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Abstract 

As sessile organisms, plants cannot avoid being exposed to various biotic and 

abiotic stress factors. To defend themselves plants have developed complex and 

sophisticated defense mechanisms. In agriculture, pesticides are used for plant 

protection, but they can have undesirable side effects, and therefore attention is 

being paid to biological control agents.  

One such agent is Pythium oligandrum, a soil oomycete that has a positive 

effect on plants at several levels. On the one hand, it secretes elicitins, which 

stimulate defensive responses and prepare the plant for possible infection 

(i.e., priming effect), and on the other hand, it produces tryptamine, a precursor of 

auxin, thus supporting the plant's growth. Furthermore, P. oligandrum directly 

acts as pathogen mycoparasite or evokes antibiosis, or competition for nutrients 

and space with other microorganisms.  

The key research topic of this thesis was the analysis of the biochemical 

properties of eleven Pythium strains and their impact on plant metabolism. 

Our results showed that even closely related P. oligandrum strains significantly 

differ in the content of compounds secreted into the medium, including proteins, 

amino acids, tryptamine, and hydrolytic enzymes capable of degrading cell walls 

(endo-β-1,3-glucanase, chitinase, and cellulase), exoglycosidases, proteases, and 

phosphatases. Rapeseed plants, seed-coated with Pythium strains, showed major 

differences in the phytohormone levels, i.e., increased concentrations of auxin and 

jasmonates (and salicylic acid in some strains), indicating plant growth promotion 

as well as readiness for effective defense response. The Pythium strains treated 

plants showed increased activities of isoforms of superoxide dismutase and 

peroxidase, involved in the plant antioxidant system, as well as shikimate 

dehydrogenase, one of the key enzymes in the secondary metabolite synthesis. The 

different behavior or “life strategy” of the Pythium strains may be crucial for 

selecting advantageous biological control agents. 

Plant viruses are responsible for considerable economic losses. Various 

factors affect the virus propagation and plant defense responses. We followed the 

effect of two-hour long heat shock of 42°C on the course of potyviral (PVYNTN) 

infection in Nicotiana tabacum. Heat shock protein (Hsp) expression plays an 

ambiguous role in viral infection. Hsp70 participates in plant defense response but 

also can interact with viral proteins and facilitate virus propagation. We detected 

that Hsp70 accelerated potyviral propagation in tobacco plants. The cytosolic and 

mitochondrial Hsp70 (~50-75 kDa) were present during the developed viral 

infection. Also, the plant defense response to PVYNTN included an increase of 

salicylic and chlorogenic acids but decrease of quinic acid content. We also 

summarized the current scientific research about the mutual behavior of Hsp70 

and viral infection in a review.  

The plant protection still relies on the use of pesticides which represent a 

potential threat to the non-target organisms. The mechanism of triazole action lies 

in blocking the fungal sterol 14-α-demethylase (cytochrome P450 51A1), resulting 

in the depletion of ergosterol, and thus destabilization of the fungal plasma 

membrane. We observed that the foliar treatment by triazoles (fungicides) and 

their mixtures likely induces oxidative stress in tomato plants, resulting in 

alteration of some phenolic compound contents such as quercetin, p-coumaric acid, 



 

 

and hesperidin in fruit. We studied the interactions of triazoles mixtures in the 

presence of copper and zinc cations that significantly change the compound 

reactivity. The triazole cocktails also showed a significant inhibition impact on the 

enzymes of the non-target organisms, such as cytochromes P450 19A1 (aromatase) 

and 3A4 that can cause significant health problems for humans and animals.  

Herbicides like glyphosate target the shikimate pathway, which represents 

a metabolic route for the biosynthesis of aromatic amino acids and a connection to 

the production of various phenolics. We studied the mechanism of bisubstrate 

reaction and side reactions of the shikimate dehydrogenase from the root of 

Petroselinum crispum. We observed a feed-back regulation for one branch 

of phenylpropanoids on the shikimate dehydrogenase activity and that 

the compounds with higher number of hydroxyl groups showed higher inhibition 

impact.  

Phenolics are undoubtedly the largest group of natural substances with 

antioxidant properties. We analyzed commonly available herbs in the form of teas 

and tinctures, with Agrimonia eupatoria showing the highest total phenolics 

content, also Origanum vulgare and Mentha × piperita possessing high antioxidant 

capacity in aqueous extracts.  

 

Keywords: Pythium oligandrum, biological control agents, antioxidant system, 

phenolic compounds, viral infection, heat shock proteins, triazoles, fungicides. 

  



 

 

Abstrakt (In Czech) 

Rostliny, jako sesilní organismy, se nemohou vyhnout působení abiotických 

a biotických stresových faktorů. Z těchto důvodů se v rostlinách vyvinuly 

komplexní a sofistikované mechanismy obrany. V zemědělství se k ochraně rostlin 

používají pesticidy, které ale mohou mít nežádoucí vedlejší účinky, a proto se 

pozornost obrací na přípravky biologické ochrany rostlin.  

Jedním z takových prostředků je Pythium oligandrum, půdní oomyceta, 

která pozitivně působí na rostliny v několika úrovních. Jednak vylučuje elicitiny, 

které stimulují obranné odpovědi a připravují rostlinu na případnou infekci 

(tzv. priming efekt), jednak sekretuje tryptamin, prekurzor auxinu, čímž podporuje 

růst rostliny. Kromě toho je P. oligandrum schopné mykoparazitismu vůči různým 

patogenům nebo antibiózy, přičemž také úspěšně soutěží s ostatními 

mikrooganismy o živiny a prostor. Klíčovým výzkumným tématem této práce byla 

analýza biochemických vlastností jedenácti izolátů P. oligandrum a jejich vliv na 

metabolismus rostlin. Naše výsledky ukázaly, že i blízce příbuzné izoláty 

P. oligandrum se významně liší v obsahu sloučenin sekretovaných do média, 

včetně proteinů, aminokyselin, tryptaminu a hydrolytických enzymů schopných 

degradovat buněčné stěny (endo-β-1,3-glukanasa, chitinasa a celulasa), 

exoglykosidasy, proteasy a fosfatasy. Rostliny řepky, jejichž semena byla mořena 

izoláty rodu Pythium, vykazovaly velké rozdíly v hladinách fytohormonů, 

tj. zvýšené koncentrace auxinu a jasmonátů (v některých případech i kyseliny 

salicylové), což pravděpodobně přispívá k podpoře růstu rostlin a jejich 

připravenosti na efektivní obrannou odpověď. Rostliny ošetřené P. oligandrum 

vykazovaly zvýšenou aktivitu izoforem superoxiddismutasy a peroxidasy, které se 

podílejí na antioxidačním systému rostlin, a šikimátdehydrogenasy, jednoho 

z klíčových enzymů syntézy sekundárních metabolitů. Rozdílné chování neboli 

„životní strategie“ jednotlivých izolátů blízkých P. oligandrum je rozhodující pro 

výběr účinných prostředků biologické ochrany rostlin. 

Rostlinné viry jsou odpovědné za významné ekonomické ztráty. Mnoho 

různých faktorů ovlivňuje šíření virů a obranné reakce rostlin. Sledovali jsme 

průběh infekce Y virem bramboru (PVYNTN) v rostlinách Nicotiana tabacum, 

v souvislosti s dvouhodinovým teplotním šokem (42°C). Exprese proteinů 

teplotního šoku (Hsp) hraje dvojznačnou roli během virové infekce. Hsp70 se podílí 

na obranné reakci rostlin, ale také může interagovat s virovými proteiny a 

usnadňovat množení viru. Zjistili jsme, že některé izoformy Hsp70 urychlily šíření 

PVYNTN v rostlinách tabáku. Cytosolové a mitochondriální formy Hsp70 

(~50-75 kDa) byly přítomny během rozvinuté virové infekce. Obranná reakce 

rostlin vůči PVYNTN zahrnovala zvýšení množství kyseliny salicylové a kyseliny 

chlorogenové, ale zároveň snížení obsahu kyseliny chinové. Problematiku 

vzájemného chování Hsp70 a virové infekce jsme shrnuli v přehledném článku.  

Ochrana rostlin stále závisí na používání pesticidů, často ve směsích, které 

představují potenciální hrozbu pro necílové organismy. Podstatou účinku triazolů 

je, že blokují enzym sterol 14-α-demethylasu (cytochrom P450 51A1), což vede 

k nedostatku ergosterolu, a tedy k destabilizaci plazmatické membrány hub. 

Zjistili jsme, že ošetření listů triazoly a jejich kombinacemi pravděpodobně 

vyvolává v rostlinách rajčete oxidační stres, což v plodech vede ke změně obsahu 

některých fenolických látek, jako je kvercetin, kyselina p-kumarová a hesperidin. 



 

 

Zaměřili jsme se také na interakce triazolových směsí v přítomnosti iontů mědi a 

zinku, které významně mění reaktivitu těchto sloučenin. Tyto triazolové koktejly 

také měly významný inhibiční dopad na enzymy necílových organismů, jako jsou 

cytochromy P450 19A1 (aromatasa) a 3A4, které mohou způsobit významné 

zdravotní problémy lidem a ostatním živočichům.  

Herbicidy jako glyfosát cílí na šikimátovou dráhu, která představuje 

metabolickou cestu pro biosyntézu aromatických aminokyselin, a je také spojena 

s produkcí různých fenolických látek. Zaměřili jsme se tedy na studium 

kinetických parametrů a produkty vedlejších reakcí šikimátdehydrogenasy 

z kořene rostliny Petroselinum crispum. Pozorovali jsme regulaci zpětnou vazbou 

pro jednu větev skupiny fenylpropanoidů na aktivitu šikimátdehydrogenasy a to, 

že sloučeniny s vyšším počtem hydroxylových skupin vykazovaly vyšší inhibiční 

účinek. 

Fenolické látky jsou nepochybně největší skupinou přírodních látek 

s antioxidačními vlastnostmi. Analyzovali jsme běžně dostupné byliny ve formě 

čajů a tinktur, přičemž nejvyšší celkový obsah fenolických látek vykazovala 

rostlina Agrimonia eupatoria, ale také Origanum vulgare a Mentha × piperita 

představovaly rostliny s vysokou antioxidační kapacitou ve vodných extraktech. 

 

 

Klíčová slova: Pythium oligandrum, biologická ochrana rostlin, antioxidační 

systém, fenolické látky, virová infekce, proteiny teplotního šoku, triazoly, 

fungicidy. 
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1 Introduction 

 

1.1 Plant antioxidant system 

Plants are sessile organisms, and thus, cannot avoid being exposed to 

unfavorable environmental conditions, i.e., various abiotic and biotic stress factors. 

Such exposure may lead to disruption of metabolic processes at the molecular, 

cellular, organismal, or even ecosystem level (Bartwal et al 2013). Therefore, 

during evolution, plants had to develop effective mechanisms that would eliminate 

or at least reduce this apparent disadvantage. They protect themselves with 

constitutive defense - pre-formed physical barriers (e.g., cuticle, cell wall, 

trichomes) and chemical barriers (e.g., secondary metabolites) (Huey et al 2002, 

Kliebenstein 2012). Plants also employ induced defense mechanisms, including the 

cell wall lignification, increased production of antimicrobials, defense proteins, and 

the enhancement of “chemical weapons” - reactive oxygen species (ROS) and 

nitrogen (RNS) levels, leading to oxidative or nitrosative (“nitro-oxidative”) stress 

and sometimes even to triggering the programmed cell death (PCD). PCD may 

destroy the plant cell but also prevents further pathogen spread (Hasanuzzaman 

et al 2020, Janků et al 2019, Miller et al 2017). 

 

1.1.1 Reactive oxygen species 

The plant exposure to environmental stress results in oxidative burst and 

ROS play a dual role as both toxic (at high levels) and signaling (at low levels) 

compounds. Therefore, oxidative stress comes from the imbalance between ROS 

production and elimination (scavenging by antioxidants), representing a complex 

biochemical and physiological phenomenon (Hasanuzzaman et al 2020, Janků et 

al 2019, Soares et al 2019). ROS include the hydroxyl radical (•OH), which is 

highly dangerous, reacting quickly very close to its site of generation, superoxide 

radical (•O2ˉ), perhydroxyl radical (•OOH), then hydrogen peroxide (H2O2), singlet 

oxygen (1O2) and ozone (O3) (Hasanuzzaman et al 2020, Janků et al 2019, Kapoor 

et al 2019, Soares et al 2019). Free radicals have a short life span, and they readily 

react with most biological macromolecules (Janků et al 2019, Kapoor et al 2019). 
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They can damage nucleic acids (oxidation of deoxyribose, strand breaks, 

removal/degradation of nucleotides, modification of bases, and cross-linked 

protein-DNA), lipids (chain breaks and increase of the membrane fluidity and 

permeability), and proteins (site-specific amino acid modification, fragmentation 

of peptides, aggregation of cross-linked products, electric charge alteration, 

inactivation of enzymes, and increase in the protein susceptibility to proteolysis) 

and even activate PCD (Caverzan et al 2016, Janků et al 2019, Kapoor et al 2019). 

Oxidatively-damaged proteins are labeled and destined for degradation in the 

proteasome or for autophagy (Czarnocka & Karpiński 2018). ROS reactivity is 

significantly mediated by free Fe2+ ions which catalyze the Fenton reaction, 

producing •OH radicals (Janků et al 2019). 

ROS can be produced with varying magnitude from almost every cellular 

compartment, depending on the environmental and developmental conditions 

(Fig. 1, p. 6) (Bhattacharjee 2019). In chloroplasts, chlorophyll pigments and the 

reaction center of photosystem II are the main 1O2 source. The Mehler reaction 

(photoreduction of oxygen), leading to the formation of •O2ˉ, occurs during low 

NADP+ concentration in the presence of 2Fe-2S, 4Fe-4S clusters, reduced 

thioredoxin and ferredoxin in the photosystem I. The oxygenase activity of 

ribulose-1,5-bisphophate carboxylase/oxygenase (Rubisco - EC 4.1.1.39) produces 

3-phosphoglycerate and 2-phosphoglycolate, that is metabolized further in the 

peroxisomes by glycolate oxidase (EC 1.1.3.15) resulting in H2O2 formation 

(Bhattacharjee 2019, Janků et al 2019).  In the membrane of peroxisomes, NADH-

dependent ferric-chelate reductase (EC 1.16.1.7) and cytochrome b form a short 

electron transport chain and produce •O2ˉ. In peroxisomes, xanthine oxidase 

(XO - EC 1.17.3.2) participates in •O2ˉ generation during oxidation of 

xanthine/hypoxanthine to uric acid. Endoplasmic reticulum is a key compartment 

of xenobiotics biotransformation. The •O2ˉ is a by-product of various oxidation and 

hydroxylation processes of cytochrome P450 and NAD(P)H-dependent cytochrome 

P450 reductase (Bhattacharjee 2019, Janků et al 2019).  

In mitochondria, the NADH dehydrogenase (complex I), succinate 

dehydrogenase (complex II), ubiquinone-cytochrome (complex III) are considered 
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as the ROS source since they form and secure the electron transport chain to 

partially reduce O2 (Bhattacharjee 2019, Janků et al 2019).  

