. e My JA is either enzymaticallx® “ori stedt ok to AsA through
the acti¢ » of th enz’ ine{ IDHAR or underge s none zyn{.dac{ isproportionation into
AsA and E TA.© 1A is/ .en reduced baclto As{ yutii. ng GS 1 as the electron donor
by thesivon ¢_the enzyme DHAR (Gallie, 201 \Panc. et al.,, 2015). In the current study,
stre , induced, by rtificial FHB inoculac ©is dec hased™ “DHAR activity in all studied
oent vpes, wi 1 the! «ception of the genoty, »Kraljic » Theé nost prominent decrease in
M OHAL T hvity was observed in the FHB-susc 7 ible genotype Golubica. Similarly, as
ML TAR, DHAR in the current © :dy also showed a trend of decreasing activity in
ing’ 1lated spikes. Howevergeenotype Kraljica and Vulkan, which can be characterised

- FHB moderately resistant ai._yresisti 1t, respectively, showed increased activity of this
enzyme following FHB inoculatic.”."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. Kuzniak and

Sktodowska (Kuzniak & Sktodowska, 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 waz wracterised
with a notable suppression of these enzymes. Such decline in MD! AR /i '\DHAR
activities in the more susceptible genotypes suggests that M. A is ¥ it eff cuvely
converted back to AsA by MDHAR and DHAR, while their i rea yin 1 resistant
genotypes imply successful AsA recycling. In addition to As_ . GSSG | aduced during
the detoxification of ROS is regenerated by the flavopra®ia ox: wreds tase GR, mainly
localized in chloroplasts (Gill & Tuteja, 2010). When' “omp . A to other enzymes of the
AsA-GSH cycle, stress induced by FHB artificialé®ocala ins i c.eased GR activity in all
studied genotypes. Observed results imply gré * & GSH' !¢ 1on and increased need for
GSH recycling. However, such increased GR & vity appeared to be insufficient to
prevent the oxidation of the GSH pool, consideri. g higher GSH consumption and
consequently elevated GSSG contgf « m', »culated spikes. Exception is genot; e Vulkan
which did not showed difference; n G “aci ‘ty compared to the cont'}, Motallc ‘et al.
(Motallebi et al., 2015) alsos"mwved e vate  enzyme activity in thet eedli. s of r¢ Jistant
wheat genotypes infectt d wit WF. culmorum. Moreover, the | uthors Coserved a
significantly earlier active_ ‘on of anc.oxidant enzymes in FHB 1.y cracc. esistant and
resistant genotyz.5, 1. owii ha decline in their activit "5 6" wi. 5 th results showing
early ir{ ‘uction f azf i0xi’ ant enzymes in pladts with esist.nc¢ ‘o different pathogens
may explal ythe' ducti . in enzyme actidity in€ "HB © 1culatd & spikes of moderately
resistaaiiand »sistant genotypes on 10 dpil m the surrent study, aligning with the

mar restationof ¢ sease symptoms.

ada fendt APXCAT is also one of the cruc 3l anzymes that have the ability to break
do' 1 H202, making them essenti’ “for ROS detoxification (Syman et al., 2024). Similarly
to t > enzymes of the AsA-GSH cyc , CAT also showed decreased activity in all FHB-
sit Ceptible genotypes, while' hoderate ;, resistant genotypes increased CAT activity. A
similar was observed in the stuc wh 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 H20», also catalyse the conjy’ atior ¢ GSH to
various hydrophobic, electrophilic, and typically cytotoxic sux srates, M’ rs, 1 7). In
addition to APX and CAT, an important role in the removal of X+ s als_ att="yuted to
the enzyme GPOD, which is activated at significantly lower & hounts '« yH202 compared
to CAT and APX (Gadjev et al., 2008). Stress caused by artificial | B ino¢ iiations induced
activities of antioxidant enzymes GST and GPOD i ‘alm ¢ all'glootypes studied. A
crucial element of GSH metabolism in plants affect {1 b tur. s the detoxification of
mycotoxins by the host plants’ GSTs (Gullner at il., 201 | In # e research by Gardiner et
al. (Gardiner et al., 2010), treatment of barley spi.. s with DON resulted in significant up-
regulation of gene transcripts encoding GSTs. The sy thesis of DON-GSH conjugates was
also noted, and the results indica’* " hat GSH-conjugation facilitated by <:STs may
mitigate the effects of trichothec nes./ n wesults obtained in the current stt. 'z were
partially in accordance with_the stu/ y by, {haledi et al. (Khaledi £t ai. 2016). I “heir
study, authors observed [ icrec hd G770 activity in the ¥ “kes ¢  the res. - wheat
genotype compared to. e susce, vible genotype. Furthermc » WS POD activity

significantly incra .

