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1. Introduction

Plants are exposed to various environmental stresses,
especially biotic stresses such as pathogenic Fusarium species that can
affect crop productivity and cause yield reduction and economic
losses. These Fusarium species can infect several crops and produce
noxious mycotoxins upon infection. Fusarium mycotoxins such as
fusaric acid (FA) and fumonisin B1 (FB1) are secondary mycotoxins
and have phytotoxic effects on maize, wheat, tobacco, tomato, corn,
corn-based products, and animal feeds. Both FA and FB1 are
cytotoxic, hepatotoxic, neurotoxic, and genotoxic in nature.
Therefore, due to their adverse impacts on animals and plants, serious
global attention is required to tackle with this problem and reduce their
toxic effects on living organisms. FA and FB1 can induce elevated
electrolytic leakage, modified membrane permeability, inhibited
respiratory activity, reduced ATP levels, altered membrane potential,
reduced stomatal conductance, disrupted mitochondrial activity,
increased chloroplastic dysfunction, wilted cotyledons, increased lipid
peroxidation, as well as induced chromatin condensation and
programmed cell death (PCD) eventually. Mycotoxins can perturb
photosynthesis due to the inhibition of electron transport chain and
reduce stomatal conductance in plants.

Furthermore, the exposure of such noxious mycotoxins results
in oxidative stress in the form of extensive production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS).
Mycotoxin-induced oxidative burst can induce PCD and reduce cell
viability in plants. However, plants have evolved potent defensive
mechanisms to detoxify the excessive ROS or RNS accumulation
under mycotoxin exposure in the form of enzymatic and non-
enzymatic antioxidants to maintain cellular homeostasis. Among
phytohormones, ethylene (ET) has vital importance due to its
involvement in germination, senescence, fruit ripening and stress
responses under biotic stresses such as Fusarium infection. ET can
bind with ET-receptors to regulate ET-mediated defence responses in
plants under mycotoxins stress. Therefore, the ET-dependent effects
of mycotoxins (FA and FB1) can be studied in detail by utilizing ET



signalling mutants to investigate its potential role in the regulation of
ROS metabolism, photosynthesis, genetic and proteomic
modifications. However, ET is still required to fill certain research
gaps to understand its role in defence responses of plants against
mycotoxins. In parallel, the regulation of PCD induction by ET under
exposure of both mycotoxins FA and FB1 needs further explanation
to explore the mechanisms in ROS production, ROS detoxification,
and other associated changes in the function of photosynthetic
apparatus at the subcellular level.

Therefore, this research work was conducted to investigate the
phytotoxic effects of both Fusarium mycotoxins FA and FB1 on wild-
type (WT) tomato (Solanum lycopersicum L. cv. Ailsa Craig) and ET-
receptor mutant Never ripe (Nr) plants in a time- and concentration-
dependent manner. Furthermore, the effects of mycotoxins on the
photosynthetic activity and its associated photosynthetic pigments,
proteins, oxidative stress, and ROS metabolism were also explored.
Most importantly, the vital role of ET was also determined to analyse
its involvement in the induction or regulation of mycotoxins-induced
PCD in plants.

2. Aims

We aimed to examine the effects of FA- and FB1-provoked oxidative
burst and the roles of key enzymatic and non-enzymatic antioxidants
were studied in wild-type (WT) and ET-receptor mutant Never ripe
(Nr) tomato plants while treating plants with sublethal (0.1 mM FA
and 1 uM FB1) and cell death-mediating (1 mM FA and 10 uM FB1)
concentrations of mycotoxins, for 24 and 72 h in the case of FA and
72 h for FB1. Therefore, our research objectives were:

1.  To investigate the effects of FB1 and FA on the photosynthetic
activity in WT and Nr mutant tomato plants.

2. To analyse and quantify the ROS production under FB1 and FA
exposure in both tomato genotypes.



3. To reveal the role of ET in the induction and regulation of
oxidative stress-induced PCD under mycotoxin exposure.

4. Toexplore the role of enzymatic and non-enzymatic antioxidants
under FB1 and FA stress in WT and Nr plants.

5. Tofind out the expression of genes encoding the key antioxidant
enzymes after FB1 and FA treatments in WT and Nr tomato plants.
6.  To identify specific defence and photosynthetic proteins in both
tomato genotypes subjected to FA and FB1 exposure.