Cytoplasm is also important regarding to the fact that ROS signaling from 

the organelles and the apoplast must travel through to the nucleus (Janků et al 

2019). Cytoplasmic NADPH helps to maintain the redox balance, the 

thiol/disulfide status, by participating in production of reducing substrates for 

antioxidant enzymes in the cytosol. Xanthine oxidase/dehydrogenase (EC 1.2.1.37), 

involved in plant purine metabolism, was shown in vitro to generate •O2ˉ but not 

H2O2 in plants. Aldehyde oxidase (EC 1.2.3.1), involved in phytohormone 

biosynthesis, produces H2O2 (Hasanuzzaman et al 2020, Janků et al 2019) 

In apoplast, the •O2ˉ generation occurs predominantly via plasma 

membrane-localized NADPH oxidases (EC 1.6.3.1, also called as respiratory burst 

oxidase homologs, RBOHs) and the H2O2 production by amine oxidases, and cell 

wall peroxidases  (Bhattacharjee 2019, Caverzan et al 2016, Hasanuzzaman et al 

2020). RBOHs are the key factors and major ROS source in plant response to 

pathogen (Janků et al 2019). Environmental stress is directly correlated with 

increased accumulation of ROS (Caverzan et al 2016). Various biotic and abiotic 

stress factors such as pathogens, herbivores, insects, nutrient deficiency, salinity, 

heavy metals, drought, high or low temperature and light (radiation) conditions 

trigger the generation of ROS. Pesticides also induce the production of ROS and 

thus depletion of antioxidants (Caverzan et al 2016, Kapoor et al 2019). 
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Fig. 1: Generation of ROS and NO in plant cells, modified (Bhattacharjee 

2019, Janků et al 2019). The cell wall, apoplast and cytoplasmic membrane are 

important for ensuring cell integrity and for environmental interaction. Produced 

ROS can diffuse inside via the aquaporin-mediated pathway. Superoxide radical 

cannot surpass the membrane due to its negative charge but at pH 5 in the 

apoplast can be protonated. Nitrite is a reservoir to produce NO and RNS in the 

apoplast. For NO generation in mitochondria, the anaerobic conditions and 

availability of NO2
-  are crucial. Arg-dependent metabolism is closely related to 

NO signaling, since it is also a precursor for polyamines and a possible substrate 

for NOS-like activity. In soybean chloroplasts, NO was generated by NOS-like 

synthase (Arg/NADPH) and from NO2
- . Abbreviations: ER - endoplasmic reticulum, 

cyt - cytochrome, LOX, lipoxygenases (EC 1.13.11.-), NOS-like - NO synthase‐like 

enzyme, PS - photosystem, PA - polyamines, PGA - 3-phosphoglycerate, RBOH - 

respiratory burst oxidase homologs (NADPH oxidase), 

RUBP - ribulose-1,5-bisphophate. 
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1.1.2 Antioxidant enzymes 

For the removal of ROS, plants developed an ingenious antioxidant system, 

containing both antioxidant enzymes and compounds (Bartwal et al 2013, 

Hasanuzzaman et al 2020). In plants, the ascorbate-glutathione cycle 

(Foyer-Halliwell-Asada pathway) plays a crucial role in controlling the ROS levels 

in chloroplasts, cytosol, mitochondria, and peroxisomes (Fig. 2, p. 8). This cycle 

involves consecutive oxidation and reduction of ascorbate (ASC), glutathione 

(GSH), and NADPH, catalyzed by ascorbate peroxidase (APX, EC 1.1.11.1), 

monodehydroascorbate reductase (MDHAR - EC 1.6.5.4), dehydroascorbate 

reductase (DHAR - EC 1.8.5.1), and glutathione reductase (GR - EC 1.8.1.7) 

(Caverzan et al 2016, Hasanuzzaman et al 2020, Janků et al 2019).  APXs are 

enzymes that play a key role in catalyzing the conversion of H2O2 into H2O and use 

ASC as a specific electron donor and turn it into the monodehydroascorbate radical 

(MDHA). Plants have four different APX isoforms distributed in subcellular 

compartments (thylakoid tAPX, chloroplast sAPX, cytosol cAPX and glyoxysome 

mAPX) (Janků et al 2019). MDHAR is a flavin-containing enzyme that transforms 

MDHA to dehydroascorbate (DHA), also uses NADPH to regenerate ASC from 

MDHA. DHAR catalyzes the renewal of DHA to ASC using GSH as a reducing 

substrate. GR is an NADPH-dependent enzyme and reduces the oxidized 

glutathione (GSSG) to GSH. A high GSH/GSSG ratio is essential for protection 

against oxidative stress (Caverzan et al 2016, Czarnocka & Karpiński 2018, 

Hasanuzzaman et al 2020, Janků et al 2019). 
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Fig 2: The ROS-scavenging pathways (Ciríaco da Silva et al 2013). The •OH 

generates by the Fenton reaction, •O2ˉ arises in the mitochondria, peroxisomes 

and glyoxysomes and by the Mehler reaction in chloroplasts, 1O2 is produced in 

chloroplasts, and H2O2 by SOD, photorespiration, β-oxidation of fatty acid or other 

reactions. SOD transforms H2O2, while CAT, PXs, GPX, and APX then detoxify 

H2O2. In contrast to CAT, APX requires ASC, PXs require phenolic compounds 

and/or ASC, and GPX requires GSH. H2O2 is also removed by the Ascorbate-

glutathione cycle (NADPH dependent), ASC and GSH participate of the cyclic 

transfer of reducing equivalents. The •OH may be removed by GSH, resulting in 

GSSG that is then regenerated by GR. H2O2 can easily diffuse through membranes 

between the compartments and antioxidants such as GSH and ASC can be also 

transported (Ciríaco da Silva et al 2013). Abbreviations: APX - ascorbate 

peroxidase, ASC - ascorbate, AH2 - oxidizable substrate, DHA - dehydroascorbate, 

DHAR - dehydroascorbate reductase, GPX - glutathione peroxidase, 

PXs - peroxidases, GR - glutathione reductase, GSH - reduced glutathione, 

GSSG - oxidized glutathione, MDHA - monodehydroascorbate, MDHAR - 

monodehydroascorbate reductase, SOD - superoxide dismutase. 

 

Superoxide dismutases (SODs - EC 1.15.1.1) are enzymes that catalyze the 

dismutation of •O2ˉ to O2 and H2O2. SODs are apparently the most important 

enzymes that decompose these radicals in cells. In plants, there are three isoforms 

named after their metal cofactors (copper/zinc, manganese, and iron). Cu/Zn-SOD 

is found in the cytosol, chloroplast, peroxisomes and apoplast, Fe-SOD in 

chloroplasts, mitochondria and peroxisomes, Mn-SOD occurs mainly in 
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mitochondria and peroxisomes (Hasanuzzaman et al 2020). In addition, Ni-SOD, 

was reported in Streptomyces. However, no evidence for Ni-SOD has been found in 

plants yet (Feng et al 2016). Plants have multiple genes encoding SODs that can 

be regulated by development, tissue-specific and environmental signals – biotic 

and abiotic stress factors (Caverzan et al 2016). Catalases (CATs, EC 1.11.1.6) 

reduce 2H2O2 to 2H2O and O2. CATs are predominantly localized in peroxisomes 

and glyoxysomes (but also in chloroplast, mitochondria, and cytosol) to remove 

H2O2 that arise from photorespiration, β-oxidation of fatty acids and purine 

catabolism (Caverzan et al 2016, Deisseroth & Dounce 1970). Peroxidases (PXs) 

possess a broad substrate specificity and participate on both ROS production and 

consumption. Also, they are involved in polymerization of suberin and lignin 

(passive defense) (Janků et al 2019). PXs can be divided into two main groups 

based on containing as a co-factor heme or not (non-heme, i.e., thiol PXs) (Soares 

et al 2019). Peroxiredoxins (PRXs - EC 1.11.1.15) are a family of thiol dependent 

peroxidases, catalyzing the decomposition of peroxides to their corresponding 

alcohols. Cysteine is in the active center of PRXs that during reaction with an 

oxidized substrate turns into a disulphide bond, thus resulting in an inactive form. 

Therefore, these enzymes are dependent on external electron donors to be 

regenerated, i.e., thioredoxin, that is then restored by NADPH-dependent 

thioredoxin reductase (EC 1.8.1.9) (Hasanuzzaman et al 2020). Glutathione 

peroxidases (GPXs - EC 1.11.1.9) are non-heme thiol peroxidases using GSH for 

detoxification of H2O2 and organic hydroperoxides (lipid peroxides). Also, they may 

be involved in regulation of the cellular redox homeostasis by maintaining the 

thiol/disulfide or NADPH/NADP+ balance (Bela et al 2015, Dietz 2016). Guaiacol 

peroxidases (GPOXs - EC 1.11.1.7) are heme-containing enzymes, belonging to cell 

wall peroxidases. They are involved in the elimination of H2O2 in the lignification 

of the cell wall - electron donors for its reduction are in this case phenolics 

(e.g., guaiacol and pyrogallol). APXs, CATs, PRXs, GPXs, and GPOXs prevent 

excessive accumulation of H2O2 and thus the associated damage to organelles and 

membranes caused by oxidative stress (Caverzan et al 2016). Also, copper- and 

flavin- containing amine oxidases (CuAOs - EC 1.4.3.6, AOs - EC 1.5.3.3) catalyze 

oxidative deamination of biogenic polyamines to the respective aldehydes and 
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ammonia, accompanied by two-electron reduction of O2 to H2O2. It was suggested 

that the H2O2 generated by AOs was important for cell wall maturation and 

lignification during wound-healing and reinforcement during pathogen invasion 

(Cona et al 2006, Janků et al 2019). Lastly, glutathione S-transferase (GST, 

EC 2.5.1.18), being responsible for the conjugation of GSH with various 

xenobiotics, particularly electrophilic substrates, belongs to antioxidant enzymes 

as well (Soares et al 2019). 

 

1.1.3 Antioxidants 

Antioxidants are compounds that possess the ability to reduce oxidants that 

are usually harmful to the organism. In plants, two main low mass metabolites 

play an irreplaceable role as antioxidants ASC (vitamin C) and tripeptide GSH, 

both of which are polar, and their fields of action thus lie mainly in the cytosol and 

inside the cell compartments. Both are crucial components of the Foyer-Halliwell-

Asada pathway (Fig. 2, p. 8). ASC can reduce both •O2ˉ and •OH, and act as an 

electron donor for H2O2 reduction by APXs (Soares et al 2019). GSH (Glu-Cys-Gly) 

thanks to the presence cysteine and its thiol groups can enzymatically oxidize to 

form a disulfide bond – GSSG (Bhattacharjee 2019). Due to its structure, 

GSH contributes to the maintenance of the reduced state of several cell 

components during both normal and stressful conditions (Soares et al 2019). 

The amino acid proline is a known osmoprotectant, however, is also linked 

with antioxidant properties. Proline can moderate ROS generation by NADPH 

consumption for its own synthesis and may undergo a reaction that converts it into 

γ-aminobutyric acid and thus scavenge •OH (Bhattacharjee 2019, Soares et al 

2019, Soshinkova et al 2013). Free cysteine exhibits a reducing power since thiol 

groups are very susceptible sites for ROS attack, forming a disulphide bridge 

afterwards (Hasanuzzaman et al 2020, Soares et al 2019). Also, methionine 

exhibited a scavenger capacity for H2O2 under in vitro conditions and chelation of 

Cu2+ and Zn2+, suggesting a possible role in antioxidant system (Soares et al 2019). 

 In lipid membranes, the hydrophobic substances like tocochromanols and 

partly also carotenoids act against oxidative stress (especially lipid peroxidation). 

Both groups of substances have a common isoprenoid origin, but in the case of 



11 

 

tocochromanol a part of the molecule is produced directly from the shikimate 

pathway. Tocochromanols (vitamin E) are divided into tocopherols with phytyl side 

chain and tocotrienols with geranylgeranyl side chain. In both groups, there are 

four structures (α, β, γ, δ) based on the degree of methylation of the chromate 

skeleton (Bhattacharjee 2019, Blokhina et al 2003). Carotenoids are divided into 

carotenes, polyene hydrocarbons, and xanthophylls, i.e., various oxidized forms of 

carotene. Thanks to a relatively extensive system of conjugated double bonds, 

carotenoids can (in a process called non-photochemical quenching) take the 

excitation energy of 1O2 or the triplet state of chlorophyll and thus go into the 

triplet state themselves. Then carotenoids are returned to the base state non-

radiatively by means of rotational-vibrational transitions - this is how dissipation 

of excess energy occurs that would otherwise damage the photosynthetic processes 

(Janků et al 2019, Soares et al 2019). 

Polyamines (Pas) are small aliphatic organic compounds, including 

putrescine, spermidine and spermine that are predominantly represented in 

plants.  Directly, they protect the plant as powerful •OH scavengers and indirectly 

as polycations by binding to anionic macromolecules such as DNA, RNA, 

chromatin, and proteins (Soares et al 2019). 

From the point of view of antioxidant capacity, some secondary metabolites, 

especially phenolic compounds (phenylpropanoids, hydroxyaryl-containing 

compounds) play an irreplaceable role in the antioxidant system. 

 

1.1.4 Phenolic compounds 

Phenolics are undoubtedly the largest group of natural substances with 

antioxidant properties (approx. thousands of structures described); they originate 

from phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E-4-P, Fig. 3, p. 13) 

(Gülcin 2012, Tohge et al 2013). It is estimated that more than 30% of all fixed 

carbon passes through the evolutionarily very ancient and conserved shikimate 

pathway and this carbon is largely stored as lignin in the cell walls of plants (Tohge 

et al 2013). The shikimate pathway serves not only for the synthesis of a wide 

group of secondary metabolites, but also for the synthesis of important primary 
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metabolites such as aromatic amino acids phenylalanine, tyrosine, and tryptophan 

or pterin and quinone coenzymes (Herrmann & Weaver 1999). 

The main functions of phenolic secondary metabolites include protection 

against UV radiation (thanks to a system of conjugated double bonds), chelation of 

a metal ions (Fe2+, Cu2+, Ni2+, Cd2+ etc.) and antioxidant capacity (effective against 

all types of ROS) (Bartwal et al 2013). The amount of produced phenolics 

(especially flavonoids) increase during stress (Bartwal et al 2013, Gill & Tuteja 

2010). Some of the phenolics are even considered to be more effective antioxidants 

than ASC or tocopherols (Blokhina et al 2003). This is supported by the fact that 

in these compounds there is often more than one hydroxy group (i.e., a potential 

hydrogen donor). The resulting radicals derived from these compounds are 

significantly stabilized (by delocalization of an unpaired electron throughout the 

conjugated system) and in addition some can form solid complexes with potentially 

pro-oxidative metal ions like Fe2+. Flavonoids, coumarins, stilbenes and lignin are 

among the most numerous and at the same time the most important 

representatives of phenylpropanoids (Fig. 3A, p. 13). For the antioxidant 

properties of flavonoids, the presence of a specific structural motif is highly 

important (Fig. 3B, p. 13). The structural components are interconnected by 

conjugated double bonds (resonance) and as soon as one of the motifs is missing, 

the antioxidant capacity decreases. Modification of the 3-OH group by 

glycosylation or esterification is quite common, also the 7-OH group is often 

glycosylated (Blokhina et al 2003, Gülcin 2012, Rice-Evans et al 1996). The 

antioxidant effect of flavonoids also includes their ability to serve as substrate for 

different peroxidases (Soares et al 2019). 



13 

 

 

Fig. 3: Shikimate and phenylpropanoid pathways. A) Shikimate and 

phenylpropanoid pathways lead to production of various secondary metabolites 

(Hýsková et al 2021c). B) Structure and position numbering of the flavonoid 

quercetin. The typical antioxidant structural motifs that take place - 3’,4’-catechol 

arrangement on ring B, then 2,3-double bond, 3-hydroxy group, and 4-carbonyl 

group on ring C and 5,7-dihydroxy arrangement on ring A (Gülcin 2012, Rice-

Evans et al 1996). Abbreviations: DHD - 3-dehydroquinate dehydratase, E4P - D-

erythrose-4-phosphate, PEP - phosphoenolpyruvate, SDH - shikimate 

dehydrogenase, CA - caffeic acid, FA - ferulic acid, GA - gallic acid.  
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1.1.5 Reactive nitrogen species 

Unlike for ROS, production mechanisms of RNS in plants remain still in 

part unresolved (Turkan 2017). Free radical nitric oxide (NO•) is one of the three 

gaseous biological messengers (with H2S and CO being the other two) with diverse 

functions in plant physiology and stress signaling (Hasanuzzaman et al 2020). 

Generally, RNS derived from NO include e.g., peroxynitrite (ONOO−), nitrogen 

dioxide (NO2), nitrous acid (HNO2), dinitrogen tetroxide (N2O4), or S-nitrosothiols 

(RSNO) (Janků et al 2019, Kapoor et al 2019, Procházková et al 2015, Saddhe et 

al 2019). These molecules can react with a broad spectrum of molecules, and they 

may act as a transporters and reservoirs for NO in a broad range of plant cell 

signaling affairs. Some of these reactions, nitration and S-nitrosylation, may be as 

important as phosphorylation (Procházková et al 2015). The plant reductive 

enzyme pathways include reactions where NO is produced by nitrate reductase 

(NR - EC 1.7.1.2), nitrite-NO reductase (Ni:NOR - EC 1.7.2.1), mitochondrial 

electron transport chain or xanthine oxidoreductase (XOR - EC 1.17.3.2). On the 

other hand, the suggested oxidative pathways of NO synthesis involve 

NO synthase‐like enzyme (NOS‐like) utilizing arginine as a substrate, and 

insufficiently described metabolism of Pas (polyamines) or hydroxylamine (Janků 

et al 2019, Vishwakarma et al 2018). NO also arises from other pathways, where 

S‐nitrosation of GSH yields to S‐nitrosoglutathione (GSNO), a donor and a major 

reservoir of NO, providing the NO signal for protein nitrosation (Hasanuzzaman 

et al 2020, Janků et al 2019, Petřivalský et al 2015, Tichá et al 2016). Formation 

of GSNO proceeds indirectly through the formation of N2O3 or directly by the 

reaction of NO with the glutathionyl radical (Janků et al 2019). NO readily reacts 

with molecules, which are likely to be produced temporally and spatially close. 

A simultaneous generation of NO and •O2ˉ in plant peroxisomes, mitochondria and 

chloroplasts results in the formation of ONOO− (Hasanuzzaman et al 2020, 

Procházková et al 2015). A major biological function of ONOO− may be to react 

with tyrosine within proteins to form 3-nitrotyrosine. This occurs via addition of 

a nitro group in the ortho position of the aromatic ring in tyrosine. The formation 

of nitrotyrosine represents an irreversible oxidative modification that is accepted 

as a biomarker of nitrosative stress. Nitration is a mechanism distinct from 
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S-nitrosylation where NO can covalently but reversibly oxidize the thiols groups of 

reduced reactive cysteine residues in proteins. S-Nitrosylation (-SNO) can activate 

or repress protein function, resulting in possible signal transduction. 

In peroxisomes, NO nitrosylates enzymes such as CAT, glyoxylate oxidase (EC 

1.2.3.5) and NAD-dependent malate dehydrogenase (EC 1.1.1.37) that are involved 

in the photorespiration, β-oxidation, and ROS detoxification (Hasanuzzaman et al 

2020, Procházková et al 2015, Vishwakarma et al 2018). Besides S-nitrosylation, 

increasing interest and evidence point at the important role of protein 

denitrosylation as a feedback mechanism controlling NO signaling. The removal of 

NO group from proteins might occur through different enzyme systems of which 

especially GSNO reductase and thioredoxin play a predominant role (Jahnová et 

al 2019, Kovacs & Lindmayr 2013). 

 

1.1.6 Reactive sulfur species 

Reactive sulfur species (RSS) are defined as sulfur‐containing compounds 

that can either reduce or oxidize various compounds, also contribute to the redox 

state of the cell. RSS are strongly connected with ROS and due to their reactions, 

sulfur atoms are oxidized  (Gruhlke 2019). Thiols are key molecules with formal 

oxidation states of S‐II and are an important source to produce RSS (Fig. 4, p. 16). 