in " e cells of cotton cotyledommmmnder ning hypersensitive
response (Delaf hoy & "als 20u3). Increased GPOD al ivityd n _most genotypes could,
therefore, »epre. « . an a ernative mechanism fgr HZ «.emoy | under conditions of

excessive RC wroa.  on.

Phy dhormox s he = a crucial role in the  akage" wtwee. host-pathogen detection and
he ro nlting/ “llulas “esponses that activate ¢._‘ence pathw' /s (Mishra et al., 2024). ABA
pL s a crucial role primarily in triegering adapti. ¢ responses to various abiotic stresses,
incl ding drought, low temperatui’ sand salinity (Duvnjak et al., 2023). However, there
is4 ‘owing evidence that A A affects “otic stress signalling (Mauch-Mani & Mauch,
2J05). The highest increase o1 \BA/ ontent 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 st v Buhrow
et al. (Buhrow et al.,, 2016, 2021) demonstrated that ABA enhances gene! 2/ wession
associated with the early F. graminearum infection of wheat. Suci esults ¢ afirn' results
obtained in the current study, where two winter wheat genotys' s .. Jlayl. 7 ¢ highest
FHB susceptibility exhibited the most significant elevation in. \BA leve nafter Fusarium

inoculations.

In recent decades, SA has been the subject of extensiv, res< .rch. wrticularly for its crucial
function in plant immunity as a signallingsi olecul that triggers SAR to various
phytopathogens (Rocheleau et al., 2019). In the c._sent study, SA did not show a uniform
trend of increase or decrease in response to artificia. ‘noculations. Genotypes Tika Taka
and Vulkan decreased SA, while azf .. ‘ease in SA content in the rest of tIi 2enotypes
studied was recorded. The reasor for ¢' ci ssed SA levels on 10 dpi could be € nlained

by the fact that SA plays a crucial rf e in / 1e early stages of infection™ 'raymar <! al,,

2015). Similar findings / vere' \bser in the previou: study where iphasic
phenomenon within the hitial 245 wost-inoculation of wheat™ it raainearum was
observed. The agmmtion « wthe SA and Ca* pathwamsmmecur: ! within 6 h post-

inoculation, fol] wedd y the acavation of the JA-medi/ ed pd .nway approximately 12 h

—

post-inoculatior. 7 .ng et/ ., 2011). At the transcription: '@ vel, as gnificant upregulation
of genes inve red 1.0 Diosynthesis was reported a4 h' g hoculation, subsequently
follg’ ved by do. »-regulation in the f¢ awting” 4 h (i neye et al., 2015). Spanic et al.
(Spe_ic et al,;; 017)  uggested that the r&p. vincrea. »of Fri )2 concentration in spikes of

st wwriad er whiat genotypes during the € 'wastages ¢. FHB infection may enhance
Fh resistance, given that H2O:4 nctions as a signalling molecule for the induction of
SAI These findings might explain v » observed results on 10 dpi in the current study.
N hetheless, the relation bett sen SA ' i ROS, namely H20:, remains complex (Dat et
al., 2000). Since previous inves wat’ons 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 n effective
method to mitigate the occurrence of F. graminearum infection by activa’ ng p! 1. Hefence
mechanisms (Sorahinobar et al., 2022). However, the effect o.. JA on y aeat/ letence

mechanisms that regulate FHB is still poorly understood (Qi et .1, 20 2).