3. Materials & Methods

Tomato (Solanum lycopersicum L. cv. Ailsa Craig) seeds of wild-type
(WT) and ET-receptor mutant Never ripe (Nr) plants were germinated
under dark condition and thereafter, plants were grown in hydroponic
culture in a greenhouse under controlled conditions such as 12 h light
and dark periods, temperature of 24°C during the day and 22°C at
night, radiation flux of 200 umol photon m= s, and the level of
relative humidity was maintained between 55-60% for 4 weeks.
Nutrient solution of pH 5.8 was provided every second day. All
experiments were performed with 6-7 weeks aged intact plants at 5
developed leaves stage. Plants were treated with FA and FB1 of
sublethal (0.1 mM FA and 1 uM FBI1) and cell death-mediating (1
mM FA and 10 uM FB1) concentrations of mycotoxins, for 24 and 72
h in the case of FA and 72 h for FB1. ET production was determined
using Hewlett-Packard 5890 Series Il gas chromatograph (Palo Alto,
CA, USA). Chlorophyll fluorescence as well as P700 (PSI) redox
status were determined using a Dual-PAM-100 instrument (Heinz-
Walz, Effeltrich, Germany). Stomatal conductance and net
photosynthetic rate were measured using photosynthesis measuring
system (LI-6400, LI-COR, Inc., Lincoln, NE). The photosynthetic
pigments, lipid peroxidation, hydrogen peroxide (H.0;) and
superoxide (O27) production, enzymatic antioxidants such as
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), glutathione S-transferase (GST), guaiacol-dependent



peroxidase (POD), and non-enzymatic antioxidants such as
glutathione (GSH) and ascorbate (ASA) were measured according to
standard protocols using spectrophotometer (Kontron , Milano, Italy).
Further, NADPH oxidase, nitric oxide (NO) production, and
electrolytic leakage (EL) were also recorded using specific protocols.
The expression patterns of key antioxidant genes were assessed using
gRT-PCR (QTOWER Real-Time gPCR System, Analytic Jena, Jena,
Germany). Moreover, the effect of mycotoxins on defence and
photosynthetic proteins were also observed using western blotting
technique following standard protocol. Sigma Plot 11.0 software
(SPSS Science Software, Erkrath, Germany) was used to perform
statistical analysis. In addition, analysis of variance (ANOVA) was
executed to find out the differences in all treatments by Tukey’s test,
and the significant difference was recorded if p<0.05.

4. Summary

Mycotoxins such as fusaric acid (FA) and fumonisin B1 (FB1) are
secondary metabolites of several Fusarium species which cause the
reduction of crop productivity and yield worldwide. In addition to
plants, these mycotoxins also prevail in animal feeds and human foods
leading to severe health risks. Further, these mycotoxins are
commonly found in Arabidopsis, tomato, tobacco, and other cereal
crops such as wheat, maize, etc. resulting in economic losses.
Furthermore, plants exposed to these mycotoxins and Fusarium
infections exhibit disease symptoms such as development of lesions
and necrotic spots, increased plasma membrane permeability, lipid
peroxidation, electrolytic leakage, chlorosis, and eventually plant
programmed cell death (PCD). Moreover, these noxious mycotoxins
can also influence photosynthetic activity and stomatal conductance
in plants. Exposure to such mycotoxins can induce
oxidative/nitrosative stress by the accumulation of reactive oxygen-
(ROS) and nitrogen species (RNS) which can affect the antioxidant
defence system in plants. Various phytohormones such as ethylene
(ET) regulate defence responses via modulating ROS/RNS
metabolism by activating the plant antioxidant and detoxification