Under stress conditions, thiols may oxidize into sulfenic acids (RSOH) which can 

act as both reductants and oxidants. When it goes through a reduction reaction, 

it regenerates thiol or disulfide molecule while on oxidation it produces a sulfinic 

acid (RS(O)OH) or sulfonic acid (RS(O)2OH) (Ijaz et al 2019). Sulfenic acids are 

found in protein‐thiols, e.g., in peroxiredoxins as reversible oxidation state, and 

can easily be re‐reduced to thiols by thioredoxins or glutaredoxins. In 

glutathiolation (-SSG), sulfenic acids of proteins are important targets for 

attaching thiol-containing molecules such as GSH, which also influences protein 

function and stability (Gruhlke 2019). Sulfinic acid reductases (Sulfiredoxins - SRX 

- EC 1.8.98.2) are ATP‐dependent enzymes that can convert sulfinic acids to 

sulfenic acids. The oxidation to a sulfonic acid is not reversible and requires 

degradation of the protein (Gruhlke 2019).  
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Fig. 4: Generation of various RSS from compounds containing a thiol 

group (Gruhlke & Slusarenko 2012). 

In plants, many abiotic and biotic stressors cause the release of H2S which 

signals protein sulfhydration (various cysteine persulfides, RSSH), i.e., a 

post-translational modification like nitrosylation. PRXs are the most abundant 

sulfhydrated proteins, important enzymes in ROS degradation. Protein 

sulfhydration very likely protects protein‐thiols from further oxidation, e.g., caused 

by either ROS or RNS. Also, the formation of disulfides protects the thiols from 

oxidation to corresponding acids (Gruhlke 2019).  

Hydrogen sulfide (H2S) actively interacts with ROS to regulate the plasma 

membrane antiporter (Na+/H+) system, in contrast it activates antioxidant SOD, 

CAT, and APX and enhances GSH content (influences GSH:GSSG ratio), thus 

reducing oxidative damages (Fig. 5, p. 18). Moreover, H2S is involved in production, 

perception, and further signal transduction of ROS as well as RNS 

(Hasanuzzaman et al 2020).  

The last non-discussed gaseous messenger is carbon monoxide (CO), which 

arises in biological systems (both plant and animal) during heme degradation as 
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the oxidation product of the α-methene bridge of heme, and this process is 

catalyzed by heme oxygenase enzymes (EC 1.14.14.18) as the major production 

route (Wang & Liao 2016). For soybean plants the lipid peroxidation and ureide 

metabolism were considered as potential sources of CO (Zilli et al 2014). In low 

concentration CO acts as a compound with hormonal effects, affecting seed 

germination, root development, and inducing stomatal closure (Wang & Liao 

2016). 

 

1.1.7 Reactive carbonyl species 

 The oxidations products of carbohydrates as well as oxidized lipids form 

reactive carbonyl species (RCS). Therefore, ROS and RCS are tightly bound (Fig. 5, 

p. 18). More or less, all the forms of reactive species are somehow intertwined 

(Hasanuzzaman et al 2020). Lipid-derived aldehydes or ketones come from 

peroxidation and breakdown of polyunsaturated fatty acids (e.g., linoleic acid). The 

lipid peroxidation products are mobile and may diffuse across membranes and 

covalently modify proteins which are localized far from the ROS generation site. 

RCS can modify proteins by adding carbonyl compounds (e.g., acrolein, 

4-hydroxy-(E)-2-nonenal). Carbonyl groups can be attached by a metal-catalyzed 

oxidative (MCO) attack in the presence of reduced metal ions (e.g., Fe2+, Zn2+, Cu+) 

and H2O2 (producing •OH) on amino acids residues such as Asn, Lys, Arg, Pro or 

Thr (Ciacka et al 2020, Hasanuzzaman et al 2020, He et al 2018, Mano et al 2019). 

RCS may also reversibly modify cysteine in proteins and thus regulate their 

activity, e.g., CAT, APX and SOD (Hasanuzzaman et al 2020). 

In RCS, malondialdehyde (MDA, CH2(CHO)2) and methylglyoxal (MG, 

CH3COCHO) have been drawing attention (He et al 2018). MG may 

over-accumulate as a by-product in some metabolic pathways (e.g., glycolysis from 

glyceraldehyde-3-phosphate and dihydroxyacetone phosphate) under stress 

condition and can be produced by the auto-oxidation of ketone bodies and sugars 

and the Maillard reaction (i.e., reaction between the sugar carbonyl group with the 

nucleophilic amino group of the amino acid). MG can form glycation end-products 

and contribute to the ROS formation by catalyzing photoreduction of O2 to •O2ˉ in 

chloroplasts. Plants deal with MG toxicity via glyoxalase system (glyoxalase I, 
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i.e., lactoylglutathione methylglyoxal lyase, EC 4.4.1.5 and glyoxalase II, 

i.e., hydroxyacylglutathione hydrolase; EC 3.1.2.6) using GSH as a co-factor. 

However, at low levels MG can act as a signaling molecule (Mostofa et al 2018). 

 

 

Fig. 5: Crosstalk among the key ROS (H2O2), RNS (NO), RSS (H2S), and 

RCS (MG) in plants during oxidative stress and defense response, slightly 

modified, (Hasanuzzaman et al 2020). Abbreviations: ABA - abscisic acid, 

AEGs - advanced glycation end products, APX - ascorbate peroxidase, AUX - auxin, 

ET - ethylene, GSH - reduced glutathione, JA - jasmonates, MAPKs - mitogen-

activated protein kinases, MG - methylglyoxal, ROS - reactive oxygen species, 

SA - salicylic acid, PAs - polyamines. Dotted lines represent 

activation/enhancement. 
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1.2 Environmental stress 

 

1.2.1 Biotic stress factors 

The action of viruses, bacteria, pathogenic fungi, herbivores, and other 

factors of biotic stress affects the plant growth and metabolism, and often leads to 

the formation of chlorotic and necrotic sites (lesions). The spectrum of plant 

responses to biotic stress is wide and specific. Each plant has both constitutive and 

inducible defense systems (Fig. 6) (Benhamou & Nicole 1999, Ding et al 2018, Saijo 

& Loo 2020). 

 

 

Fig. 6: Brief overview of plant immunity (Bentham et al 2020). A) Various 

pathogens and pests that may endanger the plant. B) MAMPs/DAMPs, received by 

receptors, may initiate cell-surface immunity. Effectors can act on host systems to 

their benefit, including the suppression of signaling pathways downstream of cell-

surface receptors. Effectors can be received by intracellular immune receptors 

(NLRs) to initiate intracellular immunity. Abbreviations: DAMP, damage-

associated molecular patterns, MAMP - microbe-associated molecular patterns, 

NLR - nucleotide-binding leucine-rich repeat receptors. 

 

Cells on the plant surface may contain different amounts of hydrolytic 

enzymes (e. g., glucanases, chitinases), some of which, can disrupt the cell wall of 

the pathogen and thus contribute to resistance to infection (Agrios 2005, 

Fotopoulos et al 2003, Hammond-Kosack & Jones 2000, Salas-Marina et al 2011).  

The mechanical form of defense against the entry of a pathogen into a cell is 

the cell wall, which can be further strengthened during infection by increased 

deposition of lignin and callose. PXs located on the cell wall may crosslink the 
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proline-rich glycoprotein and induce the production of callose (Brown et al 1998, 

Deepak et al 2006, Patykowski 2006, Peng & Kuc 1992). Lignification and callose 

deposition make the cell wall more resistant to microbial penetration and enzyme 

degradation (Hammond-Kosack & Jones 2000). 

Plant immunity relies on innate immune receptors expressed in each cell, 

which recognize invasion signals to initiate pattern triggered immunity (PTI) or 

effector-triggered immunity (ETI). PTI connected with pattern recognition 

receptors (PRRs) on the cell surface, which detect typical molecular structures 

called microbe-, pathogen- and damage-associated molecular patterns (MAMPs, 

PAMPs and DAMPs). PRRs include the leucine-rich-repeat (LRR) receptor-like 

kinases (RLKs), e.g., FLS2 and EFR that recognize bacterial flagellin and EF-Tu 

(elongation factor thermo unstable), respectively, and the lysin-motif (LysM) RLK 

CERK1 (chitin elicitor receptor kinase 1) required for recognition of fungal chitin-

oligomers and bacterial peptidoglycans (Saijo & Loo 2020). Ligand-bound receptors 

form complexes with coreceptor/adapter kinases of the same extracellular domain 

class, thereby triggering protein phosphorylation cascades through RLKs and 

receptor-like cytoplasmic kinases (RLCKs). PRR signaling then involves cytosolic 

Ca2+ and apoplastic ROS bursts, Ca2+-dependent protein kinases (CDPKs), 

mitogen-activated protein kinase (MAPK) cascades, defense hormone networks 

and extensive transcriptional, translational, and metabolic re-programming 

(Fig. 7, p. 21). These outputs collectively contribute to PTI, which prevents 

infection of most pathogens (Bhattacharjee 2019, Saijo & Loo 2020). To avert PTI, 

pathogenic as well as mutualistic microbes have evolved a wide range of effectors 

that circumvent host immunity and susceptibility. ETI, the second layer of plant 

immunity, functions directly by recognizing pathogen secreted effectors 

(virulence-factors, that are intended to inhibit PTI) with plant intracellular 

immune receptor proteins. For example, plant intracellular receptors such as 

nucleotide-binding domain and LRR containing proteins (NLRs) amplify defense 

response, leading to hypersensitive reaction (HR) and PCD. ETI represents a more 

specific immune response than PTI, and usually initiates HR and PCD (Saijo & 

Loo 2020, Yan et al 2019).  
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Fig. 7: A brief glimpse into the plant immune signaling, modified, (Janků 

et al 2019, Miller et al 2017, Molina‐Moya et al 2019, Saijo & Loo 2020). The 

perception of MAMPs and DAMPs induces formation of the receptor complexes. 

PRR activation initiates Ca2+ signaling, CDPKs, MAPK cascades and defense-

related TF leading to transcriptional re-programing. Effectors are supposed to be 

recognized by NLR proteins involving EDS1 and SA-dependent regulators to 

activate defense signaling. ROS and RNS (NO) signaling takes place early in the 

PTI immunity and may lead to HR in order to pathogen removal in the ETI 

response. RBOHs and peroxidases produce most ROS, while NR and NOS-like are 

responsible for NO production. Abbreviations: C4H - cinnamate-4-hydroxylase, 

CDPK - Ca2+-dependent protein kinases, DAMP, damage-associated molecular 

patterns, EDS1 - enhanced disease susceptibility 1 protein, ETI - effector-triggered 

immunity, GPX - glutathione peroxidase, GST - glutathione-S-transferase, 

CHS - chalcone synthase, MAMP - microbe-associated molecular patterns, 

MAPK - mitogen-activated protein kinase, NLR - nucleotide-binding leucine-rich 

repeat receptors, NOS - NOS-like synthase, NR - nitrite reductase, 

PAL - phenylalanine ammonia lyase, PR - pathogenesis related proteins, 

PRR - pattern recognition receptor, PTI - pattern triggered immunity, 

RBOH - respiratory burst oxidase homologs (NADPH oxidase), RLCK - receptor-like 

cytoplasmic kinases, ROS - reactive oxygen species, SA - salicylic acid, 

SOD - superoxide dismutase, TF - transcription factor. 
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HR is the result of a receptor-ligand interaction based on the specific pairing 

of plant resistance (R) and pathogenic avirulence (Avr) gene products. This type of 

pathogen-plant interaction is called incompatible, meaning that the plant can 

recognize the pathogen and after penetrating the host, the infection is suppressed 

(Pieterse et al 2009). HR is often related to salicylic acid (SA) dependent response 

- systemic acquired resistance (SAR), accompanied with initiation of necrosis, 

protecting the plant mainly against biotrophs (Ding et al 2018, Saijo & Loo 2020). 

SAR is also associated with the accumulation of PR proteins (mainly acid forms) 

such as PR-1 (various antifungal proteins), PR-2 (β-1,3-glucanases) and PR-5 

(antifungal, thaumatin-like proteins) (Balint-Kurti 2019). PR proteins occur both 

within the cell and in the intercellular space. Several groups of PR proteins have 

been described according to function, amino acid sequence, molecular weight, 

serological and other properties. Likely, the most known PR proteins are 

β-1,3-glucanases (PR-2), chitinases (PR-3, 4, 8 and PR-11), defensins (PR-12), 

thionins (PR-13), proteinase inhibitors (PR-6) and peroxidases (PR-9) (Hammond-

Kosack & Jones 2000, Van Loon & Van Strien 1999). 

Localized acquired resistance (LAR) occurs in the place of infection, persists 

shortly, and is accompanied with HR (Cordelier et al 2003, Costet et al 1999).  

On the other hand, induced systemic resistance (ISR) is typically activated 

upon colonization of plant roots by beneficial microorganisms (e.g., rhizobacteria). 

Like in SAR, a long-distance signal travels through the vascular system to activate 

systemic immunity in above-ground parts. ISR is commonly regulated by jasmonic 

acid (JA)- and ethylene (ET)-dependent signaling pathways (SA independent) and 

associated with activation of alkaline forms of PR proteins. ISR-expressing plants 

are primed for accelerated JA- and ET-dependent gene expression, which becomes 

evident only after pathogen attack. ISR is usually not accompanied by necrosis and 

very likely involved in protection against different necrotrophs and insects 

(Pieterse et al 2009).  
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1.2.2 Oxidative signaling 

Oxidative signaling is an early response to stress, it shifts redox balance, 

thus ROS/RNS accumulate, either through an increase in their production or 

a decrease in antioxidant capacity (Fig. 7, p. 21). The resulting enhanced oxidation 

entrains PCD and/or acclimation and improved stress tolerance, according to its 

intensity (Noctor et al 2018). RNS (especially, NO) and ROS (especially, H2O2) have 

been associated in signal transduction as secondary messengers because of their 

generation at the time of activation of receptor and short‐life span (Bhattacharjee 

2019). ROS and calcium waves constitute important components of rapid systemic 

signaling in plants. ROS production leads to changes in Ca2+ transport and protein 

phosphorylation. In addition, NO and abscisic acid (ABA) play an important role 

in mediating systemic responses to biotic and abiotic stress (Neill et al 2003, 

Sewelam et al 2016). NO regulates calcium channels by means of cGMP and 

ADP-ribose, through which it increases the cytoplasmic concentration of Ca2+ from 

intracellular stores, and thus activates signaling cascades. Together with MAPK 

cascades, it promotes the synthesis of phytoalexins (various secondary 

metabolites) and is involved in the initiation of PCD. A precise control of the 

NO concentration is thus necessary for its function as a signal molecule. 

Glutathione-dependent formaldehyde dehydrogenase (FALDH - EC 1.2.1.46), 

which reversibly binds NO to glutathione, is involved in controlling cellular 

NO concentration. NO can be eliminated by oxidation to nitrate (Neill et al 2003). 
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1.2.3 Viral infection  

Viruses represent not just another group of pathogens, but rather 

a fundamentally different form of life. Mature virus particles come alive 

and reproduce only inside infected cells. All viruses lack protein-synthesizing 

and energy-producing machinery. Plant cells are protected by a cell wall that can 

also be covered with cuticle and waxes; and since viruses have no mechanism to 

actively penetrate the cell, they must rely on the aid of carriers (e.g., aphids, 

whiteflies) or mechanical wounding (Agrios 2005, Gergerich & Dolja 2006, 

Hammond-Kosack & Jones 2000, Wu et al 2019). Most viral infections cause 

restrictions on plant growth (malformation), various dwarfism, and shortening of 

plant life in general. The most noticeable are the symptoms on the leaves, however, 

they can also appear on stems, fruit, and roots. Symptoms are either only at the 

site of infection and appear as chlorotic or necrotic lesions, or systemic influencing 

the whole plant. Systemic infections are most often manifested by mosaics and ring 

spots, and accompanied also by chlorosis, necrosis, yellowing, and veining (Agrios 

2005, Hammond-Kosack & Jones 2000). Once the virus enters the plant cell, 

it multiplies using the host's translational apparatus and the resulting virus 

particles spread to other cells through plasmodesmata (Henlein 2015). 

The virus movement is allowed by cell-to-cell movement proteins (MPs) encoded by 

the virus (Ivanov et al 2014, Lucas 2006). Viral MPs bind RNA/DNA to 

nucleoprotein protein complexes. The host proteins then participate in the 

relocation of MPs and nucleoprotein complexes to the plasmodesmata estuary. 

Transport of nucleoprotein complexes by plasmodesmata involves three phases, in 

which MPs (a) interact with a putative complex in the estuary of plasmodesmata, 

(b) induce expansion of the plasma microchannels; and (c) bind to the internal 

translocation system and penetrate the cytoplasm of neighboring cells (Ivanov et 

al 2014, Ivanov & Makinen 2012, Lucas 2006). The virus multiplies in an infected 

parenchymal cell. In most economically significant infections, the virus particles 

get into the phloem, from where they spread rapidly at greater distances, 

especially in the direction to developing parts of the plant (apical meristems) or 

nutrient-receiving parts (rhizomes) (Agrios 2005). 
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The main plant defense mechanisms against viral infection are RNA 

silencing (i.e., RNA interference, RNAi), innate immunity, translational 

repression, and ubiquitination- and autophagy-mediated protein degradation 

(Fig. 8, p. 27), (Calil & Fontes 2017, Moon & Park 2016, Wu et al 2019). 

Most viruses have RNA genomes containing imperfect regulatory stem-

loops, that are copied into complementary double strand RNA (dsRNA) replication 

intermediates by virus-encoded RNA-dependent RNA polymerases (RDRs). 