The regulation of plant immunity via downstream SA-respc. sive ger °s encompasses
several critical components that collectively optimisg’ .ne ¢ aplex < lience mechanisms
(Mishra et al., 2024). To evaluate the modulation.oi lefef ce i »onses in wheat spikes
following artificial inoculations, qPCR analysigy as con¢ cted (o quantify the expression
of defined defence-related genes 10 dpi with i \weraminearum and F. culmorum. In the
current study, the strongest upregulation of thc¢ NPRI gene was recorded in the
artificially inoculated spikes of the . wesistant genotype Vulkan and FHE nisceptible
genotype Tika Taka. These resulf are/ ar »lly in accordance with the results™ stained

by Pan et al. (Pan et al., 2018). which ¢ serv/ d an upregulation of differer ally exy <Ssed

genes associated with thef A pa »way " response to Fusdr w1 ind ulation Wi (ronger
upregulation was obser.. 1in the I\ "B-susceptible genotype. Al il iz showed that
loss-of-function masvions i the Arabidopsis thaliana NPPZAtNF: ) gene impaired the

activation of S& R arf. increased susceptibility to nf (tipld pathogens (Dong, 2004),
demonstrating v »¢ NPRI s an effective candidate for' »¢ rolliv | FHB. In the study by
Thapa et al.\ hapa ., 2018), leucine-rich receptc \like e gene (TaLRRK-6D) was
upre julated in v eat following DON e/ wogiire ¢ wring '« ninitial phase of F. graminearum
infe_ion and ilenc g of TaLRRK-6D ICv. sed wi at rec tance to F. graminearum by

win. maladihg the expression of SA signai heagenes, “one of which is also NPRI.
Hd, ever, certain studies showed that overexpression of wheat NPR1 led to increased
sus! ptibility to FHB (Rommens & K _hore, 2000).

NPR1 lacks a DNA binding & main/ ind 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 AtTGAS6, 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 rent study,
the strongest upregulation of the TGA2 gene was recorded in the artif cially i sulated
spikes of the FHB-susceptible genotypes, while in the resistan: senotyp' s, it / sas not
significantly changed. Such results are contradictory to the regf.is G mined iine study
by Zhang et al. (Zhang et al., 2003), which showed that tga2-tgi -tga6 trif »mutant is non-
responsive to SA and shows an impairment in SAR. Zaiw'er € ! (77 der et al.,, 2010)
elucidated the critical function of TGA transcription / .ctorg ' =A2, TGA5, and TGA®6) in
the initiation of SA-mediated defence against bia® opnig athc ,cis and the activation of
ethylene-jasmonic acid-mediated defence agal * = necrot ='¢ pathogens in Arabidopsis.
In addition, transcription factors belonging to i % basic domain leucine zipper motif
family exhibited significant down-regulation in sus ¢ptible wheat genotypes infected
with FHB (Erayman et al., 2015). £ .chi wults indicate that TGA factors may nlay both

negative and positive functions i, vlar’ ‘de; ‘e responses.

The induction of PR gen/ 5 is « wrini. " inechanism by Wi ch S/ affects nmune
response to pathogens a. ae transic_‘onal level (Mishra et al., Zc 1) ‘mycurrent study,
genes encoding PP#w™R3, a. ' PR5 proteins were upregulsiinyin ai. tudied genotypes in

response to arti/ cial i sculations. The results of our in] stigaf .0Onsare in accordance with
results obtainea  rrits¢ et al. (Pritsch et,al., 2090, 2¢ ¢, who' bserved transcripts of
several defe: e rec " se genes encoding peroxiG. e, it IR2, PR3, PR4, and PR5
accy’ wulated in' rheat spike tissues ¢ WEAIB-t =cept. ‘= and resistant genotypes. In
ada_ion, the| utho. \observed that the®.c’ ymulat. » of &' 4 and PR5 gene transcripts

s I. herd nd ea:lier in the resistant genc wna, compured to the susceptible one.
Hd, ever, authors concluded tha the systemic molecular response in uninfected spike
tiss' s of F. graminearum point inoct_nted wheat spikes is not directly linked to type II
r« stance mechanisms but™ ather r . cts a universal host response to infection
manifested in both infected and© ¥a' Jouring uninfected tissues (Pritsch et al., 2001). In
the study by Qi et al. (Qi et al., 2012), an increase in expression of PRI 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

cellular

genes linked to signal transduction, metabolism, transport facilitati

defence, as well as genes with unknown roles.
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Conclusions

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 = . artificial
inoculations in the field experiment led to the more prongunced { seas{ s5; aptoms
and consequently higher levels of Fusarium mycotoxins « =xperini ntal / bcation
Tovarnik. Elevated mycotoxin levels were particularly i Zreac d in'_w enotypes
susceptible to FHB.