responses. Although numerous studies have examined the plant-
fungal pathogen interactions and the consequent induction
oxidative/nitrosative stress and defence responses, but the
fundamental role of ET either in PCD induction or defence regulation
remains less-studied. Therefore, the aim of this research was to
explore the effects of FA and FB1 on wild-type (WT) and ET receptor
mutant Never ripe (Nr) tomato plants after treatments with sublethal
(0.1 mM FA and 1 pM FB1) and cell death-mediating (1 mM FA and
10 uM FB1) concentrations for 24 and 72 h in the case of FA but only
for 72h for FB1, because in this case no significant changes were
observed after 24 h. In addition to this, the expression of the key
antioxidant enzyme-encoding genes, activity and accumulation of
specific proteins, cell viability, and lipid peroxidation were also
determined in both tomato genotypes.
The following main findings were obtained during this research work:
1. Both mycotoxins (FA and FB1) induced stress in WT as well as
in Nr plants after 72 h in 1 mM FA and 10 uM FBI
concentrations, respectively. PCD induction was observed in
WT and Nr tomato leaves based on the changes in cell viability,
lipid peroxidation, oxidative stress, and ROS metabolism.
2. FA and FB1 mycotoxins induced significant ET emission in
tomato plants but no significant difference was found between
WT and Nr tomato genotypes. ET production was dependent on
mycotoxins’ dose and exposure time.

3. FA severely affected the photosynthetic activity, contents of
photosynthetic ~ pigments,  stomatal  conductance, net
photosynthetic rate, electrolytic leakage, and expression of the
key antioxidants in both tomato genotypes irrespective of ET
signalling, however, FA induced oxidative stress also in ET-
dependent (H.0O-) and ET-independent (O>) manner.

4. FA in an ET-dependent manner regulated the activation of
enzymatic and non-enzymatic antioxidants to decrease ROS
accumulation under FA exposure.



5. FB1 exposure reduced photosynthetic activity in both tomato
genotypes by decreasing photosynthetic parameters, stomatal
conductance, and net photosynthetic rate while enhanced
oxidative stress (H20, accumulation) in Nr plants and decreased
NO production in WT plants.

6. FB1-treated Nr plants also showed higher SOD and GST activities.
FB1 treatment also resulted in ET-dependent EL increase in WT
plants.

7. Our findings conclusively demonstrate that FA mycotoxin in an
ET-dependent manner regulated the induction of defence
responses of plants by the activation of antioxidants while FB1
treatments resulted in ET-dependent induction of PCD by
increasing EL and oxidative stress (H.02 accumulation).

5. Osszegzés

A mikotoxinok, mint példaul a fuzarsav (FA) és a fumonizin Bl
(FB1), melyek szamos Fusarium faj masodlagos metabolitjai,
vilagszerte csokkentik a gazdasagilag fontos novények produktivitasat
és a terméshozamat. Ezenkivill ezek a mikotoxinok altalaban
megtalalhatok az Arabidopsisban, a paradicsomban, a dohanyban és
mas gabonandvényekben, mint példaul a bliizéban és a kukoricaban,
ami gazdasagi veszteségeket okoz. A mikotoxinok és a Fusarium
fertézésekneka novények esetében okozott karok mellett, részben
ezeknek koszonhetben, felhalmozodhatnak az allati takarmanyokban
€s az emberi élelmiszerekben is, ami tovabbi sllyos egészségiigyi
kockazatokat jelent. A mikotoxinoknak kitett ndvények specialis
betegségtiineteket mutathatnak, mint példaul foltszeri elvaltozasok a
leveleken (pl. nekrotikus foltok kialakulasanak formajaban), amely
mogott a  megndvekedett plazmamembran-permeabilitds, a
lipidperoxidacio, az ionkieresztés, a klorozis és végiil a novényi
programozott sejthalal (PCD) allhat. Ezenkiviil a mikotoxinok a
novények fotoszintetikus aktivitasat és a sztobmak nyitottsagat is
befolydsolhatjdk. Az ilyen mikotoxinoknak wvalé kitettség
oxidativ/nitrozativ stresszt valthat ki a reaktiv oxigén- (ROS) és
nitrogénfajtdk (RNS) felhalmozdédéasa révén, amelyek hatassal
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lehetnek a novények antioxidans védekezd rendszerére is. Kiilonféle

fitohormonok, példaul az etilén (ET) szabalyozzdk ezeket a

védekezési valaszokat a ROS/RNS metabolizmus modulalasaval,

aktivalva a novényi antioxidans és méregtelenit6 valaszlépéseket. Bar
szamos tanulmany vizsgalta a ndvény-gomba korokozok
kolcsonhatasait €s az ebbdl adodd oxidativ/nitrozativ stressz- és
védekezési reakciokat, az ET alapvetd szerepe mind a PCD-
indukcioban, mind pedig a védekezés szabalyozasaban tovabbra is
kevésbé ismert. Ezért kutatasunk célja az volt, hogy feltarja az FA és