In RNAi, the dsRNAs are then recognized by a host ribonuclease III-like protein, 

Dicer-like (DCL) protein, and then processed into 21-24-nucleotide short 

interfering RNAs (siRNAs). The siRNAs are then recruited to a functional 

RNA-induced silencing complex (RISC) and act as guides to direct RISC to their 

target viral RNA molecules, which have complementary sequences. Consequently, 

viral RNAs are degraded by the core components of RISC which are members of 

the Argonaut (AGO) protein family (Calil & Fontes 2017, Moon & Park 2016). 

However, plant viruses may encode viral suppressors of RNAi (VSRs) that perturb 

the plant RNAi pathway, e.g., potyviral HCPro, Turnip crinkle virus (TCV) coat 

protein (Moon & Park 2016, Wu et al 2019).  

In plants, some studies regard dsRNAs as viral PAMPs and therefore, claim 

that these compounds initiate PTI. Viral proteins such as MPs and replicase 

proteins act as Avr factors. Also, the coat proteins of Tobacco mosaic virus (TMV) 

and Potato virus X (PVX) triggered PTI-like responses in Arabidopsis and tobacco. 

Plants also employ R genes to mediate ETI leading to HR as the direct consequence 

of defense in most R-mediated resistance (Calil & Fontes 2017, Wu et al 2019). 

R genes such as tobacco “N” against TMV, “Rx1/2” in potato against PVX, “HRT” 

and “RCY1” in Arabidopsis against Turnip crinkle virus (TCV) and Cucumber 

mosaic virus (CMV) were regarded with resistance against viral pathogens (Moon 

& Park 2016, Wu et al 2019). Since viruses essentially rely on the plant translation 

machinery, its repression is another way to achieve antiviral resistance. 

For example, ribosome-inactivating proteins (RIPs) inhibit protein synthesis 

by depurinating the sarcin/ricin loop of rRNA, e.g., pokeweed antiviral protein. 

However, RIPs show cytoplasmic toxicity for the plant itself (Wu et al 2019). 

Recently discovered nuclear shuttle protein (NSP) interacting kinase 1 may 
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repress the expression of ribosomal protein genes, leading to the shutdown of 

global cellular and viral protein synthesis. Specific direct translation inhibition 

may also take place by small RNAs (i.e., repression determined by its sequence) 

that result from RNAi (Wu et al 2019). Ubiquitination-mediated protein 

degradation is crucial for cellular protein homeostasis and may also be employed 

for viral proteins (e.g., MPs) degradation (Calil & Fontes 2017, Wu et al 2019). 

The same goes for the autophagy that transports misfolded proteins or degraded 

defense-related proteins to the vacuole for degradation and recycling. In a sort of 

selective autophagy, plants degrade viral protein aggregates, ribonucleoproteins 

and even viral particles as reported for Cauliflower mosaic caulimovirus (CaMV) 

(Wu et al 2019). 

On the other hand, plant viruses have been engineered and developed as 

vectors for biopharmaceutical protein production (e.g., subunit vaccines or 

presenting epitopes), and as research tools for plant functional genomics studies 

(Hefferon 2014). Plant virus-based vectors (containing a gene of interest) are 

a useful tool for expression of recombinant proteins at high levels in plants 

(Hefferon 2014, Lico et al 2008). For example, Potato virus A and Potato virus X 

vectors were shown to express epitopes from Human papillomavirus type 16 

(Čeřovská et al 2008, Čeřovská et al 2013, Plchová et al 2011, Vaculík et al 2015). 
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Fig. 8: Routes of viral infection in plants, modified (Hanley-Bowdoin et al 

2013, Hýsková et al 2021b, Miller et al 2017, Wu et al 2019). Most plant viruses 

contain ssRNA genome but also dsRNA, ssDNA and dsDNA plant viruses exist. In 

red, RNAi silencing may avert the viral infection. In green, the ubiquitination and 

autophagy may degrade viral proteins. Also, dsRNAs as viral PAMPs may initiate 

PTI-like responses resulting in various cellular signaling. In purple, there is shown 

a simplified scheme of the begomovirus cycle (ssDNA). The ssDNA is released from 

virions and copied to generate dsDNA (assembled in nucleosomes). NSP binds viral 

DNA and moves it with MP through plasmodesmata. After encapsidation of 

circular ssDNA by CP, virions can be transmitted by whiteflies (Hanley-Bowdoin 

et al 2013). Abbreviations: CP - coat protein, ER - endoplasmic reticulum, HR - 

hypersensitive response, MP - movement protein, NPR1 - nonexpresser of PR genes 

1, NSP - nuclear shuttle protein, PTI - pattern triggered immunity, ROS - reactive 

oxygen species, SA - salicylic acid, SAR - systemic acquired resistance, U - ubiquitin, 

VRC - virus replication complex. 
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In 2011, Scholthof et al. conducted a survey among scientists to compile 

a list of top ten plant viruses (Table 1). Although many of the included viruses 

cause significant problems in terms of economic losses of crops, it is predominantly 

their use as scientific tools that regarded them as most important (Rybicki 2015, 

Scholthof et al 2011). Therefore, Rybicki (2015) put together another list of viruses 

that cause severe hardship and affect large numbers of people, especially in 

developing countries (Table 2). 

 

Table 1: Top ten viruses according to the survey among scientists by Molecular 

Plant Pathology (Scholthof et al 2011). Symptoms and signs of virus infection are often 

dependent on the host plant, plant developmental stage, virus strains, environmental 

conditions. In the table, the most common symptoms were gathered from various 

publications and databases. Abbreviations: MP, movement protein, CP, coat protein. 

 

virus type symptoms possible reasons  

Tobacco mosaic 

tobamovirus 

(TMV) 

+ssRNA stunting, leaves: mosaic 

pattern malformation, yellow 

streaking, yellow spotting, 

veins: distinct yellowing 

(Scholthof 2004) 

1st plant virus RNA sequenced, 1st defined MP, 

1st demonstration of the efficacy of transgenic 

CP expression for protection from infection, 1st 

evidence of a gene-for-gene resistance 

interaction, 1st proof-of-principle platform for 

both nanodevices and the expression of 

therapeutic monoclonal antibodies and other 

pharmaceutically relevant proteins 

Tomato spotted 

wilt tospovirus 

(TSWV) 

-ssRNA necrotic/chlorotic rings and 

flecking on leaves, stems, 

and fruits, with early 

infections leading to one-

sided growth, leaves 

dropping reminiscent of 

vascular wilt, stunting or 

death (Scholthof et al 2011, 

Sherwood et al 2003) 

virions enveloped in a host-derived membrane 

studded with two viral glycoproteins and 

contain one negative-sense, and two 

ambisense single-stranded RNAs 

encapsidated in multiple copies of the viral 

nucleocapsid protein (unique among plant 

viruses) 

Tomato yellow 

leaf curl 

begomovirus 

(TYLCV) 

DNA severe stunting, reduction of 

leaf size, upward 

cupping/curling of leaves, 

chlorosis on leaves and 

flowers, and reduction of 

fruit production (Cathrin & 

Ghanim 2014) 

1st begomovirus shown to possess a single 

genomic component, rapid spread caused by 

whiteflies Bemisia tabaci 
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virus type symptoms suggested reasons  

Cucumber 

mosaic 

cucumovirus 

(CMV) 

+ssRNA severe stunting, prominent 

yellow foliar mosaic, mottling 

malformation, and stunting 

due to drastic reduction of 

leaf size and stem internodes 

(El-Borollosy 2013) 

broad, collective host range, infecting more 

than 1200 plant species in over 100 families, 

transmitted by more than 80 species of aphid 

(Aphidoidea) 

Potato virus Y 

(potyvirus, 

PVY) 

+ssRNA leaf/tuber necrotic 

symptoms, mosaic, leaf drop, 

mottling, vein necrosis 

(Čeřovská 1998)  

PVY isolates (PVY0, PVYN, PVYNTN) highly 

differ at the biological, serological, and 

molecular levels 

Cauliflower 

mosaic 

caulimovirus 

(CaMV) 

DNA chlorosis (loss of green leaf 

color), mosaic (patches of 

light and dark green on 

leaves), vein clearing 

(abnormal clear or 

translucent color of veins), 

and/or stunting (Bak & 

Emerson) 

1st identified as plant DNA virus, 1st plant 

virus genome sequenced, 1st plant virus shown 

to be replicated by reverse transcription. 

African cassava 

mosaic 

begomovirus 

(ACMV) 

DNA dwarfing, stunting, 

distortion, rosetting, 

malformation and abnormal 

colors of leaves, reduced root 

system (Legg & Winter 2021) 

1st geminiviruses to be molecularly 

characterized, forms the staple food for nearly 

80% of the African population, cassava is not 

so studied as other staple crops such as rice, 

maize, and wheat 

Plum pox 

potyvirus (PPV) 

ssRNA fruit: malformation, lesions, 

premature drop, leaves: 

malformation, abnormal 

color and patterns, seed: 

discolorations, stems: 

dieback (Levy et al 2000) 

highly studied, causes Sharka - the most 

important viral disease of “stone fruit crops” 

such as peaches, plums, apricots, and cherries, 

transmission by aphids, severe symptoms, 

over 800 isolates, almost impossible to stop, 

treatment only slows down the spread,  

Brome mosaic 

bromovirus 

(BMV) 

+ssRNA stunted growth, lesions, 

mosaic leaves (He et al 2021) 
1st eukaryotic viral RNA-dependent RNA 

polymerase extract with marked specificity for 

its cognate viral RNAs, 1st definition of a 

eukaryotic ribosome binding site, revealing 

the linkage of eukaryotic translation initiation 

to mRNA 5′ ends, 1st plant RNA virus for which 

infectious transcripts were designed from 

cloned viral cDNA, 1st demonstration of plant 

viral RNA recombination, and many other 

detailed analyses, primarily infects grasses 

(inc. cereals), rarely causing significant crop 

losses 

Potato virus X 

(potexvirus, 

PVX) 

+ssRNA vary cyclically or seasonally 

and may disappear soon after 

infection, may cause 

necrosis, ringspot, or dwarf 

symptoms in a wide range of 

plant species (Ryu & Hong 

2008) 

development of PVX-based vectors for 

expression in transgenic plants was essential 

for RNA silencing discovery and mechanisms 

of pathogen-derived resistance in transgenic 

plants 
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Table 2: Top ten economically important plant viruses according to (Rybicki 

2015).  In the table, the most common symptoms were gathered from various publications 

and databases. 

virus type symptoms suggested reasons 

African cassava mosaic 

disease (ACMD) 

begomovirus complex 

DNA dwarfing, stunting, 

distortion, rosetting, 

malformation and abnormal 

colors of leaves, reduced root 

system (Legg & Winter 2021) 

devastating effects for 

cassava in Africa, major 

threat to food security there 

Banana bunchy top 

nanovirus (BBTV) 

ssDNA Dark green broken streaks on 

leaf veins, midribs, petioles, 

pseudostem with clustered 

leaves (“bunchy”), short 

chlorotic plants, leaves curl 

upwards (Elayabalan et al 

2015) 

devastating effects in 

developing countries in 

Africa, Asia, and South 

Pacific 

Banana streak 

badnavirus (BSV) 

dsDNA symptoms range from 

occasional chlorotic streaking 

to lethal systemic necrosis, 

chlorotic and brown necrotic 

streaks (Lockhart 2000) 

Barley yellow dwarf 

disease luteovirus complex 

(BYDV) 

ssRNA variable, chlorosis, stunting, 

photosynthesis inhibition, 

discoloration, thick leaves 

(Kaddachi et al 2014) 

complex of ssRNA viruses, 

worst viral pathogen of 

wheat 

Cucumber mosaic 

cucumovirus (CMV) 

ssRNA severe stunting, prominent 

yellow foliar mosaic, mottling 

malformation, and stunting 

due to drastic reduction of leaf 

size and stem internodes (El-

Borollosy 2013) 

infects almost anything, 

including maize and most 

vegetables 

Maize streak mastrevirus 

(MSV) 

ssDNA leaves: yellow streaks on 

veins, veinal swelling, 

impaired chloroplast 

formation, stunting, curling,  

midribs (Monjane et al 2020) 

worst viral pathogen of 

maize in Africa which is most 

common staple food 

Maize dwarf mosaic 

(MDMV)/Sugarcane 

mosaic potyviruses 

(SCMV) 

ssRNA MDMV: chlorotic spots and 

short streaks followed by 

typical mosaic or mottle, 

SCMV: distinct mosaic, strong 

chlorosis, sometimes together 

with a red striped pattern 

(Signoret 2008) 

wide-spread maize disease, 
often impossible to distinguish 

MDMV and SCMV based on 

symptoms 

assoc. with rice tungro 

disease badnavirus 

(RTBV, dsDNA) and rice 

tungro spherical 

waikavirus (RTSV, 

ssRNA)  

dsRNA 

and 

ssRNA  

orange-yellow leaves, rust-

colored spots, discoloration, 

delayed flowering, stunted 

(Hibino & Cabunagan 1986) 

most important virus disease 

of rice in South and 

Southeast Asia 

Rice yellow mottle 

sobemovirus (RYMV) 

+ssRNA streaking, mottling, 

discoloration, and 

malformation of leaves as well 

as death of infected young 

plants (Salaudeen et al 2009) 

impacts crops of great 

importance in Asia and 

Africa 

Sweet potato feathery 

mottle potyvirus (SPFMV) 

+ssRNA mottling, general chlorosis, 

chlorotic or purple ring spots 

(Tugume et al 2008) 

worst pathogen of this crop 

world-wide 
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1.2.4 Abiotic stress factors  

High temperature, water availability, wind, soil fertility, salinity, heavy 

metals, ultraviolet radiation, ozone are major abiotic factors influencing plant 

growth and development. Plants even must cope with their combinations including 

biotic stressors (He et al 2018, Velásquez et al 2018). Various xenobiotics such as 

pesticides, although applied to protect plants, also represent a wide group of abiotic 

stressors causing oxidative stress, reduction of chlorophyll, alteration in phenolics 

and protein content (Jakl et al 2021a, Sharma et al 2017, Sharma et al 2019).  

 

1.2.5 Pesticides  

Agricultural pesticides are used to kill crop pests, inhibit their growth, or 

decrease the harmful effects. Different classes of pesticides include fungicides, 

herbicides, insecticides, nematicides, molluscicides (snails), piscicides (fish), 

avicides (birds), rodenticides, bactericides, virucides, algicides (algae), miticides 

(mites), slimicides (slime-producing microorganisms), animal repellents, and 

antimicrobials. Pesticides are characterized by various toxicity to target and 

non-target organisms. Many pesticides accumulate, thus circulate in ecosystems, 

and endanger many living organisms as shown in Fig. 9 (Bhagat et al 2021, 

Lushchak et al 2018, Sharma et al 2020). 

 

Fig. 9: The circulation and accumulation of pesticides and their residues, 

visualized as dark red rectangles (Vaezi et al 2018). 



32 

 

Fungicides can be divided into two classes - contact and systemic ones. 

In agricultural systems, they are widely used to control diseases and preserve 

the yield and quality of crops (Brauer et al 2019, Petit et al 2012). However, 

the extensive use raises public concern because of the harmful potential of such 

substances in the environment and human health (Dias 2012, Petit et al 2012). 

Contact fungicides (e.g., copper, sulfur) remain on the treated surface and 

do not penetrate the plant tissue. They kill or inhibit fungi or fungal spores before 

the mycelia can grow and develop within the plant tissue, while the systemic ones 

(e.g., triazoles, benzimidazoles) target the fungus after the mycelia has penetrated 

the parenchyma of plant tissue to stop the infection (Dias 2012). Fungal plant 

pathogen species are primarily in the phyla Ascomycota (e.g., Dothideomycetes, 

Sordariomycetes, and Leotiomycetes) and Basidiomycota (e.g., the rusts and smuts) 

(Doehlemann et al 2017). Fungicides target various metabolic pathways or 

processes in fungal pathogens. They can be classified according to their mode of 

action: a) nucleic acid metabolism, b) cytoskeleton and motor proteins, c) 

respiration, d) amino acid and protein synthesis, e) signal transduction, f) lipid 

synthesis or transport/membrane integrity of function, g) sterol biosynthesis in 

membranes, h) cell wall biosynthesis, i) melanin synthesis in cell wall, j) host plant 

defense induction, k) chemicals with multi-site activity, l) biologicals with multiple 

modes of action, and m) unknown mode of action (FRAC 2020, Riah et al 2014). 

It is expected that in soil they may have non-target effects on soil microbes other 

than the crop pathogens (Duke 2018), i.e., on species essential for soil processes 

and processing nutrients crucial for plants. Some analogous pathways can be found 

also in plants. Therefore, pesticides generally represent a potential risk of 

phytotoxicity. Undesirable inhibition of photosynthesis, mitosis, cell division, 

enzyme function, root growth, or leaf formation; interference with the synthesis of 

pigments, proteins; or DNA damage, destruction of cell membranes were reported 

for a great number of pesticides (Dias 2012, Parween et al 2016). 

Copper can be used as both fungicide (e.g., Bordeaux mixture, 

i.e., CuSO4+Ca(OH)2) and algicide (e.g., CuSO4) in agriculture. Copper is also an 

essential plant micronutrient as a component of various proteins, particularly 

those involved in both photosynthetic (plastocyanin) and the respiratory 
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(cytochrome oxidase) electron transport chain (Petit et al 2012). However, 

its excess is highly phytotoxic, resulting in photosynthesis inhibition likely due to 

fatal changes in chloroplast ultrastructure which was observed in green algae. 

Copper was shown to alter the lipid content in chloroplast membrane, inhibit 

pigment accumulations and integrate into the photosystems in barley (Petit et al 

2012). It inhibits both the synthesis of the chlorophyll precursor, δ-aminolevulinic 

acid and the activity of protochlorophyllide reductase (EC 1.3.1.33 - enzyme 

important in chlorophyll biosynthesis) (Stiborová et al 1986). Other effects of 

copper fungicides were reported such as suppression of oxygen evolution, 

photosystem II inactivation, Mg2+ substitution, interaction with -SH groups of 

ATPase and more. 