CUL and hydroxyculmorin levels were hight " in ¥ . er wheat genotypes with
higher DON concentrations, suggestinggha. C¥ L m/ y play a certain role in
Fusarium virulence, which was mof " noticec. 'a¢’n genotypes with more

pronounced FHB infection.

Artificial Fusarium inoculati¢ [is 1. he field experiment led to the sepa. ion of 18
polar metabolites, which v riedf.m¢ s treatments at both expefimental It ations
compared to the corsmmondir  con/ ols. PCA of metabolite/>rofii. yshow d that
most of the Fusariy’ 1inocc atea wneat genotypes werd yepa ted fron:'._.c control

genotypes, indica’ »g a clec. difference between metc ¥ (ic les of FHB

r

inoculated® iiG" antrC. senotypes.

Metholit. olaced 1ear the FHB mgderate’rres.  :nt ang resistant genotypes on
the PCLbiplocare considered to haveghcerta himpaco on FHB resistance. These
metabolite belonged to the funce «dl gre wos oi arbohydrates and derivatives,

amino | tids ¢ d derivatives, and pox, »henoi: y»nd a ivatives.

Since the decrease in tht walues of both main indicators of photosynthetic
efficiency (TRo/ABS, Plas) was' ore pronounced in genotypes susceptible to FHB,
it can be concluded tii % severe i+ 1B stress adversely impacted photosynthetic
efficiency in wheat spikes <. 7'"s 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 gex® " wes. This is
also supported by the fact that resistant genotypes had low/ Hx@ * ‘creases
compared to susceptible genotypes, where genotype Vuli m show/ 1 no nanges

in H202 content, implying a more effective antioxidative® espc se.

Decreased CAT and APX activity in FHB-suscem®ble | wmotyn' s implies that a
more important role in ROS scavenging is attr’ yuted . GPOD, which maintained
its high activity levels in almost all geno*toes stf died) ' ecreased MDHAR and
DHAR activities in FHB-susceptible ail ' moderc 2l asceptible genotypes may
imply insufficient AsA recycling. The rec ction of certain enzyme activities in
FHB inoculated spikes of moderately resistant. ad resistant genotypes 10 dpi may
be due to their earlier activa’ un. i sreased GST activity in all genotype. wxcept the
most susceptible one mig * ini Jly " at GST plays an importéat role 1 nlants

affected by fungi by swaxifyil 1 Fug rium mycotoxins.

Increased GSH le' Is only i *"FHB-susceptible genotyp« » 5. mcreased GR
activity ap® 0. vificai v increased GSSG concent Ll »s in narly all genotypes
nhightin' catef nat5SSG has not been siiccessfu y ref dced, Increased GSH levels
in F1'B-st eptibl¢ genotypes may sesult £om o« 10ovo G H synthesis, implying
ameater. “SH niced and consumption, aghwell © helevacca cytosol oxidation. Apart
from the 1 \ctions of the AsA-GZ "¢ ycle,” »e inc ased GSH consumption could
also be 1 con 'quence of GSH partic »ation ,dire  or the indirect removal of
. 077 .{wheat cells, as well as in maintai. ¢ 'other antioxidants, such as AsA and
a-tocopherol, in a reducec state. Furthermore, enzymes such as glyoxalase I,
glutathione peroxidages, and ¢ T, also use GSH in their detoxification reactions.
Almost each of these rc stions, | 7ich the exception of reactions catalyzed by GST

and glyoxalase I, results in" " .ormation 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.

105



Conclusions

Since the induction of PR genes is a primary mechanism by which SA affects the

Expression of TGA2 was upregulated only in FHB-sust
expression of the NPR1 gene only in resistant genotype
that NPR3, which promotes NPR1 degradation, has a . ‘or SA, low SA
levels should reduce NPRI degradation. Th ‘ ’Is in the FHB-
resistant genotype in the current study mig eason why there was an
increase of NPR1 in the resistant genotypamve
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Summary