FBI toxinok vad tipusti (WT) és ET receptor mutans, Never ripe (Nr)

paradicsomnévényekre gyakorolt hatasat szubletalis (0,1 mM FA és 1

puM FB1) és sejthalalt indukilé (1 mM FA és 10 pM FBI1)

koncentraciok esetében. Az FA esetében mar 24 6ra utan szignifikans
elvaltozasok voltak megfigyehetéek, de a teljes hatds megjelenéséig

72 orara volt sziikkség, az FB1 esetében azonban csak 72 dra utan

vizsgaltuk meg alaposabban a névényeket, mivel ebben az esetben 24

ora elteltével nem volt szignifikans valtozas a toxin kezelés hatasara a

vizsgalt élettani és molekularis folyamatokban. A fenotipikus

vizsgalatok mellett mindkét paradicsom genotipusban meghataroztuk

a fotoszintetikus aktivitast leir6 paraméterek valtozasat, a

kulcsfontossagt antioxidans enzimeket kodolo gének expressziojat és

aktivitasat, bizonyos (védekezéshez ¢és fotoszintézishez kothetd)
fehérjék aktivitasat és felhalmozodasat, a sejtek életképességét,
valamint a lipidperoxidacié mértékét is.

A kutatas soran a kovetkez6 fobb megallapitasok voltak levonhatdak:

1. Mindkét mikotoxin (FA és FB1) stresszt indukalt a vad tipusu,
valamint az Nr névényekben 72 ora elteltével, 1 mM FA és 10
uM FB1 koncentracioban. A WT €s Nr paradicsom ndvények
leveleiben PCD indukalddott a sejtek életképességében, a lipid
peroxidacioban, az oxidativ stresszben, valamint a ROS
metabolizmusban bekdvetkezett valtozasok alapjan.

2. Az FA ¢és FBI1 is szignifikdns ET emissziot indukalt a
paradicsomndvényekben, de szignifikans kiillonbség nem volt
kimutathaté a kiilonbdz6 genotipusok ¢és a kiilonbozo
mikotoxinokkal végzett kezelések kozott sem. Az ET termelés



alapvetéen a mikotoxinok dozisatol és expozicios idejétol
fiiggott.

3. Ezen eredmények alapjan arra a kovetkeztetésre jutottunk, hogy az
FA jelentésen befolyasolta a fotoszintetikus aktivitast, a
fotoszintetikus pigmentek mennyiségét, a sztomakonduktanciat,
a nettd fotoszintetikus ratat, az ionkieresztést és a legfontosabb
antioxidansok expresszidjat mindkét paradicsom genotipusban,
fiiggetleniil az ET-jelatviteltdl, azonban az FA az oxidativ stressz
kialakulasat ET-fiigg6 (H202) ¢és ET-fiiggetlen (0O27)
utvonalakon keresztiil egyarant indukalta.

4. Az FA ET-fiigg6 mddon szabalyozta az enzimatikus és nem-
enzimatikus antioxidansok aktivalasat, hogy csokkentse a ROS
felhalmozodasat FA-expozicio alatt.

5. Az FB1 expozicié mindkét paradicsom genotipusban csokkentette
a fotoszintetikus aktivitast (erre a fotoszintetikus aktivitast leir6
paraméterek  csokkenéséb6l,  valamint a  csdkkend
sztobmakonduktanciabol és nettd fotoszintetikus sebességbdl
lehetett kovetkeztetni), mikozben fokozta az oxidativ stresszt
(H20, felhalmozodast) az Nr novényekben és csokkentette az
NO-termelést a WT novényekben.

6. Az FB1-kezelt Nr novények magasabb SOD és GST aktivitast
mutattak. Az FB1 kezelés ET-fiiggdé EL ndvekedést is
eredményezett a WT ndvényekben.

7. Eredményeink meggy6zdéen bizonyitjak, hogy az FA mikotoxin
ET-fliggé modon szabalyozta a novények védekezd reakcidinak
indukalasat az antioxidans védekezési valaszok aktivalasa révén,
mig az FB1 kezelések ET-fiiggd PCD indukciét eredményeztek
az EL és az oxidativ stressz (H20;, akkumulacio) novelésével.
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