 Sulfur again functions both as a plant nutrient and a fungicide. Adverse 

effects on plants related to photosynthesis decrease and reduced stomatal 

conductance were reported (Petit et al 2012). 

Triazole fungicides such as triadimefon, propiconazole, hexaconazole, and 

paclobutrazol inhibit the biosynthesis of steroids (Egbuta et al 2014, Zarn et al 

2003), namely they block sterol 14-α-demethylase (CYP51, EC 1.14.14.154) leading 

to destabilization of fungal plasma membranes (Dvořák 2011, Lepesheva et al 

2003). They are usually applied as foliar spray and probably represent the largest 

and most important group of systemic compounds developed for control of crop 

fungal (e.g., Fusarium sp. and Erysiphe necator) and yeast diseases. Also, triazoles 

can create complexes with copper ions (and probably other metal ions as well) and 

change their behavior in the environment, i.e., accumulation in soils, degradation, 

mobility, and stability  (Arias et al 2006, Jakl et al 2017, Jakl et al 2021b, Jaklová 

Dytrtová et al 2011, Jaklová Dytrtová et al 2018). Although originally used in 

agriculture, triazoles easily spread through the soil; and contaminate groundwater 

and even reach urban centers (Valadas et al 2019).  Moreover, they are also used 

in therapeutic and personal care products (e.g., shampoos, dermal creams, and 

soaps) and can be found in surface water and sediment of the aquatic environment 

(Bhagat et al 2021, Casida 2009, Chen & Ying 2015, Schmidt et al 2016). 

Various developmental and morphological malformation and other toxic 

effects on non-targets like zebrafish (Danio Rerio), were documented if exposed to 
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triazoles such as tebuconazole, cyproconazole, clotrimazole and ketoconazole (Cao 

et al 2019, Chen & Ying 2015, Li et al 2019). In healthy non-target organisms, 

azoles may act as potential endocrine disruptors (Taxvig et al 2008, Trösken et al 

2006, Zarn et al 2003). 

Some triazoles were regarded with both phytotoxic and stimulant effects on 

plant physiology (Petit et al 2012). Triazoles were shown to have increased the 

level of cytokinin, likely resulting in stimulation of chlorophyll biosynthesis, then 

acceleration of chloroplast differentiation, and protecting the integrity of 

chlorophyll (Fletcher et al 2000, Jaleel et al 2008), presence of cyproconazole and 

penconazole after application into soil decreased the amount of green biomass of 

tomato plants, influenced the phenolic content in fruit, increased the fruit size and 

yield, and reduced the mobility of some essential elements (Fe, Cu, Zn) (Jakl et al 

2021b) 

An urgent problem with fungicides (pesticides in general) emerges because 

there is an unpleasant struggle with developing fungal resistances. Fungi may 

defend themselves by modification of sensitive sites, exclusion of fungicide or its 

detoxification (Brauer et al 2019, Esquivel B.D. & White 2017). Therefore, as 

various mixtures of fungicides increase in the environment, the more frequent and 

larger the exposure to non-target organisms is (Bhagat et al 2021). Plants can 

respond to xenobiotics e.g., pesticides in a three-phase detoxification system 

(Fig. 10, p. 35). In the phase I, the reactions are primarily catalyzed by cytochrome 

P450, but also by other enzymes such as amidases, reductases, esterases, PXs. 

They all participate in the transformation of the xenobiotics into a more water-

soluble and usually a less toxic product. The next phase II (conjugation) produces 

compounds with higher molecular weight, reduced biological activity and mobility 

and further increased water solubility. This detoxification process involves 

conjugation with GSH, glucose, amino acids, and malonic acid, performed by 

different enzymes, especially glutathione and glycosyl transferases. In the phase 

III, the compounds can be either stored in the vacuole, translocated to the cell wall 

where they co-polymerate with lignin or are transported through the phloem 

(Singh et al 2016). 
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Fig. 10: Metabolic pathways of processing fungicides, modified, (Singh et 

al 2016). The dashed line indicates multi-step reactions. Abbreviations: ASC - 

ascorbate, APX - ascorbate peroxidase, CAT - catalase, DHAR - dehydroascorbate 

reductase, GLC - glucose, GR - glutathione reductase, GSH - glutathione, MDHAR 

- monodehydroascorbate reductase, SOD - superoxide dismutase. 

 

1.3 Sustainable agriculture 

Naturally, the demand for food, animal feed, bioenergy feedstocks, and 

biomaterials increases on the global level, pushing the crop harvest to its limits. 

However, high yields are often redeemed with application of excessive amounts of 

fertilizers, which apart from high costs contribute to environmental damage 

through eutrophication, soil acidification and air pollution (Brodt et al 2011, Chen 

& Liao 2017). In sustainable agriculture, the use of synthetic pesticides and 

fertilizers is abandoned. Instead, farmers plant a variety of plants together to 

promote biodiversity and repel pests and pathogens (Nicholls & Altieri 2013). Also, 

other ways of plant protection open using priming effects and biological control 

agents (BCAs).  
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1.3.1 Priming 

Concisely, priming means that a mild exposure to stress can activate stress 

responses of plants, leading to various types of induced resistance (Fig. 11). Thus, 

it provides the plant with an increased capacity for rapid and effective activation 

of cellular defense responses and allows the plant to respond more effectively and 

readily to the action of the subsequent stress factor. Altogether, when biotic and 

abiotic stresses repeat, the plant recalls past molecular experiences and engage 

the saved information (“stress memory”) for life-saving adaptation to new 

conditions (Bertini et al 2018, Conrath et al 2015, Turgut-Kara et al 2020). 

 

Fig. 11: The plant faces various stress factors. The plant responses may lead 

to improved stress management after priming and forming a "memory" of a stress 

factor. One of the mechanisms that can be involved in "forgetting" a stress response 

is autophagy, modified, (Hilker & Schmülling 2019). 

 

A range of priming strategies such as modification of regulatory proteins via 

epigenetic mechanisms, accumulation of various cellular compounds, and the 

phosphorylation of MAPKs have been identified (Bertini et al 2018, Turgut-Kara 

et al 2020).  

Epigenetic modifications are unique mechanisms for responding to the 

changing conditions at both in somatic and transgenerational states, and they 

seem to be critical for the plant survival and quick response to unfavorable 

conditions (Turgut-Kara et al 2020). All-chemical changes on the DNA and histone 

proteins are included in the epigenome. Plants use all major epigenetic 
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mechanisms present in eukaryotes. DNA methylation relies on several 

plant-specific proteins associated with gene silencing including a few proteins 

likely specific for demethylation. Also, histone modifying enzymes that modulate 

the chromatin structure in plants are present and frequently encoded by relatively 

large gene families (Espinas et al 2016, Turgut-Kara et al 2020). The histone 

modifications on the promoters of transcription factors (e.g., methylation and 

acetylation on promotors of WRKY genes, histones H3 and H4) are related to 

defense and priming promotion of gene expression (Bertini et al 2018, Espinas et 

al 2016, Turgut-Kara et al 2020). 

Beneficial microorganisms are related to ISR initiation, which is often 

regulated by SA-independent mechanisms. However, several plant-growth 

promoting rhizobacteria have been reported to trigger a SA-dependent type of ISR 

that resembles pathogen induced SAR (Djellout et al 2020, Pieterse & Van Wees 

2015). ISR is associated with the synthesis of defense related enzymes, such as 

PR proteins, and to the accumulation of PXs, polyphenol oxidase and phenolics as 

plant response to various stresses (Magnin-Robert et al 2007). This way of priming 

plant defense can be maintained for the plant whole life and protect it effectively 

against a wide range of pathogens (Djellout et al 2020, Wallis & Galarneau 2020) 

Not only the exposure of plants to pathogens or beneficial microorganisms, 

but also some natural and synthetic chemicals may cause the priming effect after 

application (Mauch-Mani et al 2017). Natural occurring compounds with priming 

effects belong chitosan, caproic acid and SA, and those of synthetic origin include 

various SA analogs (e.g., benzothiazole - a fungicide), β-aminobutyric acid, 

2,6-dichloroisonicotinic acid and its methyl ester (Bertini et al 2018, Burketová et 

al 2015, Zhou & Wang 2018). Also, proteinaceous elicitors oligandrin from Pythium 

oligandrum and β-cryptogein from Phytophthora cryptogea induced expression of 

many defense genes in tomato plants (Ouyang et al 2015, Satková et al 2017, Starý 

et al 2019). 

 

1.3.2 Biological control agents 

BCAs represent a promising, environmentally friendly approach to 

protecting plants against various pathogens. These agents include fungi, 
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oomycetes, and bacteria, and their positive effect originates from interactions that 

prime defense responses and enhance plant resistance to future stressors (Gerbore 

et al 2014a, Le Hesran et al 2019). Therefore, the repeated use of chemical agents 

(i.e., pesticides) might be decreased as well as the workforce dedicated to the 

treatment.  

The philosophy of BCA usually follows one of the three major ways: 

importation of exotic species into a new habitat, augmentation of established 

species by increased production and periodic colonization or their conservation 

through manipulation of the environment, i.e., plant and habitat diversification, 

cropping intensity reduction, and increased landscape complexity (Begg et al 2017, 

Le Hesran et al 2019). 

For example, the oomycete Pythium oligandrum is a world-wide soil 

organism (Takenaka 2015) that was first described by the American mycologist 

Charles Drechsler in 1930 (Drechsler 1930). This organism can be found on the 

surface of plant roots (in the rhizosphere) where it may interact with numerous 

plant pathogens and the plant itself (Brožová 2002, Gerbore et al 2014a). Among 

the organisms serving as BCAs, some species of the genus Trichoderma 

(e.g., T. asperellum and T. atroviride act as fungicides) or certain species genus 

Bacillus (e.g., B. thuringiensis acts as an insecticide) can be found (Gerbore et al 

2014a). 

 

1.3.3 Pythium oligandrum 

Pythium oligandrum, a soil-inhabiting oomycete, has been reported to be an 

effective BCA (Benhamou et al 2012). P. oligandrum produces two types of 

proteinaceous elicitors (Masunaka et al 2010, Takenaka et al 2006). One type of 

elicitors represents cell wall protein in mycelial mats of P. oligandrum and has 

several members (Takenaka et al 2003, Takenaka & Tamagake 2009, Takenaka et 

al 2011). Another type of elicitor in P. oligandrum are oligandrins, extracellular 

proteins that can induce resistance in many plants against Phytophthora species, 

bacterial and fungal pathogens (Benhamou et al 2001, Mohamed et al 2007). 

Oligandrins are low molecular mass proteins (10 kDa) with characteristic 

structure containing six α-helixes, two short β-sheets, and ω-loop, which is 
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important for sterol binding. Oligandrins have a conserved sequence within 

elicitins, which is stabilized by three disulphide bridges, but without homology to 

plant proteins. Oligandrins (OLI-S1, OLI-D1, OLI-D2) and cell wall proteins 

(POD1, POD1a, POD1b, POD2, and POS1) are elicin and elicitin-like proteins that 

were reported to be produced by various P. oligandrum strains (Derevnina et al. 

2016).  

The effect of P. oligandrum on plant is a complex process, which results 

either in direct or indirect protection of plants against pathogens. P. oligandrum 

interacts with other soil microorganisms (pathogens) in a mycoparasitic process, 

involving a secretion of cell wall degrading enzymes, such as chitinases and 

cellulases, and use target’s carbon compounds for its own growth and development. 

Simultaneously, it also competes for nutrients and space with its target organism. 

Its penetration into pathogen cells is associated with a complete destruction of the 

cytoplasm in the target cells and finally the whole cell, e.g., of Fusarium oxysporum 

f. sp. radices-lycopersi or P. ultimum. Further analysis of P. oligandrum 

transcripts showed genes for proteases, protease inhibitors, glucanases, putative 

effectors, and elicitors that were also found in the interaction with Ph. infestans 

hyphae (Gerbore et al 2014a).  

It is known that P. oligandrum can interact with plant roots. It was reported 

that P. oligandrum quickly and massively colonizes root tissues, but its 

colonization is associated neither with host wall disruption nor host cell alterations 

and is followed by induction of several host defense reactions (Takenaka et al 

2011). The details of the process were observed in tomato plants. P. oligandrum 

penetrates root tissues rapidly but it cannot survive in plants. The first events 

include the penetration of P. oligandrum into the root epidermis and colonization 

of the cortex, where the hyphae are metabolically active. After 12-14 h, structural 

changes and cytoplasm disintegration occur. After 48 h, the cells of P. oligandrum 

look like empty shells surrounded by enlarged oogonia. The above processes are 

accompanied by changes in plant metabolism, particularly, the phenylpropanoid 

pathway is stimulated to synthetize defense compounds (Benhamou et al 2012). 

The fact that the invading hyphae of P. oligandrum degenerate concomitantly with 

the accumulation of plant defense compounds strongly suggests that 
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P. oligandrum is not able to short-circuit plant defense responses as do most other 

mutualistic agents through the production of effector-like molecules.  

Plants contain receptors for elicitins and thus the defense response can be 

activated, and local induced resistance can occur to a broad spectrum of pathogens 

(Derevnina et al 2016, Du et al 2015). The plant encounter with P. oligandrum and 

its secreted products may lead to priming. 

P. oligandrum also stimulated growth of tomato plants. Since P. oligandrum 

can produce tryptamine (auxin precursor), which is then readily absorbed by root 

system, resulting in an increase of root mass associated with an enhanced 

formation of secondary roots (Benhamou et al 2012, Le Floch et al 2003). Roots are 

very sensitive to even a low auxin concentration, a mild but frequent production of 

auxin of fungal origin may have a key impact on root physiology (Le Floch et al 

2003). In greenhouse experiments with pepper grown in soil infested with 

Verticilium dahliae (wilt disease), shoot and fruit masses were significantly higher 

in the presence of P. oligandrum than in its absence. Disease losses caused by 

V. dahliae were conclusively reduced by P. oligandrum which promoted plant 

growth (Al-Rawahi & Hancock 1998).  

The treatment with P. oligandrum oospores induced defense reactions 

against Botrytis cinerea infection in strawberry. It was found that this treatment 

reduced the severity of grey mold in field tests. The efficiency of the treatment was 

ca. 90% and 60% for low and high disease intensity, respectively. But in both cases, 

the treatment reached the same or only a little lower efficiency compared to 

standard chemical fungicides (Meszka & Bielenin 2010). Furthermore, the elicitor 

oligandrin induced expression of several defense genes against B. cinerea and 

Oidium neolycopersici in tomato plants (Ouyang et al 2015, Satková et al 2017). 

The application of a cell wall protein fraction of P. oligandrum to sugar beet 

plants induced plant defense reaction and increased resistance against seedling 

diseases caused by Aphanomyces cochliodes and Rhizoctonia solani AG2-2. Also, 

the early colonization of sugar beet seeds by P. oligandrum protected seedlings 

against subsequent infection by P. ultimum, a reason for this seems to be 

a competition for space and nutrition between both microorganisms (Takenaka & 

Ishikawa 2013). 
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The complex relationship between P. oligandrum, plants, and pathogens is 

shown in Fig. 12. It seems that an impressive number of diseases in various plants 

can be controlled by P. oligandrum. The reduction of pathogenic attacks varies 

from 15–100%, depending on the host plant, the target pathogen, and the 

application method (Gerbore et al 2014a, Gerbore et al 2014b). The ability of 

P. oligandrum to enter and colonize the root system before rapidly degenerating is 

one of the most striking features that differentiate this organism from all other 

known biocontrol fungal agents.  

 

Fig. 12: Schematics of P. oligandrum interactions modified from  (Gerbore et 

al 2014a). P. oligandrum appears to be a promising BCA, as it operates on several 

levels (Benhamou et al 2012): 1. It acts against pathogens in the soil by occupying 

the rhizosphere, and thus by competing for space and nutrients. 2. It directly 

attacks some plant pathogens living in the soil. 3. It increases the resistance of 

plants because it induces their defense system. 4. Through the production of 

tryptamine, a precursor of auxin, it promotes plant growth (Le Floch et al 2003).  
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2 Aims of the thesis 

The thesis can be divided into two major sections. The first part represents an 

insight into the plant metabolism exposed to biotic and abiotic stress factors. 

We focused on the features of Pythium strains and their use in seed-coating as an 

environmentally friendly way of plant protection. Plant viruses represent major 

economic losses in agriculture and are affected by several factors. Thus, we 

followed the impact of elevated temperature on viral propagation in plants. In 

contrast with biological control agents, we observed some adverse effects of 

fungicides in plants. In the analyses, we always observed changes of phenolic 

compounds in plant metabolism. Thus, we also paid attention to the kinetic 

parameters of shikimate dehydrogenase. The second part of this thesis focuses on 

the antioxidant capacity involved either in plants or occurring in vitro during 

triazoles (fungicides) interactions. Triazoles also represent a potential threat to 

non-target organisms. 

 

The aim of the thesis was: 

I. 

• To analyze the biochemical properties of Pythium strains, related to the 

oomycete Pythium oligandrum. 

• To characterize the metabolism of the rapeseed plants grown from the seeds 

coated with Pythium strains. 

• To evaluate the effect of heat shock on the course of viral propagation. 

• To assess the side effects of fungicides on crop plants. 

• To study the regulation and side reactions catalyzed by shikimate 

dehydrogenase, a key enzyme of the shikimate pathway. 

II. 

• To evaluate the connections between antioxidant capacity, total phenolic 

content, and key nutritional minerals of medicinal plants. 

• To analyze the interactions between plant antioxidants and triazoles. 