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 pathoga® " »oulations,
more frequent disease outbreaks, and enhanced spread of disease’ to r /v % areas.
Fusarium head blight (FHB), as one of the most destructive a { exten{ vely/ tudied
fungal diseases, affects wheat on a worldwide scale. It is partif iiai: hdan, =us due to
significant reductions in grain yield and degradation of grai quality| wring epidemic
years. Apart from the deterioration of wheat grain yield@nd qu litv, w' .eat food or feed
can often be contaminated with mycotoxins produce¢ oy F# . “um fungi. Since resistance
to FHB is a quantitatively inherited trait affected®y cnv onm i..al factors, the effective
management of FHB cannot be accomplish€ ® with o/ = ie control method. Thus,
breeding for resistance combined with other ' mtrol measures could be the most
sustainable solution. This study aimed to determine ie impact of FHB on winter wheat
genotypes that differ in the level of ‘esis; ace to FHB. The aim was achieved v rough the
determination of the impact of { e di ecas, wn the synthesis of myc¢ oxins ari_wolar
metabolites in wheat grain/#m fiel¢ >xpg iments at two experim¢ tal IC stions/ Osijek
and Tovarnik, as well ast] rough® e determination of the bioc =mi¢ 1, physioicgical, and
molecular response of wit st spikes o FHB in the controlled conc * Hnis.. o0 dlts from the
field experiment "siic ed 1ot the experimental locat i1, warr. , exhibited higher
precipit tion ar  tenf serd ures during the win{ »r whe¢ flox( “rirf stage compared to the
experimer{ !\ loc. on, QO jek. Consequent’ the< »idei < FHP _onditions, induced by
artificie’mmocc ations, resulted in more prox mncec 'disease symptoms and elevated
levé 5 of Fusariu. »metabolites at the « ¢ erime tal 16 »ion Tovarnik. Nevertheless,
elevi =d mycs oxin) vels were higher in ge. wtypes 'scep ole to FHB compared to the
n. dera. " resistant and resistant genoty; at both experimental locations.
Fur, ermore, it can be concluded t. ' culmorin (CUL) may play a certain role in Fusarium
viry ence. This was supported by tii fact that increased CUL and hydroxyculmorin
" vels were observed in w ater v aeat genotypes with higher deoxynivalenol
concentrations. Metabolomic analy, "> 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 sey® " “HB stress
adversely impacted photosynthetic efficiency in wheat spikeg,in alni’ st al’ g hotypes
studied, particularly in those susceptible to FHB, which w'  evide; " as /| "more
pronounced decrease of quantum yield of primary photochef iusti; hana wi ormance
index on absorption basis. In addition, the main photosynthe - pigmei . (chlorophyll a
and b) did not show a uniform trend of response to inee#"atior. y\Hows ver, the increase
of carotenoids caused by more pronounced stress it fHB/ ( ceptible genotypes might
imply the utilisation of alternative defence mefhat.usn’ aga ot the pathogen attack.

1

Measurement of oxidative stress indicatorsj ' vid pe. »éd ition level and hydrogen
peroxide (H20:2) content showed the highest inc hase in lipid peroxidation and H20:
content in FHB-susceptible genotypes, indicating 'more cellular damage than in
moderately resistant and resistan’’ genc woes. Stress induced by artificial 1. culations
resulted in decreased activities of, atalf e, ¢ ‘wrbate peroxidase, monc{ »hydroa: n»rbate
reductase (MDHAR), andemnhydrd scor’ ate reductase (DHARY in F. R-sus¢ ptible
genotypes. This may im| ty a n xe iniportant role of guai. wl p roxidase (&r’OD) in
reactive oxygen species *OS) sca.enging, which maintainea  » i aci ity levels in
almost all genoty’ Jes ¢ wdiec 'n addition, decreased M Uit Sanc. YHAR activities in
suscept{hle gen ypsd md imply insufficient ¢ scorbat reci  iing Increased glutathione
S-transferd (GE activi’ / in all genotypedexcep! the 1. st suse ptible one might imply
that G797y pla » an 1mportant role in detel ‘fying ‘Fusarium mycotoxins. Although
mo¢ ‘rately rgsisi at and resistant geno. © es als’ weduc d certain enzyme activities in
FHE noculat: 1 spil s, this could be explai »d by ¢« rir e, lier activation immediately
a. v L. .ations. Despite increased glutat. @ e reductase activity, significantly
inci ased oxidised glutathione cor. »ntrations in nearly all genotypes might indicate that
GS¢ 5 is not successfully revcled, v vile increased glutathione (GSH) levels in FHB-