• To evaluate the impact of triazoles on the enzymes of non-target organisms. 
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3 Results and discussion 

 

3.1 Publications 

The participation of Kateřina Bělonožníková in preparation of all 

manuscripts (specified for each in “My contribution”) was approved by the 

supervisor doc. RNDr. Helena Ryšlavá, CSc. and the consultant 

RNDr. Daniel Kavan, Ph.D. The results of this thesis are summarized in 

7 published and 2 submitted manuscripts. Currently, we also have 2 manuscripts 

in preparation, but they are not a part of the thesis. The following publications can 

be divided into two major parts. The first group of articles focuses on the plant 

metabolism under stress conditions and the second one concentrates on the 

antioxidants and their resulting impact on humans and the environment.  

 

I) Plant metabolism under stress conditions 

Bělonožníková, K., Vaverová, K., Vaněk, K., Kolařík, M.,  Hýsková, V., 

Vaňková, R., Dobrev, P., Křížek, T., Hodek, O., Čokrtová, K., Štípek, A., Ryšlavá, 

H.: Novel insights into the effect of Pythium strains on rapeseed 

metabolism, Microorganisms, 8:1472, 2020, IF 2019 = 4.152, 

https://doi.org/10.3390/microorganisms8101472 

Hýsková, V., Bělonožníková, K., Čeřovská, N., Ryšlavá H.: HSP70 plays an 

ambiguous role during viral infections in plants, (Review), Biologia 

Plantarum, 65:68-79, 2021, IF 2019 = 1.602, https://doi.org/10.32615/bp.2021.001 

Hýsková, V., Bělonožníková, K., Doričová, V., Kavan, D., Gillarová, S., Henke, 

S., Synková, H., Ryšlavá, H., Čeřovská, N.: Effects of heat treatment on 

metabolism of tobacco plants infected with Potato virus Y, Plant Biology, 

2021, IF 2019 = 2.167, https://doi.org/10.1111/plb.13234 

Hýsková, V., Bělonožníková, K., Šmeringaiová, I., Kavan, D., Ingr, M., Ryšlavá, 

H.: How is the activity of shikimate dehydrogenase from parsley root 

regulated and which side reactions are catalyzed? Submitted: 

Phytochemistry, March 2021 

Jakl, M., Ćavar Zeljković, S., Kovač, I., Bělonožníková, K., Jaklová Dytrtová, J.: 

Side effects of triazoles on treated crops, Chemosphere, 277:130242, 2021, 

IF 2019 = 5.778, https://doi.org/10.1016/j.chemosphere.2021.130242 

  

https://doi.org/10.3390/microorganisms8101472
https://doi.org/10.32615/bp.2021.001
https://doi.org/10.1111/plb.13234
https://doi.org/10.1016/j.chemosphere.2021.130242
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II) Antioxidants and their impact on humans and the environment 

Tupec, M., Hýsková, V., Bělonožníková, K., Hraníček, J., Červený, V., Ryšlavá 

H.: Characterization of some potential medicinal plants from Central 

Europe by their antioxidant capacity and the presence of metal 

elements, Food Bioscience, 20:43-50, 2017, IF 2019 = 3.067, 

https://doi.org/10.1016/j.fbio.2017.08.001  

Jaklová Dytrtová, J., Straka, M., Bělonožníková, K., Jakl, M., Ryšlavá, H.: 

Does resveratrol retain its antioxidative properties in wine? Redox 

behaviour of resveratrol in the presence of Cu(II) and tebuconazole, 

Food Chemistry, 262:221-225, 2018, IF 2019 = 6.306, 

https://doi.org/10.1016/j.foodchem.2018.04.096 

Jaklová Dytrtová, J., Bělonožníková, K., Jakl, M., Ryšlavá, H.: Triazoles and 

aromatase: The impact of copper cocktails, Environmental Pollution, 

266:115201, 2020, IF 2019 = 6.792, https://doi.org/10.1016/j.envpol.2020.115201 

Jaklová Dytrtová, J., Bělonožníková, K., Jakl, M., Ryšlavá, H.: Cocktail 

effects of triazoles and zinc on cytochrome 3A4 and 19A, Submitted: Food 

and Chemical Toxicology, February 2021 

 

III) Manuscripts in preparation, not included in the doctoral thesis 

Bělonožníková, K., Černý, M., Hýsková, V., Kavan, D., Křížek, T., Hodek, O., 

Valcke, R., Synková, H., Vaňková, R., Dobrev, P., Schnablová, R., Ryšlavá, H.: 

What is the impact of organic nitrogen sources on tobacco metabolism? 

In preparation: 2021 

Bělonožníková, K., Kavan, D., Hýsková, V., Hraníček, J., Ryšlavá, H.: Fruit 

and vegetable juices: effects of antioxidants on metabolic enzymes, 

In preparation: 2021 
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https://doi.org/10.1016/j.foodchem.2018.04.096
https://doi.org/10.1016/j.envpol.2020.115201
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3.2 Plant metabolism under stress conditions 

3.2.1 Novel insights into the effect of Pythium strains on rapeseed 

metabolism 

The search for economically and environmentally friendly crop protection is 

getting more and more attractive and likely even necessary for sustainable 

agriculture. In 2017, we successfully applied our grant proposal “Industrial 

research for universal seed and seedlings treatment that protects against fungal, 

bacterial and other pests” (TJ01000451) in the project Zeta of the Technology 

Agency of the Czech Republic. During the collaboration with Biopreparáty spol. 

s r.o. we began to analyze the unique features of Pythium isolates and tested the 

influence of seed coating on metabolism and defense reactions of young rapeseed 

plants (Brassica napus). Although Pythium genus is mostly known for the 

pathogenic P. ultimum and P. insidiosum, the beneficial effects of P. oligandrum, 

but also P. acanthicum, P. periplocum and P. nuun against various fungal diseases 

have been continuously reported (Benhamou et al 1999, Brožová 2002, Gerbore et 

al 2014a, Sankaranarayanan & Amaresan 2020). The overview of our publication 

is summarized in the graphical abstract (Fig. 13). 

 

Fig. 13: Graphical abstract of the publication about Pythium strains 

(Bělonožníková et al 2020). Pythium strains were labeled as M1, 00X5, 00X11, 

00X23, 00X30, 00X34, 00X40, 00X42, 00X48, X40 and X42. All the strains were 

identified as P. oligandrum, except for X42 which was shown as a novel Pythium 

strain. For the metabolism analysis, we also grew untreated (C, control) plants. 

Firstly, we identified eleven Pythium isolates (strains) from the collection of 

Biopreparáty spol. s r.o. The ten Pythium strains were identified as P. oligandrum 

and one isolate was regarded as a previously undescribed Pythium sp. (called X42). 

Also, one of the tested isolates, called M1 (ATC 38472), was the commercially used 

agent (Vesely 1978) (Table 1, Fig. 1, in Bělonožníková et al 2020). In the first part 

of the project, we focused on the analysis of secretomes of Pythium strains. 

Although the composition of the cultivation medium was identical for all of them, 
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we discovered significant differences in the contents of proteins, free amino acids, 

and phenolic compounds (Fig. 2 in Bělonožníková et al 2020). P. oligandrum may 

produce tryptamine, an auxin precursor, that promotes plant growth (Benhamou 

et al 2012, Le Floch et al 2003). Surprisingly, the X42 secretome showed the 

highest tryptamine content, approx. 5.5 times higher than the commercial strain 

M1 (Fig. 2b in Bělonožníková et al 2020).  

Naturally, we focused on the detection of oligandrin, a secreted elicitin, that 

is known to induce resistance in many plants and to initiate plant priming, leading 

to restriction the pathogen growth and development (Benhamou et al 2001, 

Lherminier et al 2003, Picard et al 2000, Satková et al 2017). This was also another 

striking evidence of X42 peculiarity since its secretome showed unique protein 

profile in comparison with other tested Pythium strains in the Tricine 

electrophoresis. In addition to oligandrin (~10 kDa), likely significant amounts of 

several peptides (<6.5 kDa) was detected, that may be either just degradation 

products or other elicitors (Fig. 3 in Bělonožníková et al 2020).  Elicitins form a 

family of oomycete proteins, including cryptogein, capsicein, parasiticein and INF1 

from pathogens Phytophthora cryptogea, Ph. capsici, Ph. parasitica, and 

Ph. infestans (Derevnina et al 2016). They typically induce HR and subsequently 

PCD in some plant species, e.g., capsicein and cryptogein in tobacco (Ricci et al 

1989). On the other hand, elicitin-like cell wall protein fraction (POD1 and POD2) 

from P. oligandrum activated JA- and ET- pathways and did not induce HR 

(Takenaka et al 2006, Takenaka et al 2003). Also, oligandrin-treated tomato plants 

did not exhibit necrotic features typically associated with HR. However, oligandrin 

treatment significantly reduced disease severity provoked by Ph. parasitica 

(Picard et al 2000). It was also presented that ultrastructural modifications in 

tomato cells upon oligandrin treatment that correlated with restriction of pathogen 

Fusarium oxysporum f. sp. radicis-lycopersici ingress to the vascular stele 

(Benhamou et al 2001). However, they suggested the metabolic changes do not 

follow a general pathway upon signal recognition (Benhamou et al 2001). The plant 

receptors implicated in the defense responses independent of HR still need to be 

identified (Derevnina et al 2016).  
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Subsequently, we analyzed the hydrolytic enzymes that are important for 

facilitating the cell wall penetration during mycoparasitism (Brunner et al 2002). 

Numerous pathogenic fungi and oomycetes produce saponin-detoxifying 

glycosidases (Bowyer et al 1995, Ivanov & Bernards 2012). Also, for example 

β-glucosidase could modulate O-glycosylated cytokinins to alter the phytohormonal 

levels in plants (Le Roy et al 2016). Most information about various hydrolytic 

enzymes of Pythium spp. derives from genomic analyses (Faure et al 2020, 

McGowan & Fitzpatrick 2017) without the substrate specificity of the enzyme. 

Therefore, we measured enzyme activities of endoglycosidases (celullase 

EC 3.2.1.4, chitinase EC  3.2.1.14, and β-1,3-glucanase EC 3.2.1.6) and 

exoglycosidases (α-glucosidase EC 3.2.1.20, β-glucosidase EC 3.2.1.24, 

β-galactosidase EC 3.2.1.23, α-mannosidase EC 3.2.1.24, α-galactosidase 

EC 3.2.1.22, and β-hexosaminidase EC 3.2.1.52). Some Pythium strains (00X5, 

00X30, 00X48, X40) showed higher endoglycosidase activities than the 

commercially used M1 strain, while the exoglycosidase activities were the highest 

in the M1 secretome, except for α-mannosidase which was the most active in the 

X40, X42 secretomes. We detected no activities of α-galactosidase and 

β-hexosaminidase. On the other hand, we observed an unexpected activity of 

β-galactosidase in alkaline pH (Fig. 4 in Bělonožníková et al 2020). Interestingly, 

in the total proteolytic activity measurement of the secretomes, the M1 strain did 

not show as significantly high activity as the X42. Acid and alkaline phosphatases 

were also present in the Pythium strain secretomes. These enzymes could be 

interesting for plants as they remove phosphates from various organic sources and 

increase the nutrient availability (Fig. 5 in Bělonožníková et al 2020). In average, 

alkaline phosphatases showed higher activity than the acid forms. The strains M1 

and 00X5 showed significantly high activities of both forms in the secretomes. 

We also supposed that the enzyme activities could be induced by a different 

composition of the cultivation medium. In the future research, we would test 

various substrates in the media to promote the secretion of hydrolytic enzymes. 

For the mycoparasitism, the carbohydrate hydrolytic enzymes are especially 

important. However, they must be tightly regulated and compartmentalized to 

prevent self-degradation. P. oligandrum behaves parasitically even to P. ultimum 
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from its own genus (Ali-Shtayeh & Saleh 1999, Brožová 2002). Therefore, one of 

the key questions that remains is how the recognition between self and non-self 

occurs (Liang et al 2020). P. oligandrum performs a strong mycoparasitism against 

more than 50 fungal and oomycete species and thus is also used as an effective 

agent against various dermatophytoses in human and animals (Gabrielova et al 

2018, Načeradská & Mencl 2010). 

The impact of rapeseed inoculation with Pythium strains was followed in 

3-week-old plants. Seed coating represents a convenient tool to implement 

beneficial microorganisms into the soil and rhizosphere or plant tissue (Ma 2019). 

We did not observe any significant changes in the rapeseed growth parameters as 

expected by tryptamine supplementation by Pythium strains. The tryptamine 

content was also followed in the rapeseed leaves, but it was rather low and only 

the plants treated with 00X30 significantly differed from the control (untreated) 

plants (Fig. 6c, in Bělonožníková et al 2020). We suggested that a further 

biotransformation to auxin could take place (Fig. 12, p. 41). In the future research, 

we would focus on the analysis of roots and conduct a time-dependent experiment 

to investigate the metabolic changes. We also followed the content of free amino 

acids in the rapeseed leaves (as well as in the secretomes, Table 2, Fig. 7 in 

Bělonožníková et al 2020). The interaction between the plant and Pythium strain 

may also include the exchange of the plant tryptophane for tryptamine as shown 

for rhizobacteria and P. oligandrum (Kravchenko et al 2004, Le Floch et al 2003). 

We observed a decrease in the tryptophan content, especially in the plants treated 

with 00X40, 00X5, and X42 strains. Also, the content of other aromatic amino 

acids, phenylalanine and tyrosine were decreased in all plant groups. Therefore, 

we expected to see a connection with the phenolic content, but we found no 

significant differences among the plant groups in the total phenolics as well as the 

antioxidant capacity (Fig. 6 in Bělonožníková et al 2020). However, the 

measurements encompass only the soluble phenolics content. We suggested that 

some of the phenolics could impregnate the cell wall in the form of lignin, providing 

a reinforcement and significant improvement of the defense barrier against biotic 

stressors.  
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The plant metabolism as well as the plant-environment interaction is 

regulated by phytohormones. The strains X42 and 00X11 belonged to 

the candidates that could significantly alter the indole-3-acetic acid (IAA, auxin) 

content since they both produced significant amounts of tryptamine in 

the secretome and decreased the tryptophan content. Not only IAA content was 

altered (significantly increased in plants treated with 00X11, 00X30, X42 and M1), 

but also the contents of indole-3-acetamide, indole-3-acetonitrile (precursors of IAA 

in different biosynthetic pathways) and phenylacetic acid (Fig. 8a,b in 

Bělonožníková et al 2020). We proposed that this could mean that Pythium strains 

influence the auxin metabolism by multiple ways. We also observed a sort of 

“acceleration” of the cytokinin metabolism in the treated plants since high 

concentrations of precursors and degradation products were detected (Fig. 8c in 

Bělonožníková et al 2020). In accordance with literature, we detected high levels 

with JA, JA-Ile, and aminocyclopropane-1-carboxylic acid (ACC, ET precursor) in 

the treated plants (Fig. 8d in Bělonožníková et al 2020). Also, Yacoub et al 

highlighted the promotion of JA- and ET-signaling pathways with certain genes 

induced (e.g., ACC synthase, allene oxide cyclase) early after Phaeomoniella 

chlamydospora attack if grapevine roots had been inoculated with P. oligandrum 

(Yacoub et al 2020). However, we also detected higher levels of SA in the plants 

treated with 00X30 and 00X11 in comparison with the control plants. It could be 

related to the species specificity or maybe readiness for faster response. Similar 

differences were found for the β-cryptogein treatment which activated the ET- and 

JA-signaling pathways in tomato plants (Starý et al 2019) and SA-signaling in 

tobacco plants (Keller et al 1996). 

Brassicaceae plants are famous for their glucosinolate content that protects 

them from herbivores and other pathogens. Since the project was dedicated to the 

plant protection, we also investigated if Pythium strains could alter their 

composition and content. In the leaves of experimental plants, glucobrassicin and 

progoitrin were the most abundant. The low levels of tryptophan in the treated 

plants could also indicate its involvement as precursor of not only auxin but also 

of glucobrassicin (Fig. 7 in Bělonožníková et al 2020). Glucoraphanin was 

detectable only in the treated plants (Table 3 in Bělonožníková et al 2020). 
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Methionine as a precursor of both glucoraphanin and progoitrin was detected in 

significant amounts in the Pythium secretomes (Fig. 7 in Bělonožníková et al 

2020), thus may have stimulated the Met-dependent pathways, including 

ET biosynthesis, S-adenosylmethionine (Pieterse et al 2012).   

Using native electrophoretic methods, we detected the isoforms of 

antioxidant enzymes SOD and PX which were increased in all plants treated with 

Pythium strains (Fig. 9a,b in Bělonožníková et al 2020). Also, we observed an 

increased activity of SDH, one of the key enzymes for the phenylpropanoid 

synthesis, in the plants treated with Pythium strains (Fig. 9c in Bělonožníková et 

al 2020). 

In conclusion, we showed that the Pythium strain secretomes varied 

significantly based on various protein content, hydrolytic enzyme activities and 

tryptamine production. We employed seed coating as an economically friendly way 

to treat plants with a BCA. Our findings suggest that the differences in the 

Pythium strains “metabolic behavior” or “life strategy” are of great importance for 

finding a novel and effective BCA. 

 

My contribution: 

I analyzed the protein content of secretomes, measured most enzyme activities, 

prepared all the figures and tables, helped to analyze the data, and to write the 

manuscript. 
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3.2.2 Effects of heat treatment on metabolism of tobacco plants infected 

with Potato virus Y 

Our laboratory enjoys a long-time and friendly co-operation with the 

Laboratory of Virology at the Institute of Experimental Botany of the Czech 

Academy of Sciences. Various factors affect virus propagation and plant defense 

responses. One of the most discussed abiotic stress factors is the increasing 

temperature. Therefore, we focused on how a heat-shock could influence the viral 

propagation. We followed the course of potyviral (PVYNTN) infection in Nicotiana 

tabacum plants if treated before or after viral inoculation with a two-hour long 

heat shock of 42°C. The overview of the publication is summarized in the graphical 

abstract (Fig. 14). 

 

Fig. 14: Graphical abstract of the publication about the impact of heat 

shock on the course of Potato virus Y infection (Hýsková et al 2021b). We 

thoroughly analyzed five different experimental groups. C20 - non-inoculated 

control plants grown without experiencing heat shock, C42 - non-inoculated control 

plants with experiencing heat shock, 42Y - plants that experienced heat shock 

before potyviral infection, Y42 - plants that experienced heat shock after potyviral 

inoculation, Y20 - inoculated plants without experiencing heat shock. The 

mechanical wounding during PVYNTN inoculation could represent another form of 

stress. Therefore, we also studied mock (M) inoculated plants in the first week of 

the experiment (M, M42, 42M).  

 

 Heat shock and almost all types of stress are associated with the expression 

of heat shock proteins (Hsps) which are involved in refolding of denaturated 

proteins or directing them for degradation. However, Hsps play an ambiguous role 
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during the viral propagation. Viruses usually can recruit Hsp70 which then may 

promote viral genome replication, translation, and virus propagation from cell to 

cell (Hýsková et al 2021a, Hýsková et al 2021b). We analyzed the impact of 

potyviral infection and heat shock for 28 days long plant growth. The plants were 

inoculated with PVYNTN either before or after heat shock. The leaf samples were 

collected after one hour, one day and then each week. Firstly, we observed that 

heat shock accelerated PVYNTN propagation since the plants with both stress 

factors had showed earlier onset of viral infection (Fig. 1 in Hýsková et al 2021b). 

The amounts of Hsp70 and Hsp90 were increased during the first 24 hours of the 

experiment. Considering the mock-inoculation and viral content analysis, we 

concluded that this early increase of Hsps could be more related to the mechanical 

wounding than the viral factor (Fig. 1, Fig. S2 in Hýsková et al 2021b). In the 

Western blot analysis, we also observed that Hsp70 cytosolic and mitochondrial 

isoforms (~50-75 kDa) that persisted during the developed viral infection (Fig. 2, 

Fig. 3 in Hýsková et al 2021b). In Nicotiana tabacum plants, there are a total of 

61 genes (20 cytosolic, 6 mitochondrial, 4 chloroplast isoforms, and others from the 

endoplasmic reticulum) for Hsp70 with a large dispersion of relative molecular 

weights, the transcription of which is induced by a number of factors such as heat 

shock, mechanical damage and salicylic acid (Song et al 2019). Thus, we believe 

that PVYNTN infection induced the NtHsp70-23 and NtHsp70-35 isoforms 

(Fig. 1a,b, Fig. 2a, Fig. 4a in Hýsková et al 2021b). 

 Viral infection as a stress factor results in the plant metabolism alteration. 

In our previous studies, we observed its impact on photosynthesis, carbohydrate 

pathways, antioxidant system and Hatch-Slack enzymes (Doubnerová et al 2007, 

Muller et al 2009, Ryšlavá et al 2003, Spoustová et al 2015, Synková et al 2006). 

In this project, we introduced and began to optimize a method for phenolic 

compounds detection by LC-MS in our laboratory. Therefore, we could follow the 

alteration of SA, chlorogenic acid (CGA), quinic acid (QA) and ferulic acid contents 

in the leaves. SA and CGA increased in a positive correlation with potyviral 

infection. While QA decreased in time in probable relation to CGA production, 

being its precursor. Also, we detected a high content of ferulic acid in all the 

potyviral infected groups on the 21st, and 28th day (Fig. S3 in Hýsková et al 2021b). 
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All these phenolic compounds could be related to defense responses, CGA and 

ferulic acid could also be engaged in lignin biosynthesis and thus plant cell wall 

fortification. The Hatch-Slack enzymes were already shown to be markers of 

potyviral infection in tobacco plants (Doubnerová et al 2007, Doubnerová & 

Ryšlavá 2011, Ryšlavá et al 2003, Spoustová et al 2015). In accordance, 

phosphoenolpyruvate carboxylase (EC 4.1.1.31), NADP-malic enzyme 

(EC 1.1.1.40), and pyruvate, phosphate dikinase (EC 2.7.9.1) activities were 

increased in the potyviral infected plants during the 14th-28th day period (Fig. 5 in 

Hýsková et al 2021b). However, their activities were not further enhanced with 

heat shock. Plant cell walls represent the front line for pathogen attacks, and 

consist of carbohydrate polymers, lignin, and structural proteins in variable 

amounts (Tenhaken 2015). The cell wall dynamics is not easy to follow. 

We analyzed various glycosidases that are involved in cell wall remodeling, 

hydrolysis of glycoconjugates, such as phenolic compounds, including flavonoids 

and phytohormones (Ludwig-Muller 2011, Slámová et al 2018). Shortly after heat 

shock (1 hour), β-glucosidase and α-mannosidase activities were increased. 

We suggested that β-glucosidase could be involved in the de-glucosylation of 

various phenolic compounds, degradation of glucosylated phytohormones, 

resulting in their fast activation and signal transmission. α-Mannosidase may 

have modulated various glycoproteins (oligosaccharide chains) which also may 

play a role in plant signaling of heat shock and viral infection (Strasser 2016). In 

the stage of maximal viral content (14th-28th day), PVYNTN infection induced 

α-galactosidase, α-mannosidase, β-N-acetylhexosaminidase and α-glucosidase. Our 

previous studies concerned the kinetic properties of β-N-acetylhexosaminidase in 

tobacco leaves (Ryšlavá et al 2014). However, its function and natural substrates 

are still rather unclear. Generally, β-N-acetylhexosaminidase cleaves 

N-acetylglucosamine or N-acetylgalactosamine from non-reducing end of 

oligosaccharides, glycoproteins, glycolipids, and other glycoconjugates. In 

connection with viral infection, considering, its chinolytic activity 

β-N-acetylhexosaminidase could participate in defense responses similarly as 

PR proteins such as chitinases (Hýsková & Ryšlavá 2015). Various stress factors 

as well as viruses are linked to the ROS formation and together with the elevated 
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action of peroxidases, their interaction can result in cross-linking of cell wall 

components to strengthen the wall mechanical properties (Tenhaken 2015). 

Although we have not published the data yet, due to viral infection, the activity 

and number of peroxidase isoforms increased as seen in native electrophoresis. 

The uninfected plants as well as mock-inoculated showed three isoforms while 

the potyviral infected ones showed at least six isoforms, persisting throughout the 

whole experiment. 

 

My contribution: 

I extracted RNA and detected PVYNTN by RT-qPCR. I analyzed the Hsp70 

(cytosolic, chloroplastic and mitochondrial) and Hsp90 contents by Western 

blotting. I prepared the plant extracts for phenolic acid determination by LC-MS 

and analyzed the data. I also measured the total saccharide content. I prepared 

the resulting figures for the publication. 
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3.2.3 Hsp70 plays an ambiguous role during viral infections in plants 

(Review) 

During the project about effects of heat treatment on metabolism of tobacco 

plants infected with Potato virus Y, we had to perform quite an extensive research 

about Hsps. Therefore, we decided to write a short review about the ambiguous 

role of Hsp70 during viral propagation in plants. The interaction between viral 

infection and Hsp70 is highly complex and ambiguous (Fig. 1 in Hýsková et al 

2021a). In contrast with eukaryotes and bacteria, viruses lack Hsps and rely on 

host Hsps for protein folding (Bolhassani & Agi 2019). It seems that viruses do not 

encode a specific inducer for Hsp70. The initiation of chaperons’ response is related 

to the production of virus-specific proteins, a likely analogous way to the unfolded 

protein response in the endoplasmic reticulum as shown for Turnip mosaic virus 

and Turnip crinkle virus (Aparicio et al 2005). The content of the insoluble coat 

protein of Tobacco mosaic virus was also shown to be in correlation with the 

increase of Hsp70 content (Jockusch et al 2001).  

High temperatures lead to Hsp synthesis and its expression aids the plant 

cell in maintaining homeostasis and proteostasis as well as the virus in viral 

nucleic acid replication, protein synthesis, and propagation in planta (Hýsková et 

al 2021a). Many viral proteins are folded by plant Hsp molecular chaperones 

(Milani et al 2016). For Tomato bushy stunt tombusvirus, its RNA-dependent RNA 

polymerase was found in replicase complex with host proteins including Hsp70 

(Pogany & Nagy 2015). In some studies, Hsp70 affected viral coat protein 

movement from cell to cell or a long-distance transport (Table 2 in Hýsková et al 

2021a).  

Therefore, Hsp70 silencing, or inhibition prevented viral infection for 

a variety of plant viruses such as Rice stripe virus (Jiang et al 2014), Turnip mosaic 

virus (Jungkunz et al 2011) and Tomato yellow leaf curl virus (Gorovits & Czosnek 

2017) and many more (Hýsková et al 2021a).  

However, temperature can also help the plant to affect the course of viral 

infection (Table 1 in Hýsková et al 2021a). For example, the increase in 

temperature supported RNA silencing in Nicotiana benthamiana infected with 
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Tobacco ringspot virus (Szittya et al 2003). An extensive summary of discovered 

function of Hsp 70 during various viral infections can be found in Table 2 in 

Hýsková et al 2021a. Heat treatment may not eliminate virus completely but help 

to reduce the viral multiplication and propagation in plants (Kwon et al 2012). 

These findings are advantageously used in a process called thermotherapy. The 

viral infections that were successfully treated with thermotherapy are summarized 

in Table 1 in Hýsková et al 2021a.  

However, many factors and conditions (such as plant species, susceptibility, 

virulence etc.) crucially influence the role of Hsp70 as shown in Fig. 2 in Hýsková 

et al 2021a. 

 

My contribution: 

I participated in both literary research and writing the text of the manuscript as 

well as in critical reading. 
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3.2.4 How is the activity of shikimate dehydrogenase from parsley root 

regulated and which side reactions are catalyzed? 

In 2021, we concluded our study about shikimate dehydrogenase 

(SDH - EC 1.1.1.25) from Petroselinum crispum (parsley) roots. SDH is one of the 

key enzymes of the shikimate pathway which is absent in human and animal 

metabolism. In plants, SDH is a bifunctional enzyme which N-terminal domain 

functions as 3-dehydroquinatedehydratase (DHD - EC 4.2.1.10) and the 

C-terminal domain catalyzes the reduction of 3-dehydroshikimate (DHS) to 

shikimate (SKA) in the presence of NADPH. The main aims of our study were to 

elucidate SDH kinetic mechanism, to determine all the possible reaction by-

products and to test various phenylpropanoids as SDH inhibitors (Fig. 15). 

 

Fig. 15: Graphical abstract (Hýsková et al 2021c). We followed the SDH 

reactions by mass spectrometry to identify which side-reactions take place in the 

shikimate pathway in the parsley roots. Tannic acid, caffeic acid and chlorogenic 

acid were the most effective inhibitors of SDH. The product inhibition analysis 

showed formation of three dead end complexes. Abbreviations: NC - non-

competitive, C - competitive. 

 

The research of non-photosynthetic tissues like roots is challenging because 

the stiff and lignified cell walls render the isolation of enzyme proteins, and high 

contents of phenolics and other tanning products often inactivate the enzymes 

during extraction (Schmidt et al 1991). From a wide variety of root vegetables, we 

selected parsley as a source of high SDH activity and low content of phenolic 

compounds (Fig. 1 in Hýsková et al 2021c). SDH was purified by ion exchange and 

gel chromatography to a final specific activity 470 ± 18 nmol.min-1.mg-1, with 
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determined molecular weight 63 kDa, and isoelectric point 4.5 (Fig. 2 in Hýsková 

et al 2021c). We determined the kinetic parameters in both physiological 

NADPH + DHS → SKA + NADP and reverse SKA + NADP → DHS + NADPH 

directions based on kinetics of bi-substrate reaction and product inhibition 

analysis (Fig. 3, Fig. 4 in Hýsková et al 2021c). Dehydrogenases usually follow a 

typical sequential mechanism. However, during the kinetic analysis of SDH, we 

observed its untypical behavior in the product inhibition study, resulting in 

proposing an ordered mechanism in both directions but with three dead-end 

complexes (enzyme-DHS, enzyme-SKA, and enzyme-NADP-DHS, Table 2, Fig. 5 

in Hýsková et al 2021c). 

 Juglans regia, Eucalyptus camaldulensis and Vitis vinifera contain SDH 

enzymes that oxidize DHS to gallic acid (Bontpart et al 2016, Muir et al 2011, 

Tahara et al 2021), which may then via conjugations lead to the accumulation of 

polyphenols like hydrolysable tannins (gallotannins and ellagitannins), condensed 

tannins (galloylated proanthocyanidins) or galloylated catechins (Tahara et al 

2021). However, for parsley roots we could confirm only non-enzymatic 

spontaneous formation of gallic acid (Table 3, Fig. 6 in Hýsková et al 2021c) as also 

observed in the in vitro studies of Camellia sinensis as well as Vitis vinifera 

(Bontpart et al 2016, Huang et al 2019). For Populus trichocarpa, Eucalyptus 

camaldulensis, and Vitis vinifera some SDH isoenzymes showed high quinate 

dehydrogenase (QDH) activity catalyzing reversible reduction of 3-dehydroquinate 

to quinate, classifying them rather to NAD-dependent QDHs (Bontpart et al 2016, 

Guo et al 2014, Tahara et al 2021). This reaction may represent a link to the 

synthesis of chlorogenate (caffeoyl ester of quinate) (Tahara et al 2021). For parsley 

roots, we detected no such activity for SDH (Table 3, Fig. 6 in Hýsková et al 2021c), 

which thus belongs to the bona fide SDH group, that uses exclusively NADP and 

SKA; NADPH and DHS. The only found by-product produced in parsley roots was 

protocatechuic acid, resulting from the dehydration of DHS (Table 3, Fig. 6 in 

Hýsková et al 2021c). 

Since the lack of the shikimate pathway in the animal and human 

metabolism, its inhibitors are widely used as herbicides, antiparasitic agents and 
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antimicrobials. We screened various products of the shikimate pathway 

i.e., aromatic amino acids (phenylalanine, tyrosine, and tryptophan), and 

phenylpropanoids (Fig.7 in Hýsková et al 2021c). We observed that the higher the 

hydroxyl number the higher the inhibition impact on SDH. The most effective 

inhibitors were tannic acid, caffeic acid and chlorogenic acid (Fig. 7 in Hýsková et 

al 2021c). The aromatic amino acids did not show any effect on SDH activity. 

My contribution: 

I isolated SDH from Petroselinum crispum (parsley). I measured the inhibition 

effect of various phenylpropanoids on SDH activity and performed some of the 

product inhibition analysis. I prepared the samples for LC-MS detection and 

analyzed the data. I edited the manuscript. 
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3.2.5 Side effects of triazoles on treated crops 

In 2021, we published our first results from the pot experiments with 

Solanum lycopersicum L. plants that were treated with triazole fungicides 

cyproconazole, penconazole, tebuconazole and all their combinations (Jakl et al 

2021a, Jakl et al 2021b). We already showed that triazole interactions lead to more 

distinct “cocktail” effects (Jaklová Dytrtová et al 2020, Jaklová Dytrtová et al 2021, 

Jaklová Dytrtová et al 2018). The plants were treated weekly with triazole foliar 

application as performed in the agriculture practice for 53 days. Samples of leaves 

and tomatoes were harvested twice during the experiment (Fig. 16).  

 

Fig. 16: Graphical abstract (Jakl et al 2021a). 

In the 1st harvest, we observed a significant increase in the tomato yield and 

size but a decreased concentration of chlorophyll a and b in the comparison with 

the control (untreated) plants (Fig. 2, 4 in Jakl et al 2021a). We supposed that 

triazoles could interfere with enzymes involved in the chlorophyll biosynthesis. 

Also, triazoles could have fallen from the leaves (or by inaccurate spraying) and 

got into the soil where they can create complexes with cations and influence 

the plant uptake of some essential minerals (Jakl et al 2021a, Jakl et al 2017). 

The main goal was to follow the content of phenolic acids as potential 

antioxidants in the peel of tomato fruit because we supposed that triazoles may 

represent a significant stress factor. Also, higher activities of antioxidant enzymes 

such as superoxide dismutase and peroxidase were reported after triazole 

application (Tuna 2014). In all treated variants (except for tebuconazole mixtures) 



151 

 

the content of chlorogenic acid (CGA, Fig. 5 in Jakl et al 2021a) was significantly 

increased in the 1st tomato harvest. The elevated CGA concentration compared to 

the control in the single-azole variants during the first ripening could be related to 

the protection mechanisms against triazoles-induced oxidation. In the 2nd tomato 

harvest the CGA content decreased approx. to 40% after penconazole and 

cyproconazole treatments in comparison with the 1st harvest. It may indicate 

a response to oxidation stress however, this adaptation was not observed for single 

tebuconazole treatment. Another detected phenolic acid was p-coumaric acid and 

its content in the 1st tomato harvest was higher than in the 2nd one (Fig.5 in Jakl 

et al 2021a). It was slightly higher in the treated groups, except for 

cyproconazole-treated (significantly higher) and tebuconazole-treated 

(significantly lower), also suggesting its role in triazole treatment response. 

We also tried to analyze the trends of the detected phenolic compounds between 

the 1st and 2nd harvests. We observed negative correlations – a decrease of 

quercetin and p-coumaric acid which serve as the respective precursors for 

quercitrin and CGA which increased. Then mild positive correlations were 

calculated for CGA and hesperidin, and CGA and quercitrin (Table SI5, Fig. 5 in 

Jakl et al 2021a).  