sceptible genotypes may re alt fror | de novo GSH synthesis, implying higher GSH
consumption and elevated cytoso.idation. 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 a-
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 ir te that SA
plays a crucial role in the very early stages of FHB infection, fallowin¢ the a* ¢ stion of
jasmonic acid-mediated pathway. Except the biochemical level, \ » wheat! espo se was
monitored at the molecular level, too. Relative expression of £ .x1, 7 23, a. "1 k5 genes
was increased in all genotypes, expression of TGA2 only in ¢ sceptibl; senotypes, and
expression of NPR1 gene only in resistant genotype. Sine#wit ha: seen ¢ .own that NPR3,
which promotes NPR1 degradation, has a low affi ity f< © A, low SA levels should
reduce NPR1 degradation. Lower SA levels in g7 siscan® genc ype in the current study
might be the reason why there was an increast* - NPRI" yse'istant genotype even on 10
dpi. This research contributes to characterising a. *,better understanding of the defence
mechanisms of winter wheat genotypes resistant to TB. It also contributes to gaining
deeper insight into mycotoxinsd ana, »olar metabolites, as well as dc¢ iction of
physiological, biochemical, and | olef.lat. wocesses of wheat relate{\to resist ce or
susceptibility to FHB. Bettes#mderst! 1dine of metabolic, biochemighl, anc »nhysi¢ ogical
mechanisms in response| o FHE ‘ress will contribute to the 'mp1 vement . vreeding

programmes for FHB res: ance in ti'¢ early stages of selection.

145






Sazetak

PSenica danas predstavlja jedan od najSire uzgajanih usjeva u svijetu i jednu od
posljednjih godina povecavaju rizik od biotickog stresa Sirenjem vg nopulacija
patogena, ¢eS¢im razvojem i pojacanim Sirenjem bolesti na nava po/ ‘ucjal 1 sarijska
paleZz klasa (FHB), kao jedna od najdestruktivnijih i najopseznijc_sroucav/ iih g’ iviénih
bolesti pSenice, pogada pSenicu u ¢itavom svijetu. Bolest je osohf .o 0 hnaz _nacajnih
smanjenja uroda zrna, te degradacije kvalitete zrna tijekom ¢ idemijsi »godina. Osim
pogorsanja uroda i kvalitete zrna pSenice, ljudska ili st&#a ps' »icna/l rana cesto moze
biti kontaminirana mikotoksinima koje proizvode / rste £ 2 a Fusarium. Bududi da je
otpornost na FHB kvantitativno nasljedno svg® ¢ na' <oje 1yecu ¢imbenici okolisa,
ucinkovito suzbijanje ove bolesti ne moze s€' sti¢i sa e’ .dnom metodom kontrole.
Stoga bi oplemenjivanje na otpornost u kombina ‘i s drugim mjerama kontrole moglo
predstavljati najodrzivije rjeSenje. Cili ovog istrazivi hija bio je utvrditi utjecaj FHB na
genotipove ozime pSenice koji se raf i1kui; o stupnju otpornosti na FHB. Cilj . »ostignut
utvrdivanjem utjecaja bolestina s tez: mik wksinaipolarnih metabo’ sa u zrnu' “enice
iz poljskih pokusa na dvije/#ncije, € sijeks Tovarnik, kao i odredii injen: vioken' jskog,
tizioloskog i molekularnc ; odgC: wra Kiasova pSenice na FHi w ko troliranii. uvjetima.
Rezultati poljskih pokusa’ nkazali si’'da je lokacija Tovarnik ime v "ecc.o ine oborina
i viSe temperatyd &t Hzi ¢ »tnje ozime pSenice u gf.iws. na i aciju Osijek. Kao
posljedi a toga uvid . ey lemije FHB izazva{’ umjel im. .0k¢ acijama, rezultirali su
izrazenijin{ simp. mima/ solesti i poviSenin razi ama sariys metabolita na lokaciji
Tovapzmlpa \razme mikotoksina bile su ¥ *e ko \2zenoupova osjetljivih na FHB u
usp/ redbi s umjes 20 otpornim i otporni. © zenot. nvim. »a obje lokacije. Nadalje, moze
se z. sljuditi ¢ « kull orin (CUL) moZe ima hodred wu ul gu u virulenciji Fusariuma.
C akvitigjucei potkrijepljeni su dinjenice. T da su povecane razine CUL i
hid| ksikulmorina uocene u ger ‘tipovima ozime pSenice s viSim koncentracijama
de¢ sinivalenola. Analizag polarnii ymetabolita u zrnu pSenice rezultirala je
* entifikacijom 18 metabolita i Vi su v rirali medu tretmanima na obje lokacije. Nakon