The information of triazole impact on the plant metabolism are still rather 

scarce, especially for the effect of cocktails of triazoles. In our future research, we 

would like to focus on various plant metabolic enzymes to determine which 

pathway (e.g., antioxidant, biotransformation systems) might be affected the most. 

 

My contribution: 

I was kindly invited to analyze the data statistically. I prepared the resulting 

tables and helped in editing the manuscript as well as in critical reading. 
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3.3 Antioxidants and their impact on humans and the 

environment  

3.3.1 Characterization of some potential medicinal plants from Central 

Europe by their antioxidant capacity and the presence of metal elements 

Medicinal plants have been used for thousands of years to treat various 

health issues. They are commonly rich in terpenes (carvacrol, citral, linalool, and 

geraniol) and phenolics (flavonoids and phenolic acids) (Ortega‐Ramirez et al 

2014). We analyzed 15 medicinal plants, commonly available in Central Europe, 

by the total phenolics and flavonoids, three different antioxidant capacity assays 

and the content of some essential minerals (Na, K, Mg, Ca, Zn and Se) (Fig. 17). 

We prepared the plant extracts in the form of hot water extracts, simulating herbal 

teas, and methanolic extracts as tinctures. The main aim of this study was to 

correlate the total phenolic content with antioxidant capacity and with 

the nutritionally key metal elements. 

 

Fig. 17: A summary of the publication (Tupec et al 2017). Abbreviations: 

ABTS - 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate), AOs - antioxidants, 

DPPH - N,N-di(phenyl)picryl hydrazyl, FRAP - ferric ion reducing antioxidant 

power. 

 

The most promising plants that showed high phenolics content and high 

antioxidant capacity were Agrimonia eupatoria, Origanum vulgare and 

Mentha × piperita. For most medicinal plants, the antioxidant capacities were 

comparable in the aqueous and methanolic extracts with exceptions of 

Origanum vulgare, Marrubium vulgare and Camellia sinensis (Fig. 1, 2 in Tupec 

et al 2017).  
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The results of the correlation analysis confirmed the assumption that, 

in principle, antioxidant capacities determined by methods using a similar 

mechanism (here mainly single electron transfer versus hydrogen atom transfer) 

show a very good linear correlation. In the case of total phenolics content and 

antioxidant capacity, a good correlation was also found. The content of flavonoid 

in relation to antioxidant capacity showed only a weak correlation (Fig. 3 in Tupec 

et al 2017). Flavonoids are one of the subgroups of phenolic compounds; thus, they 

do not have strongly correlate. The flavonoids bound in the form of glycosides are 

also not detectable by the used method based on Al3+ chelation (complex 

flavonoid-Al3+ increases absorbance at 400-450 nm) because carbohydrate 

substituents may be directly attached to one of the complexing oxygen atoms or 

sterically inhibit the aluminum ion coordination. The primary hydrolysis of all 

glycosides in the sample could have led to a more accurate determination of the 

total flavonoids.  

Nowadays, the human diet is full of more NaCl than necessary. Except for, 

methanolic extracts Agrimonia eupatoria, Plantago lanceolata, Thymus vulgaris, 

all the tested medicinal plants contained more K+ than Na+ thus these extracts 

could support balanced Na/K ratio (Fig. 4 in Tupec et al 2017). Also, high amounts 

of Zn that were found in Stevia rebaudiana, Thymus vulgaris, and Salvia 

officinalis could supply this element significantly (Table 1, 2 in Tupec et al 2017). 

Selen is an essential element, found in organisms mainly in selenoproteins, 

e.g., thioredoxin reductase (Allmang et al 2009), however, in the plant extracts the 

Se content was below the detection limit. However, it was found by a more sensitive 

method in the analysis of the plant ash (Table 2 in Tupec et al 2017), supporting 

the use of Achillea millefolium and Salvia officinalis as spice.  

 

My contribution: 

I participated in the antioxidant capacity determination and helped to edit the 

manuscript.  
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3.3.2 Does resveratrol retain its antioxidative properties in wine? Redox 

behaviour of resveratrol in the presence of Cu(II) and tebuconazole 

In 2018, we established a fruitful cooperation and friendship with 

Jana Jaklová Dytrtová and her group. During the preparation of this manuscript, 

we relied on our knowledge on antioxidant capacity methods (Tupec et al 2017).  

Red wine is the most important source of resveratrol for humans. 

This molecule is probably the most important factor in the so-called French 

paradox. It describes an epidemiological finding of a low incidence of 

cardiovascular disease in the French population, even though their diet is rich in 

saturated fats, but also includes a daily intake of an adequate amount of red wine. 

Resveratrol is biosynthesized by vines (and other plants) especially in response to 

the pathogen Botrytis cinerea (Kasiotis et al 2013, Šmidrkal et al 2001). Also, 

wine usually contains high amounts of Cu2+ because vineyard soils used to be 

sprayed by bluestone (copper sulphate) as an antifungal agent (contact fungicide). 

Nowadays, systemic fungicides such as tebuconazole are used and may linger 

in wine. Tebuconazole is a reactive triazole, eager to create complexes with metal 

cations (Jaklová Dytrtová et al 2011). The main aim of this project was to analyze 

the interactions between resveratrol, Cu+/Cu2+ and tebuconazole by mass 

spectrometry, antioxidant capacity assay and quantum-chemical calculations 

(Fig. 18). 

 

Fig. 18: Scheme of suggested formation of Res*+ (228.08) and (HRes)+ 

(229.09) in the presence of Cu2+. The role of tebuconazole in the (anti)oxidant 

interactions was analyzed in this project. 

 

We found that resveratrol turns oxidative in the presence of Cu2+ (Fig. 1, SI3 in 

Jaklová Dytrtová et al 2018). The mixture of resveratrol and tebuconazole was 
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measured in both positive and negative modes of ESI-MS (Fig. 2, Fig. SI8 in 

Jaklová Dytrtová et al 2018). In the negative mode, we detected compounds with 

antioxidant capacity (Resveratrol-H)-, [Resveratrol(Resveratrol-H)]- and expected 

antioxidant capacity [Tebuconazole(Resveratrol-H)]-. No resveratrol radicals 

or cations were observed in the positive mode. After the addition of Cu2+, we 

focused mainly on the [Cu(Resveratrol-H)(Tebuconazole)]+ and its daughter ion 

[CuTebuconazole]+ found in the positive mode (Fig. 3, 4 in Jaklová Dytrtová et al 

2018). The interaction between Cu+ and tebuconazole can be via the electron lone 

pair of the hydroxyl group, N2 of the triazole ring and the phenol ring. 

In the experiment, performed on the electrochemical device coupled online with 

ESI-MS, we found that resveratrol first interacts with tebuconazole and 

subsequently with Cu2+. No products of Cu-resveratrol were detected as resveratrol 

is bound in [Tebuconazole(Resveratrol-H)]-. In the antioxidant capacity assays, 

we found that Resveratrol-Cu2+ showed significant decrease while 

Resveratrol-Tebuconazole-Cu2+ demonstrated slightly higher capacity (or equal) to 

single resveratrol. The results were significantly time dependent in the 

antioxidant assay (liquid phase), distinct differences between various mixtures 

showed after 7 days of incubation at 4°C (Fig. 6, SI12 in Jaklová Dytrtová et al 

2018). 

In conclusion, tebuconazole’s high affinity for Cu2+ can protect resveratrol. 

Also, tebuconazole strongly binds to resveratrol and blocks the positions attacked 

by Cu2+.  

 

My contribution: 

I measured the antioxidant capacity of resveratrol with or without the presence of 

triazoles and Cu2+. I prepared the resulting figures. 
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3.3.3 Triazoles and aromatase: The impact of copper cocktails 

 The main use of triazoles lies in their antifungal properties (systemic 

fungicides) as they inhibit 14-α-demethylase (CYP51A - EC 1.14.14.154) 

responsible for ergosterol biosynthesis, subsequently resulting in destabilization 

of fungal plasma membrane. However, triazoles also inhibit aromatase 

(CYP19A1 - EC 1.14.14.14), a crucial enzyme for aromatization of androgens into 

estrogens. Although the depletion of estrogens is the principle of the use of azoles 

in the estrogen-dependent adenocarcinoma and breast cancer therapy; for healthy 

organisms triazoles represent potential endocrine disruptors (Egbuta et al 2014, 

Taxvig et al 2008). 

 In this project, we focused on three triazoles tebuconazole, penconazole, 

cyproconazole, their mutual interactions with or without the presence of copper 

ions and the impact on aromatase activity (Fig. 19). 

 

Fig. 19: Graphical abstract (Jaklová Dytrtová et al 2020). 

It is generally assumed, that the effect of all triazoles is more or less similar. 

However, it is visible from our results (Table 1 in Jaklová Dytrtová et al 2020) that 

this statement is rather wrong. Penconazole showed the highest inhibition effect 

on aromatase activity (decrease to 41±5%) in comparison with the other two tested 

compounds (average to 75±3%). To understand possible group effects, 

e.g., inter-reaction among the triazoles, we prepared their mixtures. We calculated 

the hypothetical activity as a simple addition (i.e., average of experimental 

activities). For the triazoles mixtures, we detected no statistically significant 

differences between the hypothetical and experimental effects, i.e., no significant 
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(group) interactions. In accordance, we observed no adequate products in the mass 

spectra.   

On the other hand, the addition of copper significantly shuffled the score. 

Suddenly, we could have estimated statistically significant cocktail effects of the 

triazole/copper mixtures from the hypothetical activity and the experimental 

activity. Additionally, the cocktail impact resulted in a greater decrease of the 

aromatase activity in contrast to the hypothetical expectation. Therefore, 

we assumed that the copper cations had caused some reactions yielding more 

effective triazole metabolites/products/adducts/complexes. The biggest cocktail 

effect decreasing the aromatase activity more than 40% (compared to hypothetical 

activity) was observed for the mixture of penconazole and Cu2+. 

Also, other mixtures with penconazole showed significant cocktail effects (Table 1, 

Fig. 2 in Jaklová Dytrtová et al 2020). We also described previously that 

penconazole in the presence of Cu2+ is transformed to several metabolites (Kovač 

et al 2020). Potentially, these adducts are more effective in aromatase inhibition 

than single penconazole.  

The most complex system tebuconazole-penconazole-cyproconazole-Cu2+ 

was carefully followed in the mass spectrometry analysis (Fig. 1, 2, 4, Table 2 in 

Jaklová Dytrtová et al 2020). The analysis of other mixtures can be found in the 

Supplement. We observed that the presence of copper ions is crucial for the 

formation of triazole metabolites.  Namely, tebuconazole loses the tert-butyl group, 

cyproconazole loses the cyclopropyl group, and penconazole loses one chloride 

anion (Fig. 3 in Jaklová Dytrtová et al 2020). Additionally, in the presence of copper 

ions, triazoles deprotonated although being considered weak bases. 

 

My contribution: 

I measured the impact of triazoles and their various mixtures on the aromatase 

activity. I analyzed the data statistically and prepared the resulting tables. 

I helped to edit the manuscript.
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3.3.4 Cocktail effects of triazoles and zinc on cytochrome 3A4 and 19A1 

Generally, azoles belong to the most efficient fungicides for the treatment of 

human, animal, and plant fungal pathogens (Bhagat et al 2021). They serve as the 

primary therapy of fungal infections, but also as prophylactic or supporting cure 

for immune suppressed patients (anticancer chemotherapy, HIV, organ 

transplants etc.) (Dvořák 2011). Their mechanism of action lies in the interaction 

with CYP450 which are involved in the metabolism of hydrophobic compounds. 

The lone pair of nitrogen in azoles can directly coordinate the heme iron in CYP450 

and cause activity inhibition (Godamudunage et al 2018, Yamazoe et al 2020). 

Nowadays, azoles can be also found in daily used products such as washing powder, 

personal care products like shampoo, foam, toothpaste, hair products or so-called 

anti-aging creams. This excessive use of azoles has led to their accumulation 

in water, soil, and aquatic organisms, influencing a wide range of non-target 

species (Bhagat et al 2021). 

After the analysis of interactions among copper ions and triazoles on the 

aromatase (CYP19A1) activity (Jaklová Dytrtová et al 2020), we decided to explore 

the effect of exchanging copper for zinc and to also assess the impact on a major 

biotransformation enzyme CYP3A4 (Fig. 20).  

 

Fig. 20: Graphical abstract (Jaklová Dytrtová et al 2021). 

As shown previously, single penconazole showed highest inhibition effect on 

CYP19A1 (Jaklová Dytrtová et al 2020) while tebuconazole most decreased 
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CYP3A4 activity to 57±7% (Table 1 in Jaklová Dytrtová et al 2021). The calculated 

cocktail effect (additional decrease of activity) in the presence of Zn2+ in the triazole 

mixtures was 20% in average for CYP3A4 and 32% in average for CYP19A1. For 

copper ions, we explained the cocktail effect by the creation of various complexes 

or adducts (Jaklová Dytrtová et al 2020). However, in the presence of Zn2+ we did 

not detect any triazole metabolites. Therefore, we supposed that the increase of 

inhibitory effect could be provided by the deprotonated triazoles [(Tebuconazole-H)- 

and (Cyproconazole-H)- mostly], which are present as ligands in the complexes 

with Zn2+, or via creation of Zn2+ complexes with triazoles with Cl- as a counter ion 

([Zn(TPC)1,2,3Cl]+) or double charged complexes ([Zn(TPC)3,4,5]2+), where 

tebuconazole and cyproconazole are preferred as ligands (Fig. 5, Fig. 6 in Jaklová 

Dytrtová et al 2021). TPC means that all variants (tebuconazole, penconazole and 

cyproconazole) as ligands in the complex are possible. 

 

My contribution: 

I measured the impact of triazoles on the cytochrome 3A4 and 19A activities. 

I analyzed the data statistically and prepared the resulting tables. I helped to edit 

the manuscript. 
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(It can be accessed online from the original file.) 
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4 Conclusion 

The first part of the doctoral thesis was focused on plant responses to biotic and 

abiotic stress. In the five manuscripts, we published our results on Pythium strains 

as biological control agents, the impact of heat shock on the course of potyviral 

propagation, the kinetic parameters of shikimate dehydrogenase from 

a non-photosynthetic tissue, and the role of foliar treatment with fungicides in the 

plant growth.  

 

• Even closely related Pythium oligandrum strains differed in their properties 

and effects on plants. The alterations in activities of secreted glycosidases 

and proteolytic enzymes, and tryptamine production may indicate 

advantages either for mycoparasitism or plant growth promotion. 

 

• Rapeseed plants, seed-coated with Pythium strains, showed major 

differences in phytohormone levels, increased concentrations of auxin and 

jasmonates (and salicylic acid for some strains) were found, indicating plant 

growth promotion as well as readiness for effective defense. 

 

• Heat shock proteins accelerate potyviral propagation. The cytosolic and 

mitochondrial Hsp70 (~50-75 kDa) persist throughout the developed viral 

infection. Also, the plant defense response results in increase of salicylic and 

chlorogenic acids but decrease of quinic acid content. The current research 

on Hsp70 and viral infection was summarized in the form of a review. 

 

• Shikimate dehydrogenase from the root of Petroselinum crispum follows 

a sequential ordered mechanism, except for three dead-end complexes. 

Protocatechuic acid is formed as a byproduct, while gallic acid arises 

non-enzymatically, whereas quinate is not produced. The number of 

hydroxyl groups influences the inhibition effect of phenylpropanoids, with 

tannic, caffeic and chlorogenic acids being the most effective shikimate 

dehydrogenase inhibitors. 
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• The foliar treatment by triazoles (fungicides) and their mixtures likely 

induces oxidative stress in tomato plants. The production of some phenolics 

such as quercetin, p-coumaric acid, and hesperidin was significantly 

increased in triazoles-treated tomato fruit in the first harvest. 

Most alarming was the decrease of the weight of thin stems and foliage and 

the concentration of chlorophyll a and b in leaves in all the triazoles-treated 

variants. 

 

The second part of the doctoral thesis was dedicated to the antioxidant capacity 

analyses of medicinal plants and interactions between an antioxidant and 

a fungicide. We also followed the impact of fungicides on “non-targets”, 

i.e., CYP19A1 (aromatase) and CYP3A4 activities in vitro. 

 

• The highest content of total phenolic compounds in aqueous extracts was 

found in Agrimonia eupatoria. In addition to this plant, high antioxidant 

capacities were also present in Origanum vulgare and Mentha × piperita. 

The positive correlation between the total phenolic compound content and 

the antioxidant capacity was strong. All the aqueous plant extracts contain 

larger amounts of potassium than sodium, which could be beneficial for 

humans with low NaCl diets. 

 

• The treatment of wine by the fungicide tebuconazole can have unexpected 

antioxidant protective properties. Tebuconazole shows high affinity for Cu2+ 

which results in the protection of resveratrol. Also, tebuconazole strongly 

binds to resveratrol and blocks the positions attacked by Cu2+. 

 

• The presence of copper cations together with triazole(s) significantly 

increases the inhibitory effect on aromatase activity. The highest inhibitory 

effect (more than 60%) on aromatase activity is produced by cocktails 

containing penconazole and Cu cations, namely by penconazole/Cu2+ and 

penconazole/tebuconazole/Cu2+. The reactivity of triazoles in groups is not 

significantly affected by the interactions among them. 
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• The highest inhibitory effect on CYP3A4 activity was observed for 

tebuconazole (43%). The additional inhibitory effect on CYP3A4, attributed 

to the cocktail effect (of triazoles with zinc cations), is usually around 21% 

on average.  

 

• In the presence of zinc cations, the most inhibiting mixtures on aromatase 

activity are penconazole/cyproconazole/Zn2+ and 

penconazole/cyproconazole/tebuconazole/Zn2+.  
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