analize glavnih komponenti (PC.",, metaboliti uoceni 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 moze se zakljuciti da takvi metaboliti
utjecu na otpornost na FHB. Buducdi da fotosinteza predstavlja osnovu za prijenos signala

u imunoloskoj 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
ucinkovitost u klasovima pSenice u gotovo svim proucavanim genotipovima, posebno u
onima osjetljivim na FHB, sto je vidljivo kao izraZenije smanjenje maksims" " s kvantnog
prinosa primarne fotokemije i indeksa ucinkovitosti na bazi apsor/ ‘ije. /i hglavni
fotosintetski pigmenti (klorofil a i b) nisu pokazali ujednac s, trend/ dgo; ora na
inokulacije, povecanje karotenoida uzrokovano izraZenijim & (resc » ko notipova
osjetljivih na FHB moZe upucivati na koristenje alternativnili bbrambe. 1 mehanizama
protiv napada patogena. Mjerenje pokazatelja oksid®¥wnog ‘stress razine lipidne
peroksidacije i sadrZaja vodikovog peroksida (H202" pokz .. » je najvedi porast lipidne
peroksidacije i sadrzaja H20: kod genotipova afetyivi’ na ] 15, Sto ukazuje na veca

1

ostecenja stanica nego kod umjereno otpori ® i otpC »ihd genotipova. Stres izazvan
umjetnim inokulacijama rezultirao je smanjc _am aktivnoS¢u katalaze, askorbat
peroksidaze, monodehidroaskorbat reduktaze (MDi AR) i dehidroaskorbat reduktaze
(DHAR) u genotipovima osjetljivizt 'na’; \IB. Takvi rezultati mogu upucivati’ » vazniju
ulogu enzima gvajakol peroksid| e (£ PO wut uklanjanju reaktivnih{risikovihi dinki
(ROS-a) koji je zadrzaogamoke | zing aktivnosti u gotovogd svim' »roucs sanim
genotipovima. Osim td ja, sn. niene aktivnosti MDHAI ,i 1 HAR u Jsjetljivim
genotipovima mogu znac. ynedovoi o recikliranje askorbata (A7 Y ¢V Ma aktivnost
glutation S-trang® iazc ST, wod svih genotipova osimd ou's vosje. ivijeg moZe znaciti
da GST{yrava: uu’ guf( detoksikaciji mikot{ssina. ] ko s un{ °reno otpornii otporni
genotipovi skod. smapi 1odredene aktiviwstief vima’ noku! anim klasovima, takva
smanias iy me w1 se objasniti ranijom, aktivd diom™ wzima antioksidativnog sustava,
nep’ sredno pakc hinokulacije. Unatoc | * ecanc aktivi »sti glutation reduktaze (GR),
znac no po) -Cane koncentracije oksidirc wg gic ation  (GSSG) u gotovo svim
g« otipe.ia mogu ukazivati na c¢injenicu 7 GSH nije uspjeSno recikliran, dok
pov ‘ane razine reduciranog glut. ana (GSH) u genotipovima osjetljivim na FHB mogu
biti ‘ezultat de novo sintezeh, GSH te ‘kazivati na vecu potrosnju GSH i posljedi¢no
“Jvecanu oksidaciju citosola: Nadali' “povecana potrosnja GSH takoder moze biti
posljedica sudjelovanja GSH u iz:c"iiom ili neizravnom uklanjanju ROS-a u stanicama
pSenice, kao i u odrZavanju drugih antioksidansa, poput AsA i a-tokoferola, u
reduciranom stanju. Nadalje, enzimi kao Sto su glioksalaza I, glutation peroksidaze i GST,
takoder 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.

Povecane razine apscizinske kiseline (ABA) u genotipovima osjetljivim na FHB mogle bi
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znaciti da nakupljanje ABA vjerojatno smanjuje toleranciju na FHB, dok su razli¢ite razine
salicilne kiseline (SA) u proucavanim genotipovima vjerojatno posljedica kljucne uloge
SA u vrlo ranim fazama infekcije FHB, nakon cega je uslijedila 47 hacija puta
posredovanog jasmonskom kiselinom. Osim na biokemijskoisrazini,/ »dgos 5. »3enice
pracen je i na molekularnoj razini. Relativna ekspresija gena 21, FR3 . PR{ vila je
povecana kod svih genotipova, ekspresija TGA2 samo kodd ssjec. wih | wiiiipova, a
ekspresija gena NPR1 samo kod otpornog genotipa. Buduci di e pokaz, » da NPR3 koji
potice razgradnju NPR1 ima nizak afinitet za SA, niska#zine” A sm< ijuju razgradnju
NPR1. Nize razine SA u otpornom genotipu u treny’ nomy/ > »Zivanju mogu biti razlog
zasto je doslo do povecanja NPRI u otpornga gen'.dpu, .«x i deseti dan nakon
inokulacija. Ovo istrazivanje pridonosi < akteriz. W<t boljem razumijevanju
obrambenih mehanizama genotipova ozime pseni »otpornih na FHB. Takoder doprinosi
stjecanju dubljeg uvida u mikotoksine i polarne me ibolite, kao i detekciji. fizioloskih,
biokemijskih i molekularnih procg® . pse vice povezanih s otpornoscu ili osjer 'wos¢u na
FHB. Bolje razumijevanje metal »lickd ., « “cemijskih i fizioloskih ¢hehaniza: » kao
odgovor na stres uzrokovaz B do_ rinii¢ ¢e poboljSanju prograr’a opic aenjiv. nja na

otpornost na FHB u ranirt fazan: selexcye.
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Supplemetary material

Supplementary table 1. Spearman correlation matrix of 18 wheat metabolites i 1 resistance to Fusarium.

Marked correlations are significant at p <0.05 (N=48).

Piperidine-2- 3 2- 2 57 Lactic  Pyrrole-2- 4- 5
Guanosine  carboxylic  hydroxydodecanoic hydroxyhippuric Secologanin N " N Histidine acid  carboxyli hydroxybenzoic Resistance Sophorose h Cellobiitol  Turanose
” ¢ ’ y yflavone ! " ! wdroxytryptophan
acid acid acid dimer  cacid acid
Guanosine 1
Piperidine-2-carboxylic [ 20000 |
acid
}hyd'“"i’gzd““"" 0396085  0.3356687 i
2-hydroxyhippuric acid | 0.2738975 0.3726912 0.1668704 1
Secologanin 0.01192093  0.2114998 002762011 0.3590677 1
2-deoxyguanosine | 0.05373191  0.2610325 0.2880574 01376538 0.1996795 1
5,7-dihydroxyflavone | 0145499 02695766 0.1298751 01510146 01120221 01743712
Histidine 0391953 04179789 0255545 01881008 02828012 -0.2107621
Shydroxyflavone | -0.4402726 04418074 02857259 02474742 0.2599805 1
oy
dihydroxyphenyl)} | -04557103 03351278 0335442 01467561 -0.1620638 0.927212 %42 1
propanoic acid
a-tocopherol acetate | -0.3495683  -0.3756042 -0.2968856 01196632 01930630 [ 536 090651647 0.9154563 <
Lactic acid dimer | -0.3007982 01738812 -0.4098352 01239068 008348265 006386445 -0.08457416
PYTWIF:;SI"’DXWC 03925391 01045514 -0.1568958 001963713 002739317 -0.08699902 0.04911623
4hydroxybenzoic acid | -0.1138357 0156368 0.02096687 0.08296208  -0.2040079  -0.2150947 . 1
Resistance 02935481 03048723 0349392 03048556 03610762 0.3170849 0.1812067 1
Sophorose 05227081 316354 -0.2040617 0.0124647 02642037 02710341 02425049 02766107 1
5-hydroxytryptophan |-0.534354 ***  0.2723397 902 01086248 03113277 an 02344124 03310449 05038604 1
Cellobiitol 05550028 353417 1750749 02306268 0053888 02740416 03181873 OTOISI2 g graaagy e 1
Turanose 0398755 03124563 0165066 o.zu‘ 0.203 01892813 02218451 072 ggegoyeer  07OOASI